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Introduction

Originating in the collective correlated behavior of electrons, superconduc-
tivity is a spectacular phenomenon that has challenged scientific under-
standing ever since its discovery in 1911. Furthermore, its manifestations,
e.g. lack of electrical resistance and magnetic flux quantization, have in-
spired applications beyond the reach of conventional materials. Among
these, ultra-sensitive superconducting detectors (1) able to measure minute
(∼ fTesla) magnetic signals are now routinely used in geological surveys
and medical research, while powerful superconducting electromagnets have
revolutionized medical diagnosis through their use in magnetic resonance
imaging (MRI). Although still prototypes, magnetic levitating trains (Ma-
glev) (2) offer promising transportation alternatives, while superconduct-
ing smart grid technologies (SuperGrid) (3) offer enhanced efficiency and
capacity over conventional power transmission lines.

The electromagnetic and transport properties of most superconductors
of practical relevance are strongly related to the behavior of vortices, nano-
scale magnetic flux tubes that nucleate in superconductors upon exposure
to magnetic fields. Their complex dynamics is determined by a subtle in-
terplay between repulsive inter-vortex interactions, thermal effects associ-
ated with finite temperatures, as well as attractive interactions with defects
present in the superconducting material (4). The first two contributions are
generally detrimental to superconductor performance, as they enhance vor-
tex mobility and may, in some cases, trigger instabilities leading to a large
scale redistribution of the vortex matter and significant dissipation. Motion
of vortices generates noise in superconducting devices and jeopardizes their
ability to carry large electrical currents. By contrast, microstructural or ar-
tificially induced defects promote pinning and impede vortex motion. Not
surprisingly, a remarkable effort has been dedicated to the improvement of
the pinning properties of superconductors.

Important advancements have been made, both in the fundamental un-
derstanding of the mechanisms of pinning as well as in its optimization
for practical purposes, with the development of lithographical techniques.
They enabled for thin film superconductors not only full control over the
individual characteristics of pinning sites, but also the modulation of the su-
perconducting properties over a large spatial scale. This fostered interesting
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6 Introduction

perspectives towards vortex manipulation and guidance by tailored config-
urations of pinning sites and led to the development of fluxonic devices
such as flux pumps and lenses (5) or vortex ratchets (6; 7). Furthermore,
engineered pinning enabled the controlled study of more complex pinning
effects, such as provided by magnetic nanostructures. Experiments on such
tailored superconductors have shown that enhanced pinning is obtained for
an optimal ratio between the length scales characterizing the vortex lattice
and the pinning arrays (8). However, the collective behavior of vortices is
the result of competing pinning forces by the artificial pinning array, intrin-
sic pinning, depinning thermal effects and vortex-vortex interactions. These
lead to a complex vortex dynamics which is not fully understood. The aim
of this thesis is to provide more insight into this correlated vortex behavior.
For this purpose, we use magneto-optical imaging, a non intrusive, spatially
resolved technique, enabling direct visualization of static vortex distribu-
tions as well as of dynamic processes in superconductors, with unequaled
temporal resolution.

Chapter 1 sets the theoretical framework for the work presented in this
thesis, while in Chapter 2, the experimental technique, as well as our high-
resolution Magneto-Optical Image Lock-In Amplifier (MO-ILIA) set-up, are
described in detail.

Chapter 3 addresses a question of relevance not only from a fundamental
point of view, but also with practical implications in superconductor elec-
tromagnet design: what is the effect of misalignments on the magnetic field
and current distributions in a superconductor? The problem is analyzed
in detail, both theoretically and experimentally. The evolution of the mag-
netic field and current distributions in a thick superconducting platelet is
followed for three different scenarios, with the aim to determine whether
magnetic history effects play a role. In each scenario, the end parameters,
i.e. total applied magnetic field and tilt angle of the vector field with re-
spect to the symmetry axes of the platelet, are the same, but are reached
along different paths. The question is whether the pattern of current flow
is different if we first apply the x-component of the magnetic field and then
the z-component or vice-versa or if we hold the vector direction and let its
magnitude increase.

It is known already for some time that artificial pinning arrays of small
holes or ”antidots” influence the distribution of vortices in a superconduc-
tor close to Tc. In Chapter 4 we investigate whether such arrays can also
change the vortex distribution and dynamics at low temperatures. To this
end, Chapter 4 is dedicated to a comparative analysis of two types of litho-
graphically defined pinning centers, antidots (holes that fully thread the
superconductor) and blind holes (holes that partially thread the supercon-
ductor) over a broad range of temperatures. The effect of the geometry of
individual pinning centers on the overall magnetic flux distribution in su-
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perconducting films decorated with lattices of antidots is also investigated.
Experimental results obtained for square and rectangular antidots are pre-
sented in comparison with numerical simulations. In Chapter 5 we study a
ratchet system, generated by an array of pairs of antidots. Each pair com-
prise a large and a small antidot in close proximity. While such studies are
not new, the emphasis of our experiments is set on the low temperature be-
havior of these systems. The question is, to what extent does an asymmetric
pattern of holes affect the magnetic flux penetration in superconductors?
Our study spans over an interval of temperatures from 2K to Tc.

Recently, magnetic nano-dots with perpendicular anisotropy have been
proposed as a tunable alternative to antidots. Their effect was demonstrated
close to Tc. However still open questions are: to what extent can they adjust
the critical current of superconductors? Do such dots have a significant ef-
fect at low temperatures, where the magnetic screening of superconductors
is strong? These questions are addressed in Chapter 6.

Chapter 7 is dedicated to the study of hybrid structures. Here we ex-
plore the effect of magnetic coating on the performance of superconductors.
We investigate whether the amplification of magnetic fields for sensor ap-
plications is feasible using such systems. Our magneto-optical experiments
are carried out on a bilayer superconductor/magnet ring, at low tempera-
tures, where the stray field generated by the screening current flowing in
the superconducting layer is strong. The experimental results are explained
in comparison with numerical simulations.

Like superconductors, molecular magnets are systems in which quan-
tum mechanical effects, such as the quantum tunnelling of their magnetiza-
tion, can be observed on a mesoscopic scale. In the quantum regime, these
magnets display an intriguing phenomenon, that manifests as a sudden flip
of their magnetization, known as magnetic avalanche. The high speeds, of
the order of a few meters/s, with which these avalanches propagate have
made it difficult to visualize the phenomenon. Using a Mn12-Acetate crys-
tal, a prototypical system for this class of materials, we take on the challenge
to film these avalanches in real-time, using magneto-optics, in Chapter 8.
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Chapter 1

Superconductors,
superconductor/ferromagnet
hybrids and organic magnets

1.1 Superconductivity: historical notes and basic
concepts

The successful liquefaction of helium in 1908 by Heike Kamerling Onnes,
at the Physical Laboratory1 in Leiden provided the necessary means to ad-
dress an important scientific debate at the time concerning the behavior the
electrical resistance near absolute zero. While some scientists, including
Kamerling Onnes, believed that the resistance should gradually decrease
to zero, others, like Matthiesen, suggested that it should level off at a resid-
ual value. A third possibility, namely an increase of the electrical resistance,
was proposed by Lord Kelvin, based on the concept that at very low tem-
peratures the electrons are no longer able to wander freely through the ionic
lattice, but ’freeze’ on their atoms (9). The pursuit for an answer marked the
beginnings of superconductivity. Kamerling Onnes chose mercury for his
experiments, owing to its easiness to purify through repeated distillation,
and observed that the resistance of the metal dropped sharply to an im-
measurably small value at T = 4.2 K (10). To check the apparent lack of
electrical resistance, Kamerling-Onnes induced a current in a circular mer-
cury wire loop by varying an applied magnetic field. The current in the
loop did not vanish as expected, due to electron scattering, but persisted
as long as the loop was kept cold. He called this phenomenon supercon-
ductivity. Shortly after, many more elements and compounds were found
to possess this intriguing property when cooled below a material-specific

1 Now the Kamerling Onnes Laboratory
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10 1 Superconductors, superconductor/ferromagnet hybrids and organic magnets

critical temperature Tc. Additionally, Kamerling Onnes also observed a
transition to the normal state when some critical, temperature-dependent
values of the applied magnetic field Hc(T ) = Hc(0)(1 − T/Tc) or current
density Jc(T ) are exceeded. By carefully analyzing the results of Kamer-
ling Onnes, Silsbee (11) realized that the critical current and the magnetic
field are inter-related parameters and established that superconductivity is
a state confined within a well-defined space in the phase diagram delimited
by three interdependent parameters: Tc, Hc and Jc. The concept that super-
conductors are simply perfect conductors persisted until 1933, when Walter
Meissner and Robert Ochsenfeld demonstrated that superconductors have
a behavior in magnetic fields markedly different from perfect conductors
(12). By contrast to perfect conductors, superconductors are always perfect
diamagnets, systematically repelling the applied magnetic field irrespective
of their history, i.e. whether they have been first cooled and then subjected
to a magnetic field or vice-versa. This behavior indicates that superconduc-
tivity is a stable thermodynamic state.

The lack of electrical resistance and perfect diamagnetism are the two
defining properties of superconductivity.

Despite an increasing effervescence in the new research field, marked
by numerous experimental findings, an understanding of the basic mecha-
nisms leading to superconductivity remained elusive until 1957. A first at-
tempt to characterize the superconducting state was made in 1934 by Gorter
and Casimir (13), who assumed a thermodynamic picture of the supercon-
ducting state, consisting of ’superconducting’ electrons, whose density nsc

gradually decreases with increasing temperature and vanishes at T = Tc.
They showed that the superconducting state is characterized by a lower en-
ergy density below Tc, as compared to the normal phase, by an amount
(1/2)µ0H

2
c , called the condensation energy. Two equations governing the

electrodynamics of these ’superconducting’ particles were introduced a year
later by Fritz and Heinz London (14). For the first time, they could formu-
late an electrodynamic description of the two fundamental properties of the
superconducting state. An important concept introduced by the London
theory is that the magnetic field does not abruptly vanish to zero at the
boundary of the superconductor, but decays exponentially over a distance
λ, the London penetration depth. In this boundary layer, screening (Meiss-
ner) currents flow in such a way as to maintain B = 0 everywhere in the
superconductor2.

One of the most powerful phenomenological theories describing the su-
perconducting state was proposed in 1950 by Lev Landau and Vitalyi Ginz-
burg (15). Within the framework of the Ginzburg-Landau (GL) theory, the

2 In this Chapter H denotes magnetic fields external to the superconductor, while b(r) and
B(r) denote local and average magnetic fields in the superconductor, with∇×B = µ0∇×
(H + M) = µ0J, M magnetization and J current density, ∇ ·B = 0 and B(r) =< b(r) >.
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nucleation of superconductivity is associated to a thermodynamic phase
transition and, by contrast to the London theory, in which nsc is spatially
uniform, it assumes a more realistic description allowing for spatial vari-
ations of the density of superconducting electrons. The GL theory intro-
duces a complex wave function ψ(r), the superconducting order parameter,
whose square amplitude is equal to the density nsc of the superconducting
condensate, |ψ(r)|2 = nsc, and a new characteristic length scale, the coher-
ence length ξ, to describe the minimal scale of its spatial modulations. What
makes this theory special is that it introduces only one spatial coordinate
r for the complex order parameter ψ to describe all superconducting elec-
trons in the system, assuming their coherent behavior. This is not a trivial
assumption, since it attributes a bosonic character to the superconducting
state and marks a clear distinction from normal electrons, for which a de-
scription within the mean-field approximation is generally used. The nature
of the superconducting electrons became clear with the development of the
microscopic theory of Bardeen, Cooper and Schrieffer (16). It is centered
around the idea of a phonon-mediated attractive interaction between elec-
trons, for which the first experimental clues were provided by the isotope
effect (the critical temperature Tc of isotopes is proportional to

√
M , M the

mass of the isotope), discovered in 1950 by Maxwell (17), Reynolds (18) and
Frolich (19). Within the framework of the BCS theory, superconductivity is
associated with the formation of pairs of electrons of opposite momentum
and opposite spin, Cooper pairs (~k↓, -~k↑), the attractive interaction being
mediated by the lattice vibrations (phonons) over a distance ξ. The con-
nection between the GL theory and the BCS theory was made in 1959 by
Gor’kov (20), who showed that the GL theory is in fact a limiting case of the
BCS theory, suitable for the description of the superconducting state near
Tc.

1.2 Type-I and type-II superconductors

The GL theory successfully explains the distinct behavior of superconduc-
tors in applied magnetic fields. Whereas most elemental superconductors
exhibit a sharp transition to the normal state once the critical field Hc(T )
is exceeded, see Fig. 1.1 (a), alloys and complex compounds show gradual
transition, mediated by a mixed state, see Fig. 1.1 (b).

Spanning over a field interval delimited by a lower Hc1(T ) and an upper
Hc2(T ) critical field, the mixed region is characterized by the coexistence
of normal and superconducting regions. Within the framework of the GL
theory, this difference can be explained as follows: for a flat interface, as
schematically shown in Fig. 1.2, associated to the decay of the order param-
eter ψ(x), over a length ξ, is a surface energy increase given by (1/2)µ0H

2
c ξ,
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Figure 1.1: Schematic representation of the (H, T) phase diagrams of Type-I (a)
and Type-II (b) superconductors.

where (1/2)µ0H
2
c is the condensation energy. However, since over the span

of the penetration depth λ the material is already in the normal state, the
surface energy increase associated to the spatial variations of ξ is reduced
by (1/2)µ0H

2
c λ. The balance between these two contributions is quantified

by the surface energy σns = 1/2µ0H
2
c (ξ − λ). In materials for which λ ¿ ξ,

σns is positive and the superconductors undergo an abrupt transition to the
normal state at Hc. From a more rigorous calculation based on the GL the-
ory, one obtains that σns is positive for κ = λ/ξ < 1/

√
2, where κ is the GL

parameter and its value 1/
√

2 corresponds to the situation σns = 0. Materi-
als for which κ < 1/

√
2 are called type-I superconductors. By contrast, when

κ > 1/
√

2, the surface energy σns is negative and the formation of normal
regions within the superconductor is energetically favored. These materials
are called type-II superconductors. The number of normal regions cannot
however increase without bound. A minimum amount of magnetic flux
must thread through such a normal region as a natural consequence of the
fact that the superconducting order parameter ψ is single valued.

l
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Figure 1.2: Schematic representation of spatial variations of the penetration depth
λ and coherence length ξ at the boundary of Type-I (a) and Type-II (b) supercon-
ductors.
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1.2.1 Magnetic flux quantization

Flux quantization is a most remarkable property which reflects the quan-
tum nature of the superconducting state. It can be demonstrated by consid-
ering a bulk superconductor containing a hole, subject to an external mag-
netic field H (21; 22). Assuming that the material is cooled to its Meissner
state, followed by a reduction of H to zero, the magnetic field everywhere in
the superconductor is expelled, with the exception of the hole, where some
magnetic field remains trapped.

Within the framework of quantum mechanics, the current density J de-
scribing the flow of particles of charge q and mass m in the presence of a
magnetic field B = ∇×A is given by:

J = − i~q
2m

(
ψ∗(∇− iq

~
A)ψ − ψ(∇+

iq

~
A)ψ∗

)
(1.1)

Where the wave function ψ characterizes the particles and ∇ · A = 0.
A constant electron density, implies that the order parameter ψ can be ex-
pressed as ψ = ψ0e

iθ, where ψ0 =
√

ns/2 and ns the Cooper-pair electron
density. By substituting ψ into eqn. (1.1) and taking into account that for a
Cooper pair q = 2e and m = 2me, with me the mass of the electron, eqn.
(1.1) can be re-written as:

J =
nse

2

me

(
φ0

2π
∇θ −A

)
(1.2)

which is the expression of the supercurrent density and φ0 = h/2e is
the magnetic flux quantum. The total amount of magnetic flux trapped by
the hole can be determined by taking a contour inside the superconductor,
around the hole, a distance away from the edge exceeding the penetration
depth λ. For such a contour, the current density J = 0 everywhere along the
contour and the path integral of eqn. (1.2) becomes:

φ0

2π

∮
∇θdl =

∮
Adl (1.3)

Using
∮

A · dl =
∫

(∇×A)dS =
∫

B · dS = φ, eqn.(1.3) can be rewritten
as:

φ =
φ0

2π

∮
∇θ · dl (1.4)

Since the order parameter ψ is single valued, the change in phase θ as-
sociated to a full span of the contour must be a multiple integer of 2π. This
implies that:

φ =
φ0

2π
· 2πn = nφ0 (1.5)
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Therefore the total amount of magnetic flux contained by the hole is
an integral multiple of the flux quantum φ0. In 1961 Deaver and Fairbank
(23) were the first to observe experimentally the magnetic flux quantization.
Their result was confirmed by an independent observation, in the same year,
by Doll and Näbauer (24).

1.2.2 Structure of an isolated vortex. The Abrikosov lattice

The implications of κ > 1/
√

2, associated to type-II superconductors, were
carefully investigated by Alexei Abrikosov, who published his results in
1957 (25). Since in this case the surface energy σns < 0, the formation of
normal regions in the superconductor is energetically favored. Abrikosov
showed that in the limit κ À 1, above the first critical field Hc1(T ) ' Hc(T )
ln κ/

√
2κ, where Hc(T ) = φ0κ/2

√
2πλ2(T ) and λ(T ) = λ(0)/

√
(1− (T/Tc)4),

microscopic filaments of magnetic field or vortices nucleate in the super-
conductor, their density being proportional to the magnitude of the exter-
nal field. Each vortex carries a fixed amount of flux φ0 = 2.0679 · 10−15 Wb
and consists of a normal core of diameter 2ξ where the order parameter ψ
vanishes, as shown in Fig. 1.3 (a).
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Figure 1.3: Schematic representation of the spatial variations of a) the order pa-
rameter ψ, b) magnetic field b and c) current j for an isolated vortex.
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The normal core is surrounded by a tiny current tornado j that flows
in such a way as to generate a magnetic field b with the same polarity as
the external field. The distribution of b inside a vortex can be determined by
taking the rotational on both sides of eqn. (1.2). Using the London equations
(4), the procedure yields:

b + λ2∇× (∇× b) = 0 (1.6)

The expression is valid everywhere in the superconductor, except at the
position of the vortex core. Abrikosov showed that eqn. (1.6) can be gener-
alized by introducing a δ-function of weight φ0 (since the vortex carries an
amount of flux φ0) at the position of the normal core. Hence:

b + λ2∇× (∇× b) = φ0δ(r)ẑ (1.7)

For an isolated vortex, the solution of eqn. (1.7) has the form:

b(r) =
φ0

2πλ2
K0

( r

λ

)
(1.8)

where K0 is a zero-order modified Bessel function of imaginary argu-
ment3. In the limit r → 0, K0(r) ∼ ln r, whereas for r → ∞, K0(r) ∼√

π/2(1/
√

r)e−r (26). Hence, the magnetic field b has its maximum value at
the vortex core and decays exponentially over a distance λ away from it, see
Fig. 1.3 (b).

The derivative of K0 yields (−K1). Using ∇× b = µ0j, the current circu-
lating around the normal core can be expressed as:

j(r) =
φ0

2πµ0λ3
K1

( r

λ

)
(1.9)

Hence j has a maximum at a distance λ from the vortex core and decays
as e−r/λ for r À λ, as shown in Fig. 1.3 (c).

Within the Abrikosov picture, vortices are mutually repulsive entities
that distribute in geometrical configurations corresponding to a minimiza-
tion of the inter-vortex interactions. The lowest energy configuration, as-

sociated to a triangular array of lattice parameter a4 = (
√

2/
√

3)
√

φ0/B)

(the Abrikosov lattice), was experimentally observed for the first time by
Essman and Träuble in 1967 (27). With increasing magnitude of the applied
field H the lattice parameter a4 gradually decreases until at H = Hc2 =√

2κHc it becomes of the order of ξ. At this field, the normal cores of the
vortices overlap and the order parameter ψ vanishes over the whole vol-
ume of the superconductor, marking the transition to the normal state.

3 K0 is the solution of the differential equation: r2 d2h
dr2 + r dh

dr − (l2 + r2)h = 0 with l = 0.
K1 is the solution of the same equation obtained for l = 1
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1.3 Pinning

Although after 1967 the Abrikosov lattice has been again observed exper-
imentally in high quality single crystals (28; 29; 30) and homogeneous su-
perconducting thin films (31), in most superconducting samples the vortex
distribution is inhomogeneous. This is due to defects or pinning centers,
which generate potential wells that hamper the motion and collectively pin
the vortex lattice. An extensive treatment of the effect of pinning on the
superconducting properties is given by Blatter et al. (32).

1.3.1 Intrinsic pinning

In most superconductors, pinning centers are already incorporated during
the preparation process. They are referred to as intrinsic pinning and are
caused by a wide variety of defects such as grain boundaries, precipitates,
vacancies, stoichiometric defects, microscopic cracks, non-superconducting
inclusions or even thickness variations (grooves) (33). At the position of
these pinning sites, the parameters of the superconducting material (mean
free path, κ, Tc) are modified, which translates into a reduction of the con-
densation energy associated to the nucleation of the vortex cores. For a de-
fect of volume V , this energy reduction is given by 4U = (1/2)µ0H

2
c V . This

process is called core pinning and is most effective when the size of the defect
is of the same order of magnitude as the coherence length ξ of the supercon-
ductor.

1.3.2 Artificial pinning

1.3.2.1 Columnar defects, antidots and blind holes

Nanometer-size defects can also be created on purpose, for instance by ir-
radiating the sample with high energy heavy ions (34; 35) or neutrons (36).
The resulting randomly distributed amorphous tracks or columnar defects
are typically less than 10 nm in diameter, which makes them effective pin-
ning centers in high temperature superconductors (HTS), for which ξ is typ-
ically of the order of a few nm. Irradiation techniques generally provide
randomly distributed pinning centers of various strength. By contrast, pho-
tolithography enables a precise determination of the position and strength
(size & shape) of individual pinning centers, be it antidots (holes that perfo-
rate the superconductor) (37; 38) or blind holes (holes that partially thread
the superconductor) (38; 39). An additional mechanism contributing to the
enhancement of pinning in such structures is electromagnetic pinning (40; 41).
It appears as the result of the perturbed trajectories of the screening cur-
rents which, due to boundary conditions, are restricted to flow parallel to
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the edges of the hole at the superconductor/hole interface. This leads to
an attractive interaction between a vortex introduced by the applied mag-
netic field and the hole. The effect can be theoretically modelled as a vortex
interacting with its image (anti-vortex) situated in the hole (42). Electro-
magnetic interactions become important when the vortex-hole separation
is of the order of the effective penetration depth λeff = λ2/d (43), where
d is the thickness of the sample and λ the London penetration depth. The
size of the patterned structures also affects the pinning strength, optimum
pinning being provided by holes of diameter D ≥ λeff (44). The explicit
vortex-defect interaction was first described theoretically within the frame-
work of the London theory (κ À 1) by Mkrtchyan and Schmidt (45). They
considered an isolated cylindrical hole and found that an empty hole al-
ways attracts vortices. Once a vortex is captured by the hole, it interacts
repulsively with other vortices far from the hole, while the potential of the
hole remains attractive. As such, the presence of a flux quanta at the pin-
ning site sets a potential barrier for the other vortices in the system. If an
external flux quantum is able to overcome this barrier, it is trapped by the
hole and subsequently, the potential barrier is enhanced. As long as an at-
tractive potential in the proximity of the hole persists, the population n of
vortices in the hole increases, up to a saturation number ns given by:

ns =
R

ξ(T )
(1.10)

at which the potential of the hole becomes repulsive for additional vor-
tices. In the above equation R is the radius of the hole and ξ(T ) is the co-
herence length at temperature T . Subsequent calculations within the frame-
work of the Ginzburg-Landau theory, by Doria et al. (46), showed that in
the limit of high magnetic fields this number is higher, ns ∼ (R/ξ(T ))2, for
arrays of pinning centers. The effect was attributed to enhanced pressure
exerted on the hole by the high vortex density in the superconductor.

1.3.2.2 Magnetic dots

Periodic arrays of lithographically defined magnetic dots can also promote
enhanced pinning in superconducting thin films. In such systems pinning
may appear as a result of proximity effects (21), which lead to regions of
suppressed superconductivity in the vicinity of the magnetic dots. Such
a mechanism, leading to symmetric pinning relative to the polarity of the
applied magnetic field, has been observed by Martin et al. (47). Magnetic
dots with in-plane magnetization (parallel to the plane of the film), electron-
ically decoupled from the superconductor, have also been shown to display
a similar field-polarity symmetric behavior (48; 49). By contrast, arrays of
dots with out-of-plane magnetization, electronically isolated from the su-
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perconductor, exhibit field polarity dependent pinning properties (50; 51),
indicating that the local stray fields emanating from the magnetized dots
play an important role for pinning. The explicit form of the interaction be-
tween vortices induced by the applied magnetic field and magnetized dots
has been theoretically addressed by Wei et al. (52). They showed that the
energy of a magnetic dipole interacting with a vortex can be expressed as:

E = −1

2
m ·Bin −m · bv (1.11)

The magnetic dipole induces screening currents in the superconductor and
the first term of the equation expresses the interaction between the magnetic
moment m of the dipole with the magnetic field Bin generated by these
screening currents. The second term conveys the interaction between the
magnetic moment of the dipole and the magnetic field bv generated by a
vortex at the position of the magnetic dot. Interestingly, subsequent calcu-
lations for thin (53) and thick (54) superconducting films have shown that
the second term is a result of two equal contributions to the interaction: a
factor 1/2m · bv resulting from the interaction between the magnetic field
of the vortex and the magnetic moment m of the dot and a term 1/2m · bv

due to the interaction between the screening currents around the dot and
the currents associated to the normal vortex core.

In the case of magnetic dots with magnetization perpendicular to the
plane of a superconducting film, it is theoretically predicted (55; 56) that
strong stray fields emanating from the dots can pierce through the super-
conductor and lead to the formation of vortex-antivortex pairs. Vortices are
expected to nucleate on top of the dots and antivortices (i.e. vortices with
opposite vorticity) at interstitial positions. In Chapter 6 of this thesis we
discuss the effect of such an experimental configuration on the dynamics of
vortices generated by the applied magnetic field.

1.4 Vortex pinning and the critical state

As a consequence of pinning, vortices cannot freely distribute in a super-
conductor and stay accumulated near the edges of the sample, building
up a density gradient distribution with the highest vortex density at the
edge of the sample, as schematically illustrated in Fig. 1.4. Due to their
spatially inhomogeneous distribution, the currents associated to the vortex
cores no longer balance on all sides of each individual vortex. This leads to
the appearance of a net macroscopic current Jc (57) that flows in the flux-
penetrated regions of the sample.

Consequently, the collective of vortices experiences a Lorentz force den-
sity FL given by:
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Figure 1.4: Schematic representation of the spatial distribution of vortices in a
non-ideal superconductor subject to an external magnetic field Hc2 > H > Hc1.

FL = Jc ×B (1.12)

with B = nφ0 and n the density of vortices, which tends to drive them
out of their pinning sites, towards the center of the sample. In the absence
of instabilities, for any applied magnetic field, the static distribution of vor-
tices is such that FL exactly balances the pinning force Fp everywhere in the
flux penetrated region of the superconductor. This metastable flux distribu-
tion is known as the critical state and the corresponding current Jc flowing
in the flux-penetrated region is the critical current. Once the Lorentz force
FL exceeds the pinning force Fp, a global redistribution of magnetic flux
occurs, in such a way as to maintain the current at its critical value Jc every-
where in the superconductor. This concept is at the core of the critical state
models. Within their framework, the magnetic flux distribution profiles are
described by Ampère’s law:

µ0Jc(B) = ∇×B (1.13)

with appropriate boundary conditions and a constitutive, or critical state
equation:

Jc = Jc(B) (1.14)

whose explicit form depends on the particular characteristics of the sam-
ple. Based on the specific form of Jc(B), several critical state models have
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been proposed: the Bean model (57), the Kim-Anderson model (58; 59),
as well as the linear (60), quadratic (61), exponential (62) and generalized
(63; 64) models.

It is worthwhile to mention that the critical current measured experi-
mentally is always smaller than the theoretical Jc as a result of relaxation
phenomena, be it of thermal (65) or quantum (66) origin.

In the following, a detailed description of the Bean model, used to inter-
pret the results presented in this thesis, is given.

1.5 The Bean model

Introduced in 1964 by Charles Bean, the model assumes Jc(B) = constant,
discarding any influence of spatial variations of the magnetic induction B
on the value of the critical current Jc. This approximation holds if the exter-
nal magnetic field is much larger than the self-field of the sample. Although
simplistic at first sight, the model gives a good qualitative description to
many experimental observations. The solutions of the model depend on
the geometry of the sample and its relative orientation with respect to the
applied magnetic field. Two configurations are generally considered: longi-
tudinal and transverse.

1.5.1 Longitudinal configuration

This configuration is associated to infinitely long cylinders or slabs exposed
to an external magnetic field H parallel to their z-axis, as illustrated in
Fig. 1.5.

While the applied magnetic field is smaller than the lower critical field
Hc1, B remains zero everywhere in the superconductor, due to shielding
currents flowing over a distance λ (the London penetration depth) at the
surface of the superconductor. Above Hc1 and with increasing magnitude
of the applied magnetic field the vortices advance towards the center of the
sample while maintaining a distribution with a constant slope dB/dx, see
Fig. 1.5 (a). The magnetic field profiles in the sample are given by:

Bz(x) =





0 |x| < a

µ0(|x| − a)Jc a ≤ |x| ≤ w

H |x| > w

(1.15)

where a is the distance of the flux front from the center of the sample.
The current density is equal to Jc everywhere in the flux penetrated regions
and zero in the Meissner state area:
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Figure 1.5: Schematic representation of the Bean distribution of magnetic flux and
currents in a superconducting slab subject to an external magnetic field H . The
profiles are labelled in the order of their succession with increasing (a, b) and de-
creasing (c, d) external magnetic field. The current profiles in graphs (b) and (d)
correspond to the magnetic field profiles labelled (1) in graphs (a) and (c).

Jy(x) =

{
Jc a < |x| ≤ w

0 |x| ≤ a
(1.16)

as illustrated in Fig. 1.5 (b). Once full sample penetration is reached,
upon further increasing the applied magnetic field, the flux profiles main-
tain a constant slope, but shift upwards, as a result of the increase in vortex
density. The magnetic field at the edge of the superconductor, when full
penetration is just reached, is H = Jcw and represents the maximum mag-
netic field that can be screened out from its center. If the applied external
field decreases, the magnetic flux and current distribution in the sample
change accordingly, as shown schematically in Fig. 1.5 (c) and (d). A de-
crease of the magnetic field translates into a reduction in the vortex density
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at the edges of the sample, which takes place in such a way as to maintain
a negative slope equal to dB/dx, for any value of the external field. Corre-
spondingly, in the flux depleted regions, the current changes sign, but its
modulus remains equal to Jc.

1.5.2 Transverse configuration

The transverse geometry is associated to thin films exposed to magnetic
fields oriented perpendicular to the plane of the film, as illustrated in Fig. 1.6.
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Figure 1.6: Schematic representation of the magnetic field (a) and current (b) dis-
tributions in a superconducting film in a perpendicular magnetic field for arbitrary
values of the external magnetic field. The profiles are labelled in the order of their
succession with increasing magnitude of the applied field.

In this geometry, demagnetization effects become important, as the mag-
netic flux lines strongly bend around the superconducting film, such that
the in-plane component has an opposite sign at the upper and lower sur-
faces of the sample: Bx(x,−d/2) = −Bx(x, d/2). As a result, the magnetic
fields at the edges of the film are higher than the applied magnetic field
(67). Since the applied magnetic field wraps around the whole area of the
superconducting film, screening currents flow everywhere in the film, by
contrast to the parallel configuration in which they span over a width λ at
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the surface of the superconducting sample. For this perpendicular geome-
try, from Ampère’s law, the screening current at one side of a long strip can
be evaluated as:

µ0J = −µ0

(
∂Bz

∂x
− ∂Bx

∂z

)
ĵ = µ0Jy ĵ (1.17)

with ĵ the unit vector along the y-axis. In the above equation, the term
∂Bx/∂z relates to the curvature of the magnetic field lines, whereas ∂Bz/∂x
expresses the gradient of the flux density along the thickness of the film.
For the considered geometry, ∂Bx/∂z À ∂Bz/∂x, hence the currents are
mainly determined by the curvature of the magnetic field lines, by contrast
to the parallel configuration, where the gradient term is dominant. Within
the framework of the critical state, in flux penetrated regions of the film
the current must be equal to the critical current Jc. In flux free regions, the
explicit form of Jy can be evaluated analytically (67; 68), leading to:

Jy(x) =





Jc a < |x| ≤ w

2Jc

π
arctan

(
|x|
w

√
w2−a2

a2−x2

)
|x| ≤ a

(1.18)

where a = w/cosh(B/Bc) is the distance over which the flux free region
spans from the center of the sample. The current distribution is shown in
Fig. 1.6 (b), while the corresponding magnetic flux distribution, shown in
Fig. 1.6 (a), is described by:

Bz(x) =





0 |x| < a

Bcarctanh
(

w
|x|

√
x2−a2

w2−a2

)
a < |x| < w

Bcarctanh
(
|x|
w

√
w2−a2

x2−a2

)
|x| > w

(1.19)

where d the thickness of the film and Bc = µ0Jcd/π. Depending on the
thickness d of the superconducting film, relative to the penetration depth λ,
two limiting cases can be distinguished. If d > w ≫ λ, the Bean model in
the parallel configuration is recovered, whereas if d ¿ λ ≪ w, the currents
flowing in the sample are solely the shielding currents determined by the
curvature of the external field lines (68).

The solutions of the critical state equation, within the framework of the
Bean model, do not only depend on the experimental geometry: shape of
the sample or orientation of the applied magnetic field relative to the plane
in which the current is flowing (69), but also on the magnetic history of the
sample, as is shown in Chapter 3 of this thesis.
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1.6 Beyond the Bean model

The critical state corresponds to a metastable vortex distribution, easily sus-
ceptible to perturbations of thermal or magnetic origin, that can trigger a
spontaneous reorganization of the vortex matter. In type-II superconduc-
tors with strong pinning, this process often takes the form of fast propa-
gating flux jumps or avalanches that manifest themselves as pronounced
jumps in magnetization and lead to a reduction of the critical current. They
have been observed in numerous superconducting systems (70) and have
been attributed to instabilities of thermomagnetic origin (71; 72). Whereas
in bulk superconductors, flux jumps often manifest themselves as system-
spanning events, leading in many cases to a transition to the normal state,
in superconducting films they lead to local displacements of magnetic flux
and result in branched flux structures reminiscent of crack patterns (73) or
growth instabilities in crystals (74). The conditions governing the formation
of such nonuniform magnetic flux patterns and their spatio-temporal evo-
lution have been been the subject of numerous theoretical studies. Notable
among these are the shock wave model (75), the boundary layer model (76)
and the thermomagnetic model (77; 78). Describing the evolution of the
electric and magnetic fields as well as temperature in terms of waves, the
shock wave model attributes the nucleation of instabilities to local fluctua-
tions of these parameters exceeding a critical propagation velocity, which is
proportional to the amount of Joule heating ∼ EJc, where E is the electric
field associated to the displacement of the normal vortex cores. The model
predicts high velocities for the thermomagnetic instability, in agreement
with experiments in which propagation speeds of the order of 105 cm/s
(79) have been measured. A different approach is taken in the boundary
layer model, in which the temporal and spatial evolution of the interface
layer between the Meissner and flux occupied areas is studied as a func-
tion of the temperature distribution around the boundary. According to the
model, finger-shaped instabilities are expected to grow in regions where
the energy associated to Joule heating exceeds the heat transfer to the sub-
strate. Furthermore, the width of these fingers is predicted to grow with
increasing temperature of the sample substrate. A more extensive charac-
terization of the avalanche regime is given by the thermomagnetic model,
which takes into consideration the nonlocal electrodynamics of supercon-
ducting thin films. Within the framework of this model, a linear stability
analysis of the Maxwell equations coupled with the thermal diffusion equa-
tion, yields the criteria for the onset of the avalanche regime. It is shown that
the interplay between material parameters (heat capacity, thermal conducti-
vity, thickness) as well as the temperature dependence of the critical current
Jc(T ) and heat transfer to the substrate strongly influence the magnetic flux
penetration. This interdependence is quantified by a dimensionless param-
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eter τ , defined as the ratio between the magnetic flux and heat diffusion
times, dendritic flux jumps being associated to the condition τ ¿ 1. Among
the predictions of the model is the existence of a threshold magnetic field
Hth above which the magnetic flux penetration is dominated by flux jumps.
In addition, Hth is shown to depend on the width w of the sample, temper-
ature T , as well as critical current density Jc, avalanches being promoted by
high Jc.

The experimental results presented in Chapters 4-6 of this thesis are dis-
cussed in comparison with the thermomagnetic model. It is shown that
while its predictions are systematically confirmed (Chapters 4 and 6), the
model can also be successfully used to describe effects such as unexpected
reversals of the vortex motion in superconductors tailored with a ratchet
pinning potential (Chapter 5).

1.7 Superconductor/magnet (multi)layers

Superconductor/magnet (multi)layers are systems in which the interplay
between superconductivity and magnetism leads to a rich phenomenology.
Their mutual interactions are generally mediated by proximity effects, for
layers in direct contact, and by electromagnetic interactions.

Proximity effects arise as a natural consequence of the fact that the order
parameter ψ does not abruptly reduce to zero (21), but decays exponen-
tially over a distance typically of the order of tens of nm at a superconduc-
tor/normal interface. For clean materials this distance is of the order of the
coherence length ξ. When in proximity of a homogeneous magnetic mate-
rial, the order parameter ψ has been experimentally shown (80; 81; 82) to
display a damped oscillatory decay in the magnetic layer. This effect was
theoretically predicted by Larkin-Ovichinnikov-Fulde-Ferrel (LOFF effect)
(83; 84) and has been attributed to the interaction of Cooper pairs with the
exchange field (85) in the magnetic layer. As a result of this interaction,
the k vectors of the electrons in the Cooper pair are shifted by an amount
q = k↑−k↓ = 2Eex/~vF , where vF is the Fermi velocity and Eex the exchange
energy in the magnetic layer. This leads to a spatial modulation of ψ in a
direction perpendicular to the interface, proportional to cos(qdF ), where dF

is the thickness of the magnetic layer. The length scale lm over which the
oscillations of ψ span has been calculated by Demler et al. (86), who showed
that in the clean limit lmc = ~vF /2Eex, whereas for magnetic materials con-
taining impurities (dirty limit) the length scale of the oscillations reduces to
lmd =

√
(lmcl)/2, where l is the mean free path. As a result of these spa-

tial modulations of ψ interesting phenomena arise, such as periodic tran-
sitions from 0 to π-phase coupling between the superconducting layers in
superconductor/ferromagnet/superconductor junctions, oscillations of the
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critical current Jc and critical temperature Tc with varying thickness of the
magnetic layer. While the magnetic layer acquires superconducting prop-
erties, superconductivity is reduced in the superconducting layer, typically
over a distance of the order of a few nm, as a result of the parallel align-
ment of the electronic spins due to the stray field of the magnetic layer (or-
bital effect). This inverse proximity effect reduces superconductivity and
can be suppressed by introducing insulating layers at the superconduc-
tor/magnetic interface. In such electronically decoupled configurations, the
interplay between superconductivity and magnetism is solely determined
by electromagnetic interactions. They lead to various effects, such as vortex
manipulation (87) via domain walls or enhancement of the current carrying
ability of superconductors (88), by magnetic layers with parallel anisotropy
(magnetization parallel to the superconducting layer). Out-of-plane magne-
tized layers promote spatially selective nucleation of superconductivity and
a non-monotonic dependence of the critical temperature Tc as a function of
the applied magnetic field (89; 90; 91). These interesting effects have been
also theoretically addressed by several authors (92; 93) who have shown
that there is a strong correlation between the local stray fields associated to
the domain structure of the magnetic layer and the spatial variations of the
order parameter ψ(r) in the superconducting layer. In zero applied mag-
netic field, superconductivity is destroyed in the regions of the supercon-
ducting layer situated above the magnetic domains of the magnetic layer as
a result of the strong Cooper-pair breaking effect of the perpendicular com-
ponent (relative to the plane of the superconducting layer) of the stray field
emanating from the ferromagnet. Nevertheless, superconductivity can sur-
vive at domain walls, as confirmed experimentally by Fritzsche et al. (94).
In a non-zero external field however, a local compensation of the stray fields
above the magnetic domains by the external field is possible, leading locally
to a net zero field above the domains. This implies that the superconduct-
ing areas are, in this case, situated above the magnetic domains, which is
reflected by an increase of the critical temperature Tc of the superconductor
(91).

The effect of the superconductor on the magnetic layer is generally neg-
ligible at high temperatures, close to Tc. However, deeper into the super-
conducting state, the screening currents induced in the superconductor by
the magnetic layer become significant and can, as we show in Chapter 7,
strongly affect its magnetization.

1.8 Molecular nanomagnets: Mn12-Acetate

Besides superconductors, another class of materials in which quantum ef-
fects manifest themselves at a macroscopic scale are molecular nanomag-
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nets. These are complex, chemically synthesized nanoparticles with a large
total spin S, weaving in their structure magnetic ions interconnected by
various organic ligands. A prototypical molecule for this type of materials
is Mn12O12(CH3COO)16(H2O)4(95), commonly known as ’Mn12-Acetate’. It
consists of a magnetic core, shown schematically in Fig. 1.7, containing 12
Mn ions interconnected by oxygen atoms. These atoms mediate a strong
antiparallel coupling between the spins of the Mn ions through superex-
change interactions (85). Consequently, the magnetic core can be described
as an ensemble of two embraced clusters of Mn ions, each characterized by
a parallel orientation of the magnetic spins, see Fig. 1.7. The inner cluster
consists of 4 Mn4+ ions with electronic configuration d3, implying that each
Mn ion has 3 unpaired electrons, hence a total spin S = 4 · 3/2 = 6 per
cluster. The outer cluster comprises 8 Mn3+ ions with electronic structure
d4, hence a spin S = 8 · 4/2 = 16. This yields a total spin S = 16 − 6 = 10
per ionic core of each molecule, thus a magnetic moment µ = gµBS = 20µB

(96), where g = 2 is the Landé factor and µB = e~/2me the Bohr magne-
ton, expressing the magnetic moment associated to an electron of charge e
and mass m. The magnetic core is surrounded by water and acetate ligands
which prevent strong dipolar interactions between adjacent molecules. As
such, Mn12-Acetate crystals can be thought of as super-paramagnetic en-
sembles. They consist of virtually identical large-spin molecules arranged
in a tetragonal lattice (97).

Figure 1.7: Schematic representation of the magnetic cluster of a Mn12-Acetate
molecule. Adapted from Ref.(98).
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A striking feature of Mn12-Acetate molecules is their pronounced mag-
netic anisotropy determined by the crystal field. More explicitly, the anisotro-
py arises as a result of the local magnetic coordination of Mn3+ ions, which
is not regular octahedral, but distorted octahedral (due to Jahn-Teller distor-
tion) (85). This effect yields an anisotropy energy which tends to align the
spins along the easy axes of magnetization. Mn12-Acetate molecules have a
strong uniaxial anisotropy that manifests as either a positive or a negative
zero field magnetization, depending on their magnetic history (99). Switch-
ing to the lowest energy configuration is generally promoted by thermal
activation with a relaxation time τ given by the Arrhenius law (100):

τ = τ0 exp

(
U

kBT

)
(1.20)

where U is the energy barrier between the two spin configurations, kBT
the thermal energy and τ0 a prefactor of the order 10−9 - 10−11s (101). For
temperatures T exceeding the ratio U/kB, the spins freely fluctuate around
the easy axis. If however, the temperature is decreased below the so-called
blocking temperature TB, whose explicit value is determined mainly by the
anisotropy barrier U , the spins ’freeze’ along the easy axis and a net mag-
netization is observed. From an experimental point of view, the blocking
temperature is defined as the temperature below which the relaxation time
of the magnetization exceeds the time span of the experiment (102).

Besides thermal relaxation, another mechanism promoting reversal of
the magnetization along the easy axis is quantum tunneling (97). In the
quantum regime, the magnetic relaxation often takes the form of avalanches,
which are investigated in Chapter 8 of this thesis.



Chapter 2

Magneto-optical imaging.
Technique and experimental
set-up

2.1 Magneto-optics

Magneto-optics encompasses various phenomena which occur when light
interacts with magnetized materials. From a historical point of view, the first
recorded question addressing the possibility of an interconnection between
light and magnetism was raised in the 18th century by the German physicist
Georg Christoph Lichtenberg, who wrote in his last notebook ”wenn man
Spiegel aus eingentlichem Stahl verfertigte, sollten die wohl Veranderung
in der Reflexion zeigen, wenn man sie einem Magneten nahebrachte?” (”If
one would make mirrors of pure steel, would these show a change in the
reflection when one would bring them close to a magnet?”) (103). Michael
Faraday was the first to prove the existence of such an interaction in an
experiment performed in 1845. He observed that the plane of polariza-
tion of a linearly polarized beam rotates upon passing through a piece of
glass, when a magnetic field is applied parallel to the propagation direc-
tion of the beam (104). This phenomenon is now known as the Faraday
effect. The experiment of Faraday inspired further research which led to
the discovery of other magneto-optical phenomena: the Kerr (105) effect,
magnetic circular (106) and linear dichroism (107), the Cotton-Mouton (108)
and Voight (109) effects and Quadratic Magnetic Rotation (110). These ef-
fects quickly found interesting applications in the characterization of su-
perconducting and magnetic materials (domain imaging, phase transitions,
ultra-sensitive spin detection (111)), magnetic field sensors, magneto-optical
recording, tunable polarization rotators, intensity modulators (112), nonde-
structive testing (113) and forensic analysis (114).

29
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2.2 Magneto-optical imaging

The underlying principle of magneto-optical imaging (MOI), as used in this
work, is the Faraday effect. The technique was developed by Alers (115)
and De Sorbo (116) in a pursuit to visualize the magnetic flux distribution
in the intermediate state of superconductors. Important contributions to the
improvement of MOI were made by Kirchner (117), Polyanskii (118) and
Huebener (119).

2.2.1 The Faraday effect

A linearly polarized electromagnetic wave propagating in an optically in-
active material can be described as a superposition of two, right- and left-
circularly polarized waves of equal amplitude (120), that propagate with
equal phase velocities. Hence, in an isotropic material the refractive index
of the two waves is identical nR = nR = n. A magnetic field, applied par-
allel to the propagation direction of the beam, induces a small difference
between nR and nL (magnetic birefringence) hence leads to different prop-
agation velocities for the two waves in the material. This translates into a
phase lag between the right- and left- circularly polarized waves that man-
ifests as a rotation of the plane of polarization (Faraday rotation) when the
waves recombine upon emergence from the material. The rotation angle θF

is proportional to the magnetic field component parallel to the propagation
direction of the beam Hz, the length of the optical path d and a material-
specific, temperature and wavelength λl dependent parameter V , called the
Verdet constant:

θF = V Hzd (2.1)

Since superconductors are poor light transmitters, the distribution of mag-
netic flux in these materials is visualized using thin films of magneto-optically
active layers (MOLs) placed in close contact to the sample. The MOL is
coated with a thin, typically 100 nm, mirror (Ag, Au, Al) layer on the side
facing the superconductor. This also has the advantage of increasing the
Faraday rotation since, in this geometry, the incident beam passes twice
through the MOL, before and after reflection on the mirror layer. The prin-
ciple of the technique is schematically shown in Fig. 2.1.

The Faraday rotation is monitored by an analyzer (A), which is set in
crossed position with respect to the polarizer (P). The magnetic flux distri-
bution at the surface of the sample is visualized as a gray-scale intensity
image. In flux-free regions of the sample the linearly polarized light is re-
flected without a change in the plane of polarization. As such, the light
cannot pass through the analyzer, which is set in a crossed position with
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Figure 2.1: Schematic representation of the magneto-optical imaging experimental
configuration. The magnetic flux distribution in the superconducting sample (a) is
visualized as a gray scale intensity image using the Faraday effect in a magneto-
optically active layer consisting of a mirror layer (b), a Faraday active film (c) and a
glass substrate (d). The Faraday rotation, which is proportional to the out-of-plane
component of the magnetization vector of the Faraday active film (schematically
represented by the arrows in (c)) is mapped by an analyzer (A) set in a crossed
position with a polarizer (P).

the polarizer, and the corresponding regions appear dark. By contrast, in
regions where magnetic flux is present, the plane of polarization of the inci-
dent beam rotates, by an angle which is proportional (eqn. (2.1)) to the local
magnetic field component perpendicular to the plane of the indicator, the
beam is able to pass through the analyzer and the corresponding region ap-
pears bright. The intensity of each gray level in the obtained image of the
sample is related to the Faraday rotation angle θF through Malus’s law:

I = L sin2 2θF (2.2)

where L is the intensity of the light beam at the source and the factor 2
takes into account the fact that the light passes twice through the indicator
layer. Since in practice θF is of the order of a few degrees, I can be approxi-
mated with:

I ' 4Lθ2
F (2.3)

In the above equation I is proportional, through θF (eqn. (2.1)), to the
square of the magnetic field component H2

z , which implies that the sign of
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the magnetic field cannot be experimentally determined. Additionally, the
measured intensity I depends on the exact distribution of the incident light,
L, over the surface of the sample. In general, L is not homogeneous and
since its exact spatial distribution is not always experimentally known, the
accuracy of the measurements of magnetic fields at the surface of the sample
is strongly affected by uneven illumination. Additionally, at very small θF ,
I is also very small and the sensitivity of the technique is low. In section 2.3
we show that these shortcomings can be elegantly overcome by modulating
the polarization of light incident to the sample.

2.2.2 Magneto-optical indicator layers

Magneto-optical indicator layers are thin magnetic films which have a large
Verdet constant (121; 122; 123) and are used to visualize the magnetic field
distribution immediately above a superconducting or magnetic sample. Two
main categories are Eu-chalcogenides (EuSe, EuS , EuO, EuTe) and Bi-subs-
tituted Yttrium Iron Garnets (YIG).

Eu-chalcogenides; EuSe in particular

Eu-chalcogenides were introduced by Kirchner (117), who observed that, at
low temperatures, thin films of such materials produce a significant Faraday
rotation. Thin films were a clear advantage over the previously used thick
(0.3 mm to 3 mm) layers of paramagnetic glasses (115; 116).

The Eu-chalcogenides are magnetic semiconductors with a rich temper-
ature and magnetic field dependent phase diagram. EuSe, one of the most
widely used compounds, is magnetically ordered below T = 4.5 K and
paramagnetic above this temperature. For magneto-optical imaging only
the paramagnetic phase is of interest, since the Faraday rotation is propor-
tional to the paramagnetic susceptibility (124). Furthermore, the Verdet con-
stant is largest, of the order of 0.096 o/(µm mT) for λl = 546 nm, close
to the magnetic to paramagnetic transition. With increasing temperature,
the Verdet constant gradually decreases, which limits the temperature over
which EuSe can be used as an indicator to the interval 4.5 up to 20 K. Be-
sides temperature, another important parameter characterizing the working
range of Eu-chalcogenides is their saturation field. In particular, EuSe has a
saturation field of the order of 1T and a magnetic resolution of 1 mT.

The spatial resolution of Eu-based MOLs is determined by λl, the thick-
ness of the film d and the distance between the indicator and the sample. For
optimal contrast, d is chosen such that the light reflected at the upper surface
of the MOL and by the underlying mirror layer interfere destructively. This
condition is fulfilled if 2nd = (2k+1)(λl/2), with n the refractive index and k
an integer, which translates in practice to d ∼ 200 nm for λl = 546 nm. This
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thickness is not limiting the spatial resolution, which in this experimental
configuration is typically ∼ 0.5 µm, due to λl.

Bi-substituted YIG

By contrast to Eu-chalcogenides, YIG indicators can be used over a broader
range of temperatures and are sensitive to magnetic fields down to 10 µT
(123).

YIG indicators were introduced by Polyianskii (118), who recognized
their potential for the visualization of high temperature superconductors.
They exist in two varieties: i) YIG indicators with perpendicular magneti-
zation, in which the visualization of the magnetic flux distribution in the
superconducting sample is done indirectly, by mapping the size variations
of the magnetic domains of the indicator as a function of applied magnetic
field. These indicators are not suitable for quantitative measurements and
their spatial resolution is limited by the size of magnetic domains of the in-
dicator. ii) These drawbacks are overcome in YIG indicators with in-plane
magnetization, as demonstrated by Dorosinskii et al. (125). In these indica-
tors, the Faraday rotation is proportional to the out-of plane component of
the magnetization vector of the MOL, which is pushed out of plane by the
stray fields of the superconductor (see zoom-in box in Fig.2.1). If the stray
fields have also a component parallel to the plane of the MOL , the tilt angle
of the magnetization vector is reduced, which implies a smaller out-of-plane
component of the magnetization vector. In this case, the apparent measured
magnetic fields at the surface of the sample are smaller than their real value,
see Johansen et al. (126). An undesired effect associated with indicators
with in-plane magnetization is the overlap, for certain experimental config-
urations, of the magneto-optical image of the sample with a picture of the
magnetic domains of the MOL. This inconvenience can be experimentally
overcome by rotating the MOL, such that the angle between the magnetiza-
tion vector and the polarization angle of the incident light is 45o.

Bi-substituted YIG are ferrimagnetic compounds, grown by liquid phase
epitaxy on nonmagnetic Gd3Ga5O12 garnet (GGG) substrates to ensure a
low defect density. Typical thicknesses range from 2µm to 5µm. The Verdet
constant can be finely tuned by controlling the Bi doping and by varying
the thickness of the film. Typically, V is of the order of 0.016 o/(mTµm) for
λ = 546 nm and does not vary significantly up to room temperature. In prin-
ciple, Bi-substituted YIG films can be used as magneto-optical indicators up
to their Curie temperature (∼600K). The spatial resolution is limited by their
thickness and the distance to the sample (of the order of 2-3 µm). Although
they provide a higher magnetic resolution as compared to Eu-based indica-
tors, YIG garnets have significantly smaller saturation fields, in the range 30
to 200 mT.
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2.3 Magneto-optical set-up

The magneto-optical imaging system at the VU University Amsterdam, MO-
ILIA (Magneto Optic - Image Lock-In Amplifier) (127), is schematically shown
in Fig. 2.2. It enables the direct visualization of the sample as follows: a light
beam from the source [1] passes through a polarizer [2], a polarization rota-
tor [3] and a beam-splitter [4], where it is redirected inside the cryostat[5],
along the sample holder [6] and focused with the help of a microscope objec-
tive [7], on top of the MOL-sample ensemble [8]. The rotation of the plane
of polarization of the incident light, due to the magnetic field at the sur-
face of the superconductor, is detected with a second polarizer (analyzer)
[9], set in a crossed position with respect to [2]. The light passing through
the analyzer is collected on the chip of a CCD camera [10] and the obtained
gray-scale intensity image is saved and processed by dedicated software in
a computer [11]. The components of the set-up can be grouped into three
major systems: the optical system, the cryogenic equipment and the data
acquisition system. In the following, a detailed description of each building
block of the set-up is given.

2.3.1 The optical system

The light source [1] is a Kinderman diafocus projector, model 250AF, equipped
with a 250 W lamp and a bandpass filter for 550 nm. The polarizer [2] and
the analyzer [9] are Melles Griot dichroic sheet polarizers (03FPG007), with
a wavelength range 380-780 nm and an extinction ratio of 10−4. The polar-
ization rotator [3] is a 25 mm wide, 150 mm long SF 59 glass rod enclosed in
a copper coil, specially designed to generate a uniform magnetic field dis-
tribution (less than 1% inhomogeneity) inside the rod. The SF 59 glass was
chosen due to its large Verdet constant, V = 131 · 1010 o/(mTµm) and low
absorbtion coefficient. To prevent temperature induced strain in the glass,
hence depolarization effects, the copper coil is water cooled. The modula-
tion of the plane of polarization, by a small angle α, is done by switching the
current through the copper coil, during the video camera blank time, with
specially developed electronics. The beam splitter [4] is a non-polarizing
transparent plate mounted outside the cryostat. It has 3 built-in degrees of
freedom and allows manual control for an optimal illumination of the sam-
ple.

2.3.2 The data acquisition system

After reflection at the sample surface, the light passing through the analyzer
is collected on the chip of a CCD camera [10]. Depending on the type of ex-
periment, two recording systems can be used. A fast analog system, for
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Figure 2.2: Schematic representation of the magneto-optical set-up: [1] light
source, [2, 9] polarizers, [3] home-built polarization rotator, [4] beam splitter, [5]
cryostat, [6] home built insert, [7] microscope objective, [8] sample and MOL, [10]
camera and [11] computer for data storage and processing. The insert shows an
image of the sample insert and the Oxford Instruments Vector Magnet (maximum
magnetic fields HX -HY -HZ : 1T-1T-7T) cryostat.

measurements in which dynamic processes are of interest, consisting of a 25
Hz Teli CCD camera (model CS8320C) with an active area of 752×582 pixels.
For direct recording (without modulation of the incoming light polarization
vector), the camera is connected to a Hamamatsu (Argus 20) real-time image
processing unit and a SONY Hi8 EVO-9650P video recorder, with a dynamic
range of 8 bits and a recording speed of 25 frames/second. Each frame is
recorded with a corresponding timecode, temperature and magnetic field
value. For experiments that require an improved field resolution a digital
acquisition system is used. The images are recorded by a Princeton Instru-
ments camera cooled by liquid nitrogen, which employs a back illuminated
CCD chip, model ST138. The CCD has a readout speed (bit rate) of 100KHz,
an active area of 512 × 512 pixels (pixel size 24µm) and a dynamic range of
16 bits. The intensity of the incident light translates into an electric charge
accumulation in the CCD wells, which is then converted into digital values.
The camera is particularly well suited for experiments requiring long expo-
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sure times, due to its low (0.0001 electron/pixel/second) dark charge and
70% quantum efficiency for 546 nm, at a working temperature of −90oC.
The camera is controlled, through a PCI (Peripheral Component Interface)
bus, by a computer in which the images are stored and/or processed using
WinView (Princeton Instruments) and HpVee (Agilent Technologies) soft-
ware packages.

2.3.3 The insert and the cryogenic equipment

The sample is mounted on the home made insert [6] shown in Fig. 2.2 and
placed inside the cryostat [5]. Details of the insert are shown in Fig. 2.3.

2.3.3.1 The insert

The insert is 90 cm long, has a diameter of 43 mm and is specially designed
to allow a fine tuning of the position of the sample by 6 degrees of freedom
(X, Y, Z, β, γ, ρ), indicated in Fig. 2.3 (B). The upper part of the insert (A),
is fitted with control knobs (X), (Y), (Z), (C), (Tρ), (Tβ),(Tγ) which commu-
nicate, through thin rods, to each component of the lower part of the insert
(B). The sample is mounted on a 1 cm2 wide sample holder (ρ), supported
by a gear (g), which enables the independent rotation of (ρ) through a fine
tuning of (Tρ). The (xy) table, connected to knobs (X) and (Y), upholds the
rotation gear (g) and enables a maximum displacement of 6 mm along any
direction in the x-y plane. (xy) rests on a tilting table (β, γ) which is con-
trolled by (Tβ) and (Tγ). A bearing made of 1 mm-diameter sapphire balls
ensures that the two tables move with reduced friction relative to each other.
The ensemble (ρ)-(xy, β, γ, %) can be moved, as a block, over 12 mm along
the z-axis by table (z), controlled by (Z). The rods connecting the upper and
lower parts of the insert are made of thin-walled stainless steel tubing, over
a length of 30 cm in the proximity of the upper block (A), to ensure a low
thermal conductivity, and are continued by phosphor bronze rods down to
the lower block (B). Three additional, thicker rods, fixed on a support plate
(s), provide rigidity to the insert. The microscope objective is mounted on
the support rods of the sample insert. The type of lens used, is determined
by the magnification needed for the experiment. At low temperatures, the
strain in the lens can lead to depolarization effects, hence loss of contrast. To
prevent this, the objective lens is mounted loosely in its holder. Plate (s) also
accommodates three notches (c), controlled by (C), which clamp the insert
to the cryostat to minimize vibrations during experiments.

The upper part of the inset is also fitted with electrical contacts (EC1)
and (EC2), which can be used for electric transport measurements or as ther-
mometer contacts.
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Figure 2.3: Home built magneto-optical insert. The knobs (X), (Y), (Z), (Tρ), (C),
(Tβ),(Tγ) at the upper part of the insert (A) control the individual motion of the
each component (xy), (z), (r), (g), (c), (βγ) of the lower part of the insert (B). (EC1)
and (EC2) are electrical contacts and (s) is a supporting plate.

2.3.3.2 The cryogenic equipment

The sample is situated in the homogeneous field region of the Oxford Instru-
ments 3-axes Vector Magnet [5]. The magnet is fitted with NbTi coils which
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allow the generation of magnetic fields up to 1 T, maximum sweep rate
1T/min, along the X and Y axes and 7 T, maximum sweep rate 2.4 T/min,
along Z. By simultaneous use of the coils any field orientation relative to the
sample can be obtained at fields up to 1 T. The variable temperature insert
(VTI), in which the sample insert is placed, is 70.5 cm long and has a diame-
ter of 44 mm. It is fitted to an external pump, with a constant pumping rate.
By controlling the He-flow from the He reservoir to the VTI, the system can
be operated in the temperature range [1.5, 300] K.

2.3.4 MO-ILIA resolution

We now discuss our Magneto-Optical Image Lock-In Amplifier (MO-ILIA).
Whereas in practice the spatial resolution of the technique is determined by
λl and the distance between MOL and sample (due to the thickness of the
mirror layer and roughness of the sample surface), the field resolution is af-
fected by losses along the optical path due to light reflections on the inner
walls of the VTI and absorption through the magneto-optical layer, resulting
in a low intensity at the detector (the CCD chip of the camera). Imperfectly
crossed polarizers, or polarizers of poor quality, as well as intrinsic noise in
the camera can also act as limiting factors for the experimental field resolu-
tion. As already pointed out in subsection 2.2.1, in a typical magneto-optical
set-up, the sign of the magnetic field cannot be determined experimentally.
Additionally, the accuracy of the measurements is strongly influenced by
uneven illumination, whereas for small θF , the sensitivity of the technique
is reduced. To overcome these drawbacks, we use a polarization rotator to
modulate the polarization plane of the incident light by a small angle α. The
measured intensity (for small θF + α), after modulation, is:

I = K + L(θF + α)2 (2.4)

where K is an offset term which includes contributions to the measured in-
tensity due to imperfect extinction ratio of the polarizers, camera read-out
offset or stray light. In the above expression the three unknown parameters
K, L and θF can be determined by measuring three intensities [I−, I0, I+]
corresponding to different modulation angles [−α, 0, α]. Thus, the modula-
tion yields:

L =
I− − 2I0 + I+

2α2
; (2.5)

θF =
I+ − I−

4αL
; (2.6)

K = I0 − Lθ2
F ; (2.7)
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Equations (2.5) and (2.6) (eqn. (2.7)) is not of interest for the purpose
of our calculations) are solved using dedicated software, for each pixel in
the image. To increase computational accuracy L is calculated as a running
average over N images (typically N = 100). This procedure is justified by
the fact that L does not vary significantly over N . The running average is
calculated as follows:

Lav = kLi + (1− k)Lav (2.8)

where Li is given by eqn. (2.5) and k is defined by:

kn+1 =
kn

e(−1/N) + kn

(2.9)

Equation (2.9) is based on a recursive least square algorithm (128). The
iteration starts with k0 = 1 and slowly converges to k∞ = 1− e(−1/N), i.e. to
k ' 0.01 for our calculation, in which N = 100.

The procedure yields a virtually noise free L. An accurate determination
of L implies that the noise in the calculated θF (eqn. (2.6)) is reduced, being
determined only by the term (I+−I−). Hence, the absolute noise is increased
by only a factor of

√
2 (since noise ∼ √

I). Additional contributions to the
noise, leading to a reduction of the magnetic field resolution, can be also
introduced by an asymmetric modulation of α at the polarization rotator,
i.e. [−α + ε, 0, α] instead of [−α, 0, α]. This leads to an extra contribution in
the calculated θF :

θF (calc) = θF +
θF ε

2α
+

ε

2
(2.10)

by a factor of (1 + ε/2α) (typically smaller than 10%) and an offset ε/2
which becomes important in regions of the sample where the rotation angle
θF is close to zero.

Poorly crossed polarizers (large K) also introduce noise. In this case, the
measured intensities, I+ and I− are large compared to the intensity modu-
lation (I+ − I−) due to the rotation at the sample. As a result, the relative
noise

√
2I±/(I+ − I−) is large.

An additional contribution to the overall noise in the images is due to
thermal and shot noise in the camera. The thermal (Johnson-Nyquist) noise
is due to the thermally activated motion of the electrons in the CCD chip of
the camera and can be reduced by cooling it. By contrast, the shot noise, due
to the intensity being the sum of discrete photons arriving at the detector, is
not affected by temperature. By taking into consideration the effect of the
shot noise in the calculation of L (eqn. 2.5), an error propagation analysis
(129) yields an additional noise contribution to θF , given by:
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δθF =
1

8L

√
1 +

K

Lα2
+

(
1 +

4

N
+

12K

NLα2

)
θ2

F

α2
+

12θ4
F

Nα4
(2.11)

which for N →∞ reduces to:

δθF =
1

8L

√
1 +

K

Lα2
+

(
θF

α

)2

(2.12)

For our calculation, in which N = 100, the difference between the val-
ues δθF calculated by eqn. (2.11) and eqn. (2.12) is less than 1%. Also, it can
be clearly seen that the extra noise contribution δθF can be significantly re-
duced by increasing the intensity L of the light incident on the CCD chip
of the camera. In practice this is done, prior to the calculation of L, by a
fine tuning of the illumination, ensuring minimal losses along the optical
path. Nevertheless, the increase in L is limited by the depth of the charge
wells in the CCD, which limits the number of photons that can be registered.
Hence, L is set to the maximum possible value, to avoid the saturation in-
tensity Imax of the camera for the whole range of magnetic fields and any
modulation α during the experiment. More explicitly, L is chosen such that
L(α + |θF,max|)2 = Imax −K, which leads to:

δθF =
1

8(Imax −K)

√
(α + θF )4K

α2(Imax −K)
+ (α + θ2

F ) +
θ2

F (α + θF )

α2
(2.13)

From this expression the signal to noise ratio θ/δθ can be easily deter-
mined; a maximum is obtained for α = θF,max.

In conclusion, our magneto-optical imaging polarization microscope pro-
vides an accurate determination of the Faraday rotation over the surface of
the sample, as well as the possibility to determine the sign of the local mag-
netic field.

2.4 Comparison with other techniques

Magneto-optical imaging is a non-invasive technique suited for the inves-
tigation of superconductors over a broad range of temperatures and mag-
netic fields. What distinguishes MOI from other imaging techniques, such
as bitter decoration (BD) (27; 29; 30; 130; 131; 132), Lorentz microscopy (LM)
(133; 134; 135), magnetic force microscopy (MFM) (136; 137; 138; 139), scan-
ning Hall-probe microscopy (SHPM) (140; 141; 142) or Scanning SQUID mi-
croscopy (SSM) (143; 144; 145; 146) is its unequaled intrinsic fast temporal
resolution, which enables dynamic observations on very short time scales
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(147) over the whole surface of the sample. The magnetic sensitivity, typ-
ically of the order of 10 µT, places MOI between SPHM and Lorentz mi-
croscopy, see Fig. 2.4. The spatial resolution is mainly determined by the
sample-MOL distance, however single vortex resolution can be achieved by
evaporating the indicator directly on top of the sample (148) or by coating
the sample with another superconductor, with a smaller penetration depth
λ (149).
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Figure 2.4: Spatial range and magnetic field resolution of various experimen-
tal techniques used to visualize magnetic flux distributions in superconduc-
tors: Lorentz microscopy (LM), bitter decoration (BD), magnetic force microscopy
(MFM), magneto-optical imaging (MOI), Scanning Hall-probe microscopy (SHPM)
and Scanning SQUID microscopy (SSM).

Its spatial resolution (∼ 1 µm) places MOI between MFM and SHPM. Ul-
timately, the main limiting factor of the spatial resolution is the wavelength
of the incident radiation. However, it has been shown by Hell and Wich-
mann (150) that the diffraction limit can be overcome, which might open
possibilities for further development of MOI.

In the following chapters the versatility of the technique is demonstrated
in various experimental studies of superconducting and magnetic materials.
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Chapter 3

Observation of flux penetration
into superconductors in oblique
magnetic fields§

Abstract

Penetration of magnetic flux into a rectangular platelet of superconducting Nb3Sn
subject to an oblique magnetic field is studied by magneto-optical imaging. Flux
patterns are observed for three distinct scenarios in which the final magnetic field
vector is applied differently: (A) the vector has a fixed direction but its magnitude
changes from zero to the final value, (B) first the perpendicular component is ap-
plied and then the in-plane component, and (C) vice versa. These scenarios lead to
distinctly different final states that are consistent with theoretical predictions.

3.1 Introduction

The concept of the critical state introduced by Bean (57) is widely used to an-
alyze various properties of the vortex phase in type-II superconductors. For
such an analysis, often the simplest solutions of the critical state problem
are used, which describe the distribution of magnetic fields and currents
in a slab or cylinder with the applied magnetic field parallel to its surface.
It has been experimentally shown, however, that the shape of real samples
or a misalignment of the external magnetic field with respect to the sym-
metry axes of the specimen strongly affect the morphology and dynamics
of the flux fronts, leading to complicated current distributions inside su-
perconductors, see, e.g., Refs. (151; 152; 153; 154; 155; 156; 157; 158; 159).

§ This chapter is based on the article by D. G. Gheorghe, M. Menghini, R. J. Wijngaarden,
E. H. Brandt, G. P. Mikitik and W. Goldacker published in Phys. Rev. B 73, 224512 (2006)
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To account for this fact, the concept of the critical state was generalized
(57; 160; 161; 162; 163). An interesting result of such extensions is that, even
in simple experimental situations, the properties of the critical state may
strongly differ from those of cylinders or slabs in parallel applied fields
(163). In particular, this occurs for long superconducting strips in oblique
magnetic fields (164; 165; 166), i.e., in many experiments with high-Tc su-
perconductors.

The critical state in a long strip placed in an oblique magnetic field was
studied by Zhukov et al. (167) for the situation when the magnitude of the
applied magnetic field Ha considerably exceeds the field of full-flux pen-
etration into the sample, Hp. An attempt to calculate the distribution of
currents in superconductors of different geometries subject to tilted mag-
netic fields with Ha < Hp was made by Karmakar and Bhagwat (168). In
analogy to the critical state problem for a slab or cylinder in parallel mag-
netic fields, they assumed that with increasing magnitude of the external
field the currents change only at the flux fronts and remain constant in ar-
eas already penetrated by the magnetic flux. However, the accurate analy-
sis of the critical state problem for superconducting strips in oblique mag-
netic fields (164; 165; 166) revealed that, as the external field is changed,
the currents redistribute not only at the flux fronts but also in the already
penetrated region. Moreover, depending on the magnetic history, different
current distributions are predicted in the strip under the same final exper-
imental conditions. According to Refs. (165; 166), this difference between
the critical states in thin strips with thickness d much less than width 2w, can
be detected by measuring the magnetic field profiles on their surface, e.g.,
by magneto-optical imaging. However, for this difference of the profiles to
appear in thin strips, it is necessary that the flux-line pinning in the super-
conductor is not described by the simple Bean model with constant critical
current density jc. A non-constant jc occurs, e.g., when columnar defects
are introduced into the sample that give rise to anisotropic flux-line pinning
(154; 155; 156; 157). In the present study we demonstrate experimentally
and theoretically that in thick strips (when d/w is not too small) a depen-
dence on the history and an asymmetry of the profiles appears even in the
simplest case jc = const., and we show that the calculated magnetic-field
profiles and the obtained experimental data are in a good agreement.

In this chapter we investigate the dynamics of flux fronts in a homoge-
neous Nb3Sn superconducting platelet subject to an oblique magnetic field
by means of magneto-optical imaging and by means of simulations accord-
ing to the ideas of Refs. (164; 165; 166). The history-dependence of the
flux-front sequence is investigated for three different scenarios of switching
on the external field: (A) the external field Ha(Hax, 0, Haz) is increased at
a fixed ratio Haz/Hax, (B) the Haz component is switched on first, followed
by Hax, and (C) Hax is switched on first and subsequently Haz. This chapter
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is organized as follows: section 3.2 is a brief description of the theoretical
and simulation methods while section 3.3 focuses on the experimental tech-
nique and sample preparation. In section 3.4, the experimental results are
presented and discussed in comparison with the theoretical results, while
in section 3.5, the main conclusions of this work are summarized.

3.2 Theory

Strictly speaking, the critical state problem for a strip in an oblique mag-
netic field is two-dimensional, and thus the calculation of the local currents
and fields is not trivial. Recently it has been shown (169), however, that for
a thin superconductor of width 2w, length L and thickness d if the condi-
tion d ¿ w, L holds, the problem can be split into two simpler problems: a
one-dimensional problem across the thickness of the sample and a problem
for the infinitely thin sample, which for long strips is also one-dimensional.
This splitting procedure shows that the magnetic field profiles on the flat
surfaces of the strip may be expressed (166) as a series in the small param-
eter d/w. The first, main term of the series is a symmetric function with re-
spect to the strip axis, while the second term introduces a small anisotropy
of the profiles. This second term differs from zero only if the flux-line pin-
ning is not described by the simple Bean model with constant jc. But when
the parameter d/w is not small, such splitting of the critical state problem
does not work and one should account for all terms of the above-mentioned
series. Therefore, for thick strips an asymmetry of the profiles may appear
even within the simple Bean model.

To compare our measured flux profiles with theory, we compute the
magnetic flux distribution at the surface of a thick strip sample for differ-
ent scenarios of switching on the externally applied magnetic field: (A) the
magnetic field is increased at a fixed angle with respect to the plane of the
sample, (B) the perpendicular component of the field Haz is switched on
first, increased to a certain final value and then the in-plane component Hax

is applied, and (C) is the same approach as in (B) but first Hax and then Haz

are switched on.
In these calculations we solve the two-dimensional critical state prob-

lem numerically by extending the method described in Refs. (170; 171) to
oblique fields. In Refs. (170; 171) a thick strip in perpendicular magnetic
field (along z) was considered, which means that the current density j‖y has
two symmetry planes, j(−x, z) = −j(x, z) and j(x,−z) = +j(x, z), for strips
with rectangular cross section (Fig. 3.1). When the applied field is tilted in
the x − z plane, only inversion symmetry survives, j(−x,−z) = −j(x, z).
This lower symmetry is the main modification in our theory. We present
now the details of this calculation.
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Though we are interested here in the solution of the static (i.e., ramp-rate
independent) critical state model of a thick strip, we obtain this static limit
from dynamic calculations (170; 171). Namely, we approximate the vortex
dynamics in the superconductor by a power-law current–voltage curve and
take the limit of large exponent n À 1. We write the electric field generated
by moving vortices in the (isotropic) form

Ev(j, B) = ρv(j, B) j , (3.1)

where ρv(j, B) is the resistivity, j = |j| the current density that drives the
vortices, and B = |B| with j ⊥ B the local magnetic induction or flux den-
sity. In the free flux flow limit (zero pinning or very high current density)
one has ρv = ρff ≈ (B/Bc2)ρn where Bc2 is the upper critical field and ρn the
normal resistivity just above Bc2. For thermally activated depinning many
experiments and theoretical models approximately yield a logarithmic acti-
vation energy U(j) = U0 ln(jc/j), which gives

Ev = Ec exp(−U/kT ) = Ec · (j/jc)
n (3.2)

with creep exponent n = U0/kT À 1 and (arbitrary) “threshold criterion”
Ec = E(jc) that defines the critical current density jc. The power law (3.2)
in the limit of large n means that at j < jc one has Ev = 0 and the vortices
do not move (are pinned), while for j > jc one has Ev = ∞ and the vortices
immediately rearrange such that j drops back to jc everywhere in the super-
conductor. For large n = 20 . . . 200, the resulting currents and field profiles
only slightly depend on the ramp rate of the applied field: Doubling the
ramp rate increases the currents by a factor 21/n ≈ 1 + 0.7/n ≈ 1.

We now derive an equation of motion for the current density jy(x, z)
(which we now denote by j) in a long strip filling the volume |x| ≤ w,
|y| ≤ L/2, |z| ≤ d/2, with d < w ¿ L, exposed to an applied magnetic field
Ha(t) = (Hax, Haz) = µ−1

0 ∇ × Aa, where Aa = Aa(x, z, t) ŷ is the applied
vector potential. In the general case, with r = (x, y, z), the vector potential
Aj(r) caused by the current density j(r) = −µ−1

0 ∇2Aj in the Coulomb gauge
∇ ·A = 0 is given by

Aj(r) = µ0

∫
d3r′

j(r′)
4π|r− r′| , (3.3)

with the integral taken over the volume where the current flows. For our
long strip both j = j(x, z) ŷ and Aj = Aj(x, z) ŷ are directed along y. Inte-
grating eqn. (3.3) over y′ and writing from now on r = (x, z) we obtain

Aj(r) = µ0

∫
d2r′Q(r, r′) j(r′) (3.4)
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with the 2D integral kernel

Q(r, r′) =
1

2π
asinh

L/2

|r− r′| ≈
1

2π
ln

L

|r− r′| . (3.5)

The integral in eqn. (3.4) is over the rectangular strip cross section, −w ≤
x ≤ w and −d/2 ≤ z ≤ d/2, but actually eqn. (3.4) applies to strips with
cross sections of any shape. If the current distribution is symmetric the in-
tegration (3.4) may be restricted to one quarter or one half of the rectangu-
lar cross section. In particular for our strip in tilted field (Hax, Haz), with
j(−x,−z) = −j(x, z) we may write

Aj(x, z) = µ0

∫ w

−w

dx′
∫ d/2

0

dz′ Q̃(x, z; x′, z′) j(x′, z′) (3.6)

with the inversion-symmetric kernel

Q̃(x, z; x′, z′) =
1

4π
ln

(x + x′)2 + (z + z′)2

(x− x′)2 + (z − z′)2
(3.7)

Note that the strip length L has dropped out here.
To obtain an explicit dynamic equation for the current density j(x, z, t)

one has to incorporate the applied vector potential Aa, which for the strip
may be chosen along y, Aa = Aa(x, z, t) ŷ, Aa = µ0Hazx − µ0Haxz. Writing
the total vector potential as A = Aj + Aa we obtain from eqn.(3.4),

µ0

∫
d2r′ Q(r, r′) j(r′, t) = Aj(r, t) = A− Aa . (3.8)

For our strip the induction law Ḃ = −∇ × E means −Ȧ = E = Ev(j) =
Ec · (j/jc)

nsign(j). Inserting this into the time derivative of eqn. (3.8) we
obtain

µ0

∫
d2r′ Q(r, r′)

∂j(r′, t)
∂t

= −Ev(r, t)− Ȧa(r, t) . (3.9)

The time derivative of j in eqn. (3.9) may be moved out from the integral by
introducing the inverse integral kernel K(r, r′) = Q(r, r′)−1, or the symmet-
ric kernel (170) K̃(r, r′) = Q̃(r, r′)−1, defined by

∫
d2r′′K̃(r, r′′) Q̃(r′′, r′) = δ2(r− r′) , (3.10)

where δ2(r) = δ(x)δ(z) is the 2D delta function. This yields the equation of
motion for j(x, z, t),

∂j(r, t)

∂t
= −µ−1

0

∫
d2r′K̃(r, r′)[Ev(j) + Ȧa(r

′, t)] (3.11)
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with Ev(j) = Ev[j(r
′, t)] and Ȧa(r

′, t) = x′µ0Ḣaz(t)− z′µ0Ḣax(t).
The inverse kernel K̃(r, r′) may be computed by a matrix inversion as

follows. First, a spatial grid ri = (xi, zi) is chosen with appropriate weights
wi such that the integrals of any function f(r) over one half strip cross sec-
tion (−w ≤ x ≤ w, 0 ≤ z ≤ d/2) are well approximated by a sum,

∫
d2rf(r) ≈

∑
i

f(ri) wi . (3.12)

Then we express the definition (3.10) by such a sum,
∑

i

K̃li Q̃ij wi = δlj , (3.13)

where Qij = Q(ri, rj) and δij equals 1 if i = j and 0 else. The diverging
diagonal terms Qii have to be chosen finite as discussed in Ref. (170). The
solution of eqn. (3.13) is the inverse matrix

K̃ij = (Q̃ij wi)
−1. (3.14)

The accuracy of this method is considerably increased by choosing a nonequidis-
tant grid with narrow spacing near the specimen surface and by taking ap-
propriate diagonal terms Q̃ii. The equation of motion (3.11) for j(r, t) in
discrete form reads,

∂ji(t)

∂t
= −µ−1

0

∑
j

K̃ij [ Ev(jj(t)) + Ȧaj(t) ] , (3.15)

where the vectors ji(t) = j(ri, t) and Ȧai(t) = Ȧa(ri, t) = xiµ0Ḣaz(t) −
ziµ0Ḣax(t) are functions of the time t. The matrix Kij , eqn. (3.14), is inde-
pendent of time and has to be computed only once for a given geometry.
Equation (3.15) is easily integrated over time t starting with ji(t = 0) = 0
and then switching on the applied field Ha.

From the resulting current density the magnetic induction follows as
B(x, z, t) = ∇ × A = µ0Ha(t) + ∇ × ŷAj(x, z, t) with Aj from eqn. (3.6).
We compute Bi = B(xi, zi) by taking the numerical derivatives of A(xi, zi)
given by

A(ri, t) = Aa(ri, t) +
∑

j

Q̃ij wj jj(t) . (3.16)

This method is much more accurate than the direct computation of B from
the current density j by the usual Biot-Savart kernel that is highly singular,
containing terms ∝ (ri − rj)/|ri − rj|2. By putting z = d/2 one obtains the
magnetic field profiles at the upper surface of the strip that are measured by
magneto-optics.
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Finally, the magnetic moment per unit length of the strip, m(t) = (mx,mz),
is obtained as an integral or sum over the half strip cross section,

m(t) = 2

∫ w

−w

dx

∫ d/2

0

dz (x̂z − ẑx) j(x, z, t)

≈ 2
∑

i

(x̂zi − ẑxi) ji(t) wi . (3.17)

The contributions to m(t) of the U-turns of the currents at the strip ends
(integrals over the x and z components of j, amounting to exactly 1

2
m) are

already considered in eqn. (3.17).

3.3 Sample and Experimental Procedure

The experiments discussed in this paper have been performed by magneto-
optical imaging (122; 127; 172), a spatial and temporal resolved technique
that allows direct visualization of the perpendicular component of the local
magnetic field, at the surface of a superconducting material. The technique
is based on the Faraday effect. For our experiments we used the Faraday
effect of a EuSe film (122) with a saturation field of 1 T.

The experiments were carried out on a Nb3Sn platelet with the follow-
ing geometrical characteristics: width 2w = 0.75 mm, length L = 2.2 mm
and thickness d = 175µm. The critical temperature of the material is Tc = 18
K. The sample was prepared (173) from thoroughly mixed powders of Nb
(99.9 % purity, deoxidized, mean particle size 35-45 microns) and Sn (99.5
% purity, < 40 micron particle size). The stoichiometric composition was
chosen with a slight excess of Sn (25.4 %), close to the A15 phase boundary.
An amount of 700 g powder was put into a stainless steel container inter-
nally clad by a Ta foil, which was closed under vacuum by electron beam
welding. The powder was pre-compacted by pressing to a density of 70% of
the theoretical value. The container was processed under HIP (hot isostatic
pressing) conditions, T = 1100oC, P(Ar)=100 MPa for 24 hours followed by
slow cooling with 150 K/hour. The sample was cut out of the container me-
chanically. The small width ∆Tc = 0.3-0.4 K of the specific heat transition
indicates an excellent sample homogeneity (173).

A schematic representation of the geometry of the experiment is de-
picted in Fig. 3.1, where θ is the angle between the direction of the applied
magnetic field Ha and the z-axis perpendicular to the plane of the sample,
while φ defines the angle between the projection of Ha on the plane of the
sample and the x-axis.

The sample was placed inside a commercial Oxford Instruments vector
magnet and the magnetic field distribution at its surface was mapped using
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Figure 3.1: Schematic representation of the experimental geometry. The orienta-
tion of the applied vector field Ha with respect to the sample of dimensions (2w×
L × d) is described by the angles θ and φ.

our magneto-optical image lock-in (127; 172) (MO-ILIA) yielding quantita-
tive values for the z-component of the magnetic field. The value of the mag-
netic fields that can be generated by the magnet range between -7 T and 7
T along the z-axis, i.e.perpendicular to the sample plane, and -1 T and 1 T
along the x- and y-axes. By simultaneous use of the superconducting coils,
any field orientation with respect to the plane of the sample can be obtained
(up to 1 T).

In all experiments, the initial state was prepared the same way, namely
by zero-field cooling below the critical temperature to 7 K and φ was always
zero, i.e., the in-plane component of the field is always parallel to the x-axis.

3.4 Results and Discussion

Magneto-optical imaging allows the direct visualization of the magnetic
field distribution Hz(x, y) at the surface of a superconductor with high spa-
tial and temporal resolution. From Hz, by using an inversion scheme (174;
175; 176) the current and electric field distributions in the superconductor
can be determined.

However, it was shown (126) that, for an accurate quantitative determi-
nation of Hz(x, y) the influence of the in-plane component of the field on
the sensitivity of the indicator must be taken into account. For symmetric
field configurations the experimental data may be corrected by incorporat-
ing approximated Hx values in the inversion scheme (126) or by iteratively
solving the Biot-Savart equation and its inverse, in which an in-plane Hx
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field component contribution is incorporated until convergence is achieved
(177).

In our more general experimental configuration this correction method
encounters difficulties. Instead, to compare experiment and simulation, we
calculate an effective “experimental field” Hϕ

z from the simulated Hz and Hx

components, as detailed below in section 3.4.1 In section 3.4.2 a direct com-
parison between the simulation data and the experimental results is pre-
sented for three scenarios of switching on the external magnetic fields: (A)
the magnetic field is increased at a fixed angle θ with respect to the plane
of the sample, (B) Hz is switched on first, increased to a certain value and
then Hx is applied and (C) the same approach as in (B) only the order of
switching on the field components is reversed. A schematic representation
of these three possible scenarios is shown in Fig. 3.2 for three cases: θ = 30o,
θ = 45o, θ = 60o.

Figure 3.2: Schematic representation of the possible paths: A (––), B (. . . ), C (– –)
that can be taken to reach the same applied field Ha (indicated by the orange dot),
characterized by the same magnitude of the external field and the same tilt angle θ
(for all scenarios φ = 0). We present results for three angles θ as indicated.

3.4.1 Calculating the “experimental field” from simulation
data

As discussed above, the Faraday angle ϕ(Hx, Hz) that is measured magneto-
optically in our experiments, is a function of mainly the perpendicular field
component Hz, but is also influenced by the in-plane field Hx. However, a
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good estimate (with less than 30% error) can be obtained by ignoring the in-
fluence of Hx. Specifically, we present our magneto-optical results in terms
of a ”measured” perpendicular field Hϕ

z = f (ϕ) , where f−1 (x) = ϕ(0, Hz)
is determined from a separate experiment, see below.

To compare experiment and simulation, we also express the results of the
simulation in terms of Hϕ

z values. These are determined by first finding the
Faraday angle ϕ for the simulated values of Hx, Hz and then calculating Hϕ

z

from that ϕ. Specifically, for the simulation, we calculate Hϕ
z = f (ϕ(Hx, Hz))

with Hx, Hz the results from the simulation.
Of course, for both these procedures, we must know the function ϕ(Hx, Hz).

This was determined in a separate experiment, without the sample, on the
same EuSe indicator and at the same temperature, namely T = 7K. For fixed
values of the in-plane field component Hax in the interval [ 0, 0.3 ] T, Haz was
increased from 0 to 0.3 T in steps of 10 mT. The experimentally obtained val-
ues of ϕ on this grid of field values were well fitted by a function of the form:
ϕ (Hax, Haz) = a1 + a2Hax + a3Haz + a4H

2
ax + a5H

2
az + a6HaxHaz, from which

the inverse function f as defined above is found analytically.
For comparing experiment and simulation, we used for the critical cur-

rent density the value jc = 6.1 · 109A/m2, as calculated from the magnetic
field profile of the sample in the critical state, using the inversion algorithm
described in Refs.(174; 175).

Using this calibration and the scheme just discussed, a very nice quanti-
tative agreement between the measured data and the results from the simu-
lation was obtained, as we show in the following subsection.

3.4.2 Experimental versus simulation results

3.4.2.1 Scenario (A): Magnetic field increased at constant angle

After zero-field cooling, a magnetic field was applied to the sample under
a fixed angle θ and increased up to 0.507 T in steps of 0.013 T. Magneto-
optical images of the sample were taken after each step-wise increase in the
magnitude of the external magnetic field.

In Fig. 3.3 a selection of images showing the evolution of Hϕ
z at the sur-

face of the sample, during an experiment in which θ = 45o, is shown. Al-
ready at an amplitude of 0.039 T vortices start to nucleate at the upper edge
of the sample. However, at the bottom edge no nucleation is observed be-
fore the magnetic field reaches 0.091 T. The roughness of the flux-fronts is
due to static disorder and intrinsic roughening (178). In nice agreement
with the theoretical predictions of Refs. (164; 165; 166), the flux fronts at the
surface are not symmetric with respect to the center of the superconducting
plate.

This is most clearly seen from profiles of the magnetic field, e.g. along
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0.195 T0.039 T

0.065 T

0.091 T 0.283 T

0.247 T

Figure 3.3: Magneto-optical images for increasing magnitude of the external field
(in order, from the first image, first column to the last image, second column:0.013T,
0.039T, 0.065T, 0.091T, 0.143T, 0.195T, 0.247T, 0.283T ) in the Nb3Sn sample. Black
indicates zero magnetic field and white indicates high magnetic fields. The edges
of the sample are highlighted by the rectangular dashed contour. The external mag-
netic field was applied at an angle θ = 45o with respect to the plane of the sample
(corresponding to the plane of the paper); its projection is parallel to the short edge
of the sample. The scale bar in the first image corresponds to 0.5 mm.

the dotted white lines in Fig. 3.3. Such profiles were determined to examine
the influence of the tilt angle θ on the asymmetry of the flux-front profiles.
The results are presented in the left column of Fig. 3.4. For the case, θ =
0o the flux fronts enter the superconductor symmetrically from the upper
and lower edges of the sample. For increasing tilt angles θ, the penetration
becomes more and more asymmetric. Another interesting feature is that
after the flux fronts from opposite edges of the sample meet, the asymmetry
decreases.

We compare our experimental findings with calculated profiles at the
surface of the sample, for a sample with the same aspect-ratio d/w as the
superconducting specimen used in our experiments, namely d/w = 0.47.
The theoretical profiles were calculated using the algorithm of section 3.2
and are presented using the procedure described in section 3.4.1. Profiles
are shown at each step-wise increase of 0.026 T in the external field Ha. The
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Figure 3.4: Experimental (left column) and simulated (right column) magnetic
field Hϕ

z profiles for scenario A at the surface of the sample for different tilt angles
θ (as indicated). For the experiment the external magnetic field Ha was increased
from 0 to 0.507 T in steps of 0.013 T, for the simulation Ha was increased from 0 to
0.507 T in steps of 0.026 T.

results are shown in the right column of Fig. 3.4. A very good agreement
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between the experimental and the simulation findings is observed.

3.4.2.2 Scenario (B): Haz first, Hax last

In this section, as an example for scenario B, we present results for an exper-
iment in which the final state with θ = 60o was reached by first increasing
the Haz component of the field and afterwards the Hax component.

After zero-field cooling the Nb3Sn platelet, an external field perpendic-
ular to the plate was applied and increased up to 0.130 T in steps of 0.013 T.
The evolution of the experimental profiles at the surface of the sample, with
increasing magnitudes of the applied magnetic field, is shown in Fig. 3.5
(a), below the thick curve. As expected, a symmetric evolution of the flux
fronts towards the center of the sample is observed. However, as soon as
Hax is applied from the thick curve upwards, in steps of 0.013 T up to 0.234
T), the profiles evolve towards an asymmetric state as an in-plane magnetic
moment is induced. The magnitude of the in-plane magnetic moment is
proportional to Hax and can be observed by the increasing height difference
of the profiles at the edges of the sample. The asymmetry of the profiles
relative to the center of the superconductor is enhanced for higher in-plane
components of the field. The last profile in Fig. 3.5 corresponds to a total
magnetic field vector Ha = 0.27 T and a tilt angle θ = 60o.

The corresponding simulated profiles are shown in Fig. 3.5 (b). Like for
scenario A, the theoretical profiles were calculated using the algorithm of
section 3.2 and are presented using the procedure described in section 3.4.1.
Each field profile corresponds to a step-increase in the external field of 0.026
T up to Ha = 0.27 T. A very nice agreement between experiment and simu-
lation can be observed.

3.4.2.3 Scenario (C) : Hax first, Haz last

As an example for scenario C we discuss an experiment in which the final
state at θ = 30o was reached by switching on the Hax component of the mag-
netic field first (up to 0.13 T in steps of 0.013 T), followed by Haz (increased
to 0.234 T in steps of 0.013 T).

The evolution of the magnetic flux profile for this scenario is shown in
Fig. 3.6 (a). From the first profiles, when only the in-plane magnetic field
is applied (below the thick line), it is observed that Hax induces an in-plane
magnetic moment. This is evident in the positive and negative peaks at the
edges of the sample. The magnitude of this moment reduces with increasing
magnitude of Haz (from the thick black curve upwards). Furthermore, the
asymmetry of the flux fronts relative to the center of the superconductor is
reduced as Haz is increased. The last profile in Fig. 3.6 corresponds to a total
magnetic field vector Ha = 0.27 T at a tilt angle θ = 30o.
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Figure 3.5: Magnetic field Hϕ
z profiles for θ = 60o, scenario B: a) experiment, b)

simulation. For the experiment Haz was increased first from 0 to 0.130 T in steps of
0.013 T, followed by Hax in steps of 0.013 T, from 0 to 0.234 T. For the simulation
Haz was increased first from 0 to 0.130 T in steps of 0.026 T, followed by Hax in
steps of 0.026 T, from 0 to 0.234 T.

The corresponding simulated profiles are shown in Fig. 3.6 (b). Each field
profile corresponds to a step-wise increase in the external field up to Ha =
0.27 T in steps of 0.026 T. Again, a nice agreement between the experimental
and the simulated data, calculated using the algorithm of section 3.2 and
presented using the procedure described in section 3.4.1, is observed.

3.4.2.4 Final states compared

To determine how the asymmetry of the profiles depends on the scenario
(A, B or C), we show in Fig. 3.7 the profiles for the same final field Ha =
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Figure 3.6: Evolution of the magnetic field Hϕ
z profile for θ = 30o, scenario C: a)

experiment, b) simulation. For the experiment Hax was increased first from 0 to
0.130 T in steps of 0.013 T, followed by Haz in steps of 0.013 T, from 0 to 0.234 T. For
the simulation Hax was increased first from 0 to 0.130 T in steps of 0.026 T, followed
by Haz in steps of 0.026 T, from 0 to 0.234 T.

0.27 T at θ = 30o, 45o, 60o. The experimental results are shown in the left
column in Fig. 3.7. It is observed that for all the considered cases, the mag-
netic field profiles are asymmetric with respect to the center of the sample.
This asymmetry is related to the in-plane component of the magnetic field
Hx. Although the applied external field Ha has the same magnitude and tilt
angle θ in all these cases, the final magnetization states are clearly different.

Instead of defining an asymmetry parameter from e.g. the moments of
the profiles, we merely point out that the influence of the in-plane field (as
seen from the asymmetry between the sample edges) is largest for scenario B
and smallest for scenario C. The observed order BAC can be qualitatively ex-
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Figure 3.7: Profiles Hϕ
z from experiment (left column) and simulation (right col-

umn) for scenario A (¤), B(©) and C (4), all for the same magnitude of the applied
field Ha = 0.27 T at the indicated tilt angles θ.

plained as follows: the asymmetry is mainly due to a finite and non-uniform
in-plane moment per unit length (166) Mx(x) =

∫ d/2

−d/2
zjy dz . When Hax is

applied before Haz (scenario C), the increase of Haz leads to a redistribution
of the currents over the thickness of the sample and decreases Mx which
was generated by Hax. On the other hand, in scenario B, the increase of Hax

applied after Haz increases Mx; and in this case Mx can essentially exceed
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the value it has in scenario C if the fields Hax and Haz are of the order of the
field of full flux penetration. Scenario A in which Hax and Haz are applied
simultaneously is intermediate.

3.5 Conclusions

We have shown by magneto-optical measurements and simulation that if a
tilted magnetic field is applied to a superconductor, an asymmetry in flux
penetration is observed, in good agreement with the theoretical predictions
of Refs. (164; 165; 166). This asymmetry is enhanced for larger tilt angles θ.
The same final state in the phase diagram, characterized by the same exter-
nal magnetic field Ha(Hax, Haz) and the same tilt angle can be reached by
three different paths: (A) increasing the field at a constant angle, (B) switch-
ing on first Haz and then Hax or (C) switching on Hax and subsequently Haz.
These different paths lead to a final state in which the magnetization of the
sample and the magnetic field profiles at its surface are different. These
experimental results agree quantitatively with numerical simulations that
were done according to the theoretical ideas of Refs. (164; 165; 166) and
thus validate these ideas experimentally. A comparison of the scenarios
described above reveals that the asymmetry of the flux penetration is the
highest when the x-component of external field is applied last (scenario (B))
while the most symmetric flux patterns are obtained for scenario (C). Thus,
we conclude that the observed asymmetry in the magnetic field profiles de-
pends on the history of the superconductor and is related to the remaining
strength of the in-plane component Mx of the magnetization.
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Chapter 4

Anisotropic avalanches and flux
penetration in patterned
superconductors §

Abstract

Both for a fundamental understanding of the flux penetration process and for tech-
nical applications, the role of artificial pinning sites (such as antidots) in super-
conductors generates a lot of interest. We perform magneto-optical imaging ex-
periments on type-II Pb thin films patterned with square arrays of square antidots
and square arrays of rectangular antidots and blind holes. We demonstrate that a
square lattice of rectangular antidots can lead to similar anisotropy in flux pene-
tration and critical current as a rectangular lattice of square antidots. In addition
we show how thermo-magnetic avalanches can be guided - and hence to a certain
extend controlled - by such holes.

4.1 Introduction

Superconductors patterned with periodic arrays of columnar defects (154;
179; 180), antidots (holes that fully penetrate the sample) (129; 178; 181; 182;
183; 184; 185) and blind holes (holes that partially penetrate the sample)
(186) have been extensively studied. They are optimal systems to investi-
gate fundamental problems related to vortex pinning such as defect-vortex
interactions and the influence of the strength and density of the pinning
centers on the morphology and dynamics of the vortex lattice. Moreover,

§ This chapter is an extension of the paper by D. G. Gheorghe, M. Menghini, R. J. Wijngaar-
den, S. Raedts, A. V. Silhanek and V. V. Moshchalkov, published in Physica C 437-438, 65
(2006)
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they open perspectives for practical applications such as enhancement of
the critical current (187), noise reduction in SQUIDS (188) and ratchet ef-
fects (189; 190). Experimental studies on superconducting films patterned
with square (183; 185), triangular (178) and rectangular (129) arrays of an-
tidots, reveal that the vortices move inside the sample preferentially along
the principal directions of the antidot lattice, leading to anisotropic flux pat-
terns and anisotropic critical currents (182; 183; 191). Calculations have re-
produced qualitatively the experimentally observed anisotropy (192; 193).
In most previous studies the anisotropy in the flux peneration is due to the
anisotropic properties of the antidot array. In this study we show that simi-
lar anisotropy in flux penetration and critical current can be induced by the
anisotropy of the pinning sites themselves: A square array of rectangular
pins can lead to a similar anisotropy as a rectangular array of square pins.
We perform numerical simulations that support the experimental findings.
Additionally, we show that the avalanches resulting from thermomagnetic
instabilities (77; 194; 195; 196) can be guided by the antidot array.

4.2 Experimental technique and sample prepara-
tion

Magneto-optical imaging experiments have been carried out on Pb thin
films, Tc = 7.2 K, patterned with square arrays of square antidots (sam-
ple S1, thickness t = 65 nm), square arrays of rectangular antidots (sample
S2, t = 50 nm) and square arrays of rectangular blind holes (sample S3,
t = 50 nm). The period of the square lattice is the same for all three samples:
d = 1.5 µm. The size of the square antidots is 0.8 µm, while the rectangular
antidots and blind holes have the same dimensions, 0.46 × 0.97 µm2. Prior
to the electron-beam evaporation of the Pb film, the pattern was defined by
electron-beam lithography and subsequent dry etching in a double resist
(methyl metacrylate/polymetyl metacrylate) layer, spun on an amorphous
Si/SiO2 substrate (186). The samples patterned with rectangular antidots
and blind holes were evaporated simultaneously, thus allowing direct com-
parison of their pinning properties. Using an advanced magneto-optical
technique (127), the flux distribution at the surface of the sample was vi-
sualized with a Bi-substituted garnet indicator with a saturation field of 50
mT. The indicator was placed on top of the sample and the assembly was
mounted on a custom-designed cryogenic microscope, which was placed in
an Oxford Instruments 7T magnet system.
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4.3 Experimental results and discussion

For all samples, the experiments were performed starting from a zero field-
cooled state, followed by an increase of the external magnetic field, H , in
steps of 0.1 mT with a constant sweep rate. In all experiments the external
field was applied perpendicular to the thin film samples.

4.3.1 Magnetic flux penetration regimes

For the whole range of temperatures and applied magnetic fields three dis-
tinct magnetic flux penetration regimes are observed in our samples with
rectangular antidots (S2) and blind holes (S3), as illustrated by the phase
diagrams in Fig. 4.1 (a) and (b).

At low temperatures, deep into the superconducting state, vortices nu-
cleate at the edges of the sample and advance as avalanches mainly along
the directions of the antidot/blind holes rows, leading to the dendritic pat-
terns observed in Fig. 4.1 a(1), b(4) and Fig. 4.2. The transition between
the avalanche, region (I), and the smooth flux penetration, region (III), is
mediated by an intermediate regime, region (II), in which gradually ad-
vancing compact fronts are distorted by large-scale local redistributions of
flux by avalanches. They result in highly branched structures, as can be
seen in Fig. 4.1 a(2) and b(5). Above an upper threshold magnetic field, the
magnetic flux advances gradually in the sample with compact, Bean-shaped
fronts, see Fig. 4.1 a(3) and b(6).

4.3.2 Avalanches

The magnetic flux jumps take place once a threshold external magnetic field
of µ0H = 0.1 mT in the case of sample S2 and µ0H = 0.3 mT for sam-
ple S3, is exceeded. Although clearly influenced by the patterned array of
pinning centers, the morphology of the avalanches is also affected by the
overall distribution of magnetic flux already present in the sample. Once an
avalanche has taken place, subsequent flux jumps propagate in such a way
as to avoid crossing the dendritic structures already created in the sample.
Additionally, the spatial coordinates defining the onset points of avalanches
are not reproducible in experiments carried out under identical conditions,
which indicates that avalanches are an intrinsic instability of the sample and
are not promoted by defects and imperfections at the edge of the sample.
A careful inspection of the images in Fig. 4.2 also reveals a temperature-
dependent morphology of the magnetic flux jumps. Whereas at T = 3 K
the overall magnetic flux distribution is similar in samples S2 and S3, as
shown in Fig. 4.2 (a) and (c), at T = 5 K the morphology of the flux fronts
changes significantly, see Fig. 4.2 (b) and (d). In sample S2, patterned with
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Figure 4.1: Phase diagrams of samples S2 and S3 showing three flux penetration
regimes: (I) avalanche, (II) intermediate and (III) smooth regimes. The ¤ and ©
symbols in graphs a) and b) mark the threshold external fields separating each
regime; the dotted lines are a guide for the eye. The 4 symbols define the experi-
mental conditions corresponding to magneto-optical images showing the magnetic
flux distributions in sample S2, a(1), a(2), a(3) and sample S3, b(4), b(5) and b(6).
In the images, white areas are regions where magnetic flux is present while black
areas correspond to flux-free regions.



4.3 Experimental results and discussion 65

antidots, the vortex motion is guided along one-dimensional stripes, follow-
ing the underlying antidot lattice, while in S3 (blind holes), the stripes show
more side branching. The less defined trajectories and the increased vortex
penetration in the latter sample, for the same external magnetic field, is an
indication that blind holes are weaker pinning centers as compared to anti-
dots. The microstructural differences between samples S2 and S3 also reflect
in the extent of the avalanche regime (I) in Fig. 4.1. Whereas in sample S3,
patterned with blind holes, it spans over a narrow field interval, in sample
S2, patterned with antidots, the avalanche regime is considerably broader,
the threshold magnetic fields marking the boundary with the mixed regime
(II) being larger by almost a factor of 4 compared to corresponding fields for
sample S3. A similar broadening of the avalanche regime in samples with
enhanced pinning has been observed by Menghini et al.(191).

T = 3K T = 5K

s
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le
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p
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2
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c) d)
0.5 mm

Figure 4.2: Flux penetration in samples sample S2 ((a) and (b)) and sample S3 ((c)
and (d)). The orientation of the antidots and blind holes relative to the edges of the
sample is shown schematically (not to scale) in images (a) and (c).

The pinning strength also affects the size distribution of avalanches, as
can be seen in Fig. 4.3, which shows data obtained for samples S2 and S3 at
T = 3 K.

The avalanche sizes were obtained by subtracting images corresponding
to successive values of the applied magnetic field in region (I). The proce-
dure yields the changes in magnetic flux distribution and enables the de-
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Figure 4.3: Size distribution of avalanches in samples S2 (open symbols) and sam-
ple S3 (full symbols) at T = 3 K. The data are fitted by a straight line P (s) ∼ φ−τ

with τ = 1.06(±0.02) for sample S2 and τ = 1.3(±0.02) for sample S3).

termination of the number of events (flux jumps) and size s (expressed in
number of flux quanta φ) of each avalanche. Both samples display a power-
law distribution of avalanche sizes with exponents τ = 1.06(±0.02) for sam-
ple S2 and τ = 1.3(±0.02) for sample S3, indicating an increased propen-
sity for large avalanches in sample S2. Due to the finite size of the sys-
tem, the data departs from the linear dependence at large avalanche sizes.
Such power-law distributions have been previously observed experimen-
tally (197; 198; 199; 200) and have been interpreted as a signature of self-
organized criticality (SOC). Although a power-law distribution of avalanche
sizes is a necessary condition, other hallmarks, such as finite-size scaling, are
necessary to declare a system as being SOC (201). Owing to the pronounced
spatial anisotropy of avalanches in our system, a proper finite-scale analysis
is however not possible.

4.3.3 Critical current anisotropy

Previous experiments carried out on circular samples patterned with square
(183) and rectangular (129; 186) arrays of circular antidots revealed that
the flux penetration is strongly influenced by the anisotropy of the (rectan-
gular) antidot lattice. However, a similar effect can be obtained not only
by tuning the anisotropy of the antidot lattice but also by changing the
anisotropy of the individual antidots. The resulting anisotropy of critical cur-
rents can be calculated from the magneto-optical images of the fully pene-
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trated state, shown in Fig. 4.4. These images are taken at T = 6 K, where
avalanches are absent. Since there are no current sources or sinks in the
sample, the current flowing parallel to the horizontal and vertical edges are
equal. Hence, the ratio between the horizontal and vertical critical currents
is A = jx/jy = a/b, where a and b are the widths over which the currents are
flowing, see Fig. 4.4(d). For the three samples we obtain A = 1.1 (sample
S1), A = 2 (sample S2) and A = 1.4 (sample S3). Clearly, the anisotropy
is maximal in the sample patterned with rectangular antidots. This is due
to (i) the stronger pinning of the antidots as compared to the blind holes
and (ii) the larger anisotropy of the rectangular antidots as compared to the
square antidots.

(b)

b

a

jx

jy

(a)

(b)

(c) (d)

Figure 4.4: Samples in the fully penetrated state: (a) S2, (b) S3, (c) S1. All pictures
are for the same external conditions, T = 6 K and µ0H = 2.1 mT. (d) Schematics of
the currents flowing in the sample.

4.3.4 Numerical simulations

We perform numerical simulations of flux penetration in antidot samples
patterned with the same geometries as mentioned above. The simulations
are based on the theoretical ideas developed by E. H. Brandt (202) and the
inversion scheme described in Refs. (174; 175). The Maxwell equations are
solved for a conductor with strongly nonlinear conductivity assuming a uni-
form current distribution along the thickness t of the sample. This assump-
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tion implies that the 2D current distribution~j(~s) can be described by a scalar
function g, defined as:

~j(~s) = ∇× ẑg(~s) (4.1)

where the unit vector ẑ is perpendicular to the sample surface. The phys-
ical meaning of g is that of the local magnetization of the sample. This cur-
rent distribution generates a self-field in the sample, whose z-component is
given by:

Hs(~r) =
1

4π

∫

A

g(~s)

∫ T

0

2(d + ζ)2 − |~r − ~s|2
[|~r − ~s|2 + (d + ζ)2]

5
2

dζd2s

=

∫

A

Q(~r, ~s)g(~s)d2~s

(4.2)

where A is the area containing the sample surface, ~r is the position in
the detector, ζ is the depth in the sample measured from the top surface and
d is the distance between the sample and the indicator. Q(~r, ~s) is a kernel
defined by eqn. (4.2) (203). If an external magnetic field Haẑ is applied, the
total z-component of the field experienced by the sample is:

Hz(~r) = Ha +

∫

A

Q(~r, ~s)g(~s)d2~s (4.3)

Hence, the parameter g can be expressed as:

g(~s) =

∫

A

Q−1(~r, ~s)[Hz(~r)−Ha]d
2~r (4.4)

Using a Maxwell equation and eqn. (4.1),

Ḃz = ẑ · ~̇B = −ẑ ·
(
∇× ~E

)

= (ẑ ×∇) · (ρẑ ×∇g) = ∇ · (ρ∇g)
(4.5)

where ~B = µ0
~H and ~E = ρ~j and ρ is the nonlinear resistivity of the

sample. From the time derivative of eqn. (4.4) and using (4.5) we find

ġ(~r, t) =

∫

A

Q−1(~r, ~s)

[
∇ ·

(
ρ

µ0

∇g

)
− Ḣa(t)

]
d2~s (4.6)

Starting with g = 0 everywhere, eqn. (4.6) is iterated numerically, us-
ing the conjugate gradient method to avoid the explicit calculation of Q−1

(which has 1011 elements!). During the conjugate gradient inversion, g is
kept equal to zero outside the sample and constant in the antidots, that is g
in a particular antidot is set to the lowest value in the edge of that antidot.
This is done to ensure that there is no current outside the sample or in the
antidots.
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(b)(a) (b)(a)

Figure 4.5: Simulated flux penetration for a sample patterned with a square lattice
of square holes (a) and a square lattice of rectangular holes (b).

In Fig. 4.5 the calculated flux profiles are shown for (a) a square array of
square antidots and (b) a square array of rectangular antidots. Note that in
the simulations the antidots are larger relative to the size of the sample, than
in the real samples. This is done in order to have a faster convergence in the
numerical calculations. The calculated anisotropy in the current distribu-
tion is A = 1 for the sample patterned with square antidots and A = 2 for the
sample with rectangular antidots. From the simulations, we find nearly the
same critical current anisotropy as from the magneto-optical experiments.
This proves that the observed anisotropy is of a geometrical origin only and
can be simulated using non-linear electrodynamics and without considering
the details of vortex physics.

4.4 Conclusions

Our magneto-optical experiments on Pb thin films show that antidots pro-
vide more efficient guiding of vortices than blind holes. This effect is more
pronounced at higher temperatures, where the intrinsic pinning of the sam-
ple becomes negligible. At lower temperatures the magnetic flux penetra-
tion is dominated by avalanches with a power-law size distribution. Ad-
ditionally, we have shown that macroscopic anisotropy in the overall flux
penetration and current flow can also be induced by a square lattice of
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anisotropic antidots/blind holes. Results from numerical simulations are
consistent with the experimental observations, showing that the antidot in-
duced anisotropy is of a purely geometrical origin.



Chapter 5

Asymmetry reversal of
thermomagnetic avalanches in Pb
films with a ratchet pinning
potential §

Abstract

We combine transport measurements and magneto-optical imaging in or-
der to study vortex motion in Pb samples with a square lattice of asymmet-
ric pinning potentials formed by two antidots of different sizes. Near the
boundary with the normal phase a vortex ratchet effect is detected when
an ac-current is applied. As previously observed in similar systems, inver-
sion of vortex rectification direction occurs as the magnetic field is changed.
Further inside the superconducting phase, anisotropic flux penetration pat-
terns are formed. An inversion of anisotropy is observed as the tempera-
ture is lowered. This effect can be understood in terms of a thermomagnetic
avalanche model.

5.1 Introduction

Vortex motion in superconductors in the presence of periodic pinning arrays
has been studied for long time both from the experimental and theoretical
point of view (204; 205; 206; 207; 208). Lately, the attention has been turned
to vortex dynamics in the presence of periodic pinning potentials formed
by asymmetric pinning sites (5; 7; 209; 210; 211). In this case, rectification

§ This chapter is based on the article by M. Menghini, J. van den Vondel, D. G. Gheorghe,
R. J. Wijngaarden, and V. V. Moshchalkov published in Phys. Rev. B 76, 184515 (2007)
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of vortex motion can be induced by an unbiased force, which is a ratchet ef-
fect. Interestingly, reversal of motion direction occurs as the magnetic field,
which defines the number of vortices, is changed. In particular, several sign
reversals of motion, close to the superconductor-normal phase boundary,
have been observed in Al samples with a nano-engineered square array of
big and small antidots one next to the other (190). Molecular dynamics sim-
ulations of strongly interacting particles in a 1D ratchet potential show (190)
controlled reversal motion as the number of particles changes from odd to
even in agreement with experimental results. The results were explained
considering that the effective energy of particles in the potential wells fol-
lows a sort of brick-wall tiling pattern. Thus, as the number of particles
increases, the new particles sit alternatingly in the deep and shallow well.
In this case, the particle drift direction depends on the number of particles
per unit cell.

Rectification of vortex motion was observed in real space by means of
Lorentz microscopy (6) and scanning Hall probe imaging (212). In the first
case, the experiments were performed in Nb films patterned by focused ion
beam irradiation (6). The asymmetric potential was formed by asymmetric
channels that acted as ’funnels’ for vortex motion and the unbiased force
was generated by oscillating the applied magnetic field. In the last case, the
experiments show (212) a net dc vortex motion in Bi2Sr2CaCu2O8+δ crystals
when applying a time asymmetric drive.

On the other hand, it is well known that flux penetration patterns in su-
perconductors can be affected by the presence of strong pinning sites such as
periodic arrays of antidots (129; 178; 191; 213; 214). Vortex channeling along
the principal direction of the lattice vector of the pin-array has been ob-
served (129; 178). Anisotropic flux penetration occurs when vortices interact
with either anisotropic arrays of pinning sites (129) or arrays of anisotropic
pinning sites (214). In particular, the effects of the pinning potential are
more pronounced in the region of the magnetic field(H)-temperature(T )
phase diagram where vortices enter the sample very abruptly in the form
of dendritic avalanches (191; 213). It has been shown that this dendritic in-
stability is a result of the coupling between magnetic flux diffusion and local
heating induced by vortex motion (77; 197). In the case of a sample with a
square lattice of rectangular antidots, vortices penetrate forming dendrites
elongated parallel to the long side of the rectangles with almost no side
branches (214).

Anisotropic flux penetration can also be induced in isotropic supercon-
ducting samples grown on top of an anisotropic substrate (215; 216). For
example in Ref. (216), MgB2 films were grown on substrates that have par-
allel steps. In this way, different critical currents for vortex motion parallel
and perpendicular to the steps are induced. Interestingly, at temperatures
close to 10 K it is seen (216) that vortices move further into the sample at the
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edges with the largest critical current. This means that the flux penetration
is also larger in the direction perpendicular to the largest critical current,
contrary to what one would expect in superconductors obeying the Bean
model. This unexpected anisotropy is observed to occur in the dendritic
penetration regime. In this case, the anisotropy of the flux pattern is not
only inverse but also much larger than the one expected from the anisotropy
of the critical current. At higher temperatures, where a Bean-like profile is
formed, this inverse flux penetration is no longer observed. At lower tem-
peratures, the vortex penetration pattern is isotropic. These results were
explained by a thermomagnetic model of the dendritic instability (77; 78).

In this article, we study vortex motion in superconducting Pb samples
with arrays of antidots forming a periodic lattice with broken inversion sym-
metry. The transport properties of the sample were investigated using a
Quantum Design cryostat with conventional electronics. Using magneto-
optical imaging we were able to follow the formation of flux penetration
patterns in the sample. Figure 5.1 shows an AFM picture of the sample
and a schematic drawing of the configuration of current and voltage con-
tacts used in the experiments. By means of e-beam litography a square
array of big (1200x1200 nm) and small (600x600nm) holes (antidots) was
engineered in a trilayer Ge(10nm)/Pb(75nm)/Ge(100nm). The array of dots
form a square lattice with period a = 3µm. This period gives a matching
field µ0H1 = 0.23 mT. Part of the sample was not patterned in order to have
a reference plain region. The sample has a rectangular shape with a width
of 600 µm. In the transport measurements the current was applied along
the y direction (see Fig. 5.1) and the voltage was measured longitudinally.
The magnetic field was applied perpendicular to the surface of the sample.
The magneto-optical technique allows the observation of the distribution of
magnetic induction, B, on the surface of the sample. In the images we show
below, the brighter regions correspond to higher B. A detailed description
of the sample fabrication and the magneto-optical technique can be found
in Refs. (127) and (186), respectively.

5.2 Results and discussion

We first investigate the rectification of vortex motion induced by an ac-
current. Fig.5.2 (a) shows DC-voltage curves as a function of reduced mag-
netic field, H/H1, for different reduced temperatures, t = T/Tc (Tc = 7.21 K).
The current has an amplitude of Iac = 0.5 mA and a frequency of 1.1 kHz.
At t = 0.998 vortex rectification is detected around H/H1 = ±1 and H/H1 =
±2.5. The negative sign of the DC-voltage at H/H1 = +1 corresponds to vor-
tices moving in the negative x-direction (see Fig. 5.1). As previously shown
(211) this is the easy direction of vortex motion for the asymmetric pinning
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Figure 5.1: AFM image of the sample and schematics of the current and voltage
contacts configuration. The lattice parameter of the array is 3 µm. The big (small)
square antidots have a lateral size of 1200 nm (600 nm).

potential generated by the array of small and big antidots. The change in
sign in Vdc when going from 1st to 2nd matching field indicates that vortex
motion direction is reversed. As the temperature is lowered, Vdc shows sev-
eral sign changes. The change in sign of vortex motion direction is also
evident in Fig. 5.2 (b) where a contour plot of Vdc as a function of H/H1 and
Iac at t = 0.99 is shown. From the experimental results it is clear that the
sign of Vdc changes when H/H1 goes from 1 to 2. However, no sign reversal
is observed from H/H1 = 2 to H/H1 = 3. At H/H1 = 4 the vortices are rec-
tified in the same direction as at H/H1 = 2. The reversal of vortex motion
in superconductors with asymmetric periodic pinning potentials was previ-
ously explained by MD simulations that consider the vortices as a system of
highly interacting particles (190) The previous results show clear evidence
that the pinning potential produced by the array of asymmetric antidots
induces a vortex ratchet effect in Pb samples at temperatures close to the
transition to the normal state.

It is interesting to see now the effects of the asymmetric pinning potential
on the flux penetration process. In this case, as the vortices enter the sample
from the edge, a quite inhomogeneous vortex distribution is expected. In
Fig. 5.3 sequences of flux penetration patterns obtained by magneto-optical
imaging at t = 0.93 ((a)-(c)) and t = 0.28 ((d)-(f)) are shown.

The images were taken at different applied fields after zero field cooling
(ZFC) the sample down to the desired temperature. The corresponding
value of µ0H is indicated below each picture. The upper parts of the images
(above dotted line) correspond to the plain region of the sample. The verti-
cal borders of the images correspond to the edges of the sample. In Fig. 5.3
(a) a schematic drawing indicates the orientation of the big and small anti-
dots with respect to the edge of the sample. As expected, in the plain regions
the flux penetrates symmetrically from the left and right edge. However, in
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Figure 5.2: (a) DC-voltage curves as a function of reduced field H/H1 for different
reduced temperatures, t. The applied ac-current has a magnitude of Iac = 0.5 mA.
(b) Contour color plot of dc-voltage as a function of H/H1 and Iac at t = 0.99. In
both cases the frequency of the ac-current is 1.1 kHz.

the patterned region and at t = 0.93 magnetic flux penetrates the sample
mainly from the left edge. Vortices burst into the sample in the form of
dendrites elongated in the direction perpendicular to the sample edge. As
previously observed (191; 213) in samples with periodic and symmetric ar-
rays of antidots, there is clear evidence of channeling of vortices along the
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Figure 5.3: Sequence of flux penetration patterns at t = 0.93 ((a)-(c)) and t = 0.28
((d)-(f)) increasing H after ZFC the sample. The corresponding applied field is in-
dicated below each image. The dotted lines indicate the border between patterned
(lower part) and non-patterned (upper part) regions. The scale bars correspond to
100 µm and the color bars indicate the values of B in mT.

lattice vector of the antidot lattice. In our sample, the dentritic penetra-
tion region is extended up to higher temperatures than previously reported
results in Pb films with an array of symmetric antidots (191). It has been
established that the presence of a periodic array of antidots and the con-
sequent increase in critical current produce an enlargement of the region
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in the phase diagram where the dendritic instability occurs as compared
with unpatterned samples (191). In the present case, the larger size of the
holes (1200 nm) as compared with previous cases (500 or 800 nm, see Refs.
(184; 191; 217)) induces a higher critical current (38) and consequently fa-
vors dendritic penetration at higher temperatures. Interestingly, at t = 0.28
vortex entry occurs preferentially from the opposite edge of the sample (the
right hand one) as compared with t = 0.93. As before, the flux front profile
is very irregular due to the dendritic character of flux penetration. At the
intermediate temperature of t = 0.69 more symmetric flux penetration and
smoother flux fronts are observed (not shown). Although for t > 0.97 the
contrast of the images is quite low it is possible to observe that, in this range
of temperatures, the flux fronts are also symmetric .

In order to characterize the asymmetry of flux penetration as a function
of temperature we have calculated separately the total flux that penetrates
from the left (Φleft) and the right (Φright) edge of the sample as a function of
the applied field H . The calculation is made as follows. First, images taken
at two consecutive values of H are subtracted. Then, the area occupied by
each dendrite, Ad, is identified and the flux associated with each dendrite is
calculated as Φd = BdAd. Dendrites coming from the left edge are separated
from the ones coming from the right. The values for Φleft and Φright are
obtained summing up all the flux corresponding to the dendrites entering
from the left and right respectively, see Fig. 5.4. At t = 0.93 the difference
between flux that enters from the left and flux that enters from the right is
evident, see Fig. 5.4 (a). It is also clear that vortices start to enter the left side
at µ0H ∼ 0.2 mT while H has to be increased up to approximately 0.5 mT
such that vortices penetrate from the right. Thus, the difference in flux,
∆Φ, increases rapidly up to µ0H ∼ 0.5 mT. At higher fields, the difference
remains more or less constant. At low temperature, t = 0.28, vortices pene-
trate almost simultaneously from the left and from the right edge. However,
the rate of flux penetration is much faster from the right edge giving rise to
an asymmetry in flux penetration, see Fig. 5.4 (b). The sign of ∆Φ is reversed
as compared to t = 0.93, accordingly with the reversal of flux penetration
direction, see Fig. 5.3.

Considering the orientation of the antidot lattice with respect to the sam-
ple edges (see Fig. 5.3 (a)) the easy direction for vortex motion would be from
right to left. Taking this into account the stronger flux penetration from
the left edge at high temperatures seems to be counterintuitive. Since this
behavior occurs in a wide range of fields, an explanation based on the brick-
wall tiling pattern will not be appropriate. On the other hand, it was pre-
viously observed (216) in other superconductors that in the regime of den-
dritic avalanches there is a range of temperatures where an anisotropy of
critical current can induce an inverse anisotropy in flux penetration. As we
mentioned in the introduction, this unexpected anisotropy was explained
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Figure 5.4: Magnetic flux, Φ, that enter the sample from left and right edge of the
sample as a function of applied field. (a) t = 0.93 and (b) t = 0.28.

(216) in terms of a thermomagnetic model for the dendritic instabilities in
thin films. Within this model it is possible to calculate the threshold field
for the first dendrite to penetrate the sample as a function of critical current
density, Hth(jc). We have calculated Hth(jc) for our sample using eqs. (1) and
(2) from Ref. (216) and found the non-monotonic relation shown in Fig. 5.5.
At low jc we observe that a particular order of critical current density, for
example jc1 > jc2, corresponds to an inverted order of the threshold field
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Hth1 < Hth2. In a sample with anisotropic jc, this inversion will cause that
dendrites will be formed at lower fields in the region with larger critical cur-
rent. This is exactly what we observe in our Pb film at t = 0.93. The values of
Hth1 and Hth2 indicated in Fig. 5.5 correspond to the experimental values of
magnetic field for dendrite formation on the left and right edge at t = 0.93,
respectively. A difference in threshold field of a factor of 2 can be induced
by a difference in jc of only 4%. Moreover, and also in agreement with the
predictions of the thermomagnetic model (216), this reversed anisotropy is
observed close to the threshold temperature above which the dendritic in-
stability disappears (in the present case it is observed that at t = 0.97 flux
penetration is smooth).

Figure 5.5: Threshold field for the dendritic instability as a function of critical
current density. The insert shows the behavior of Hth over a wider range in jc.

The model also anticipates that, for high enough anisotropy, at low tem-
peratures the opposite anisotropy should occur, that is, vortices will move
easily in the region of low critical current. This is clearly seen in the in-
sert of Fig. 5.5 where an upwards slope of Hth vs. jc at high values of jc

(equivalent to low T ) is observed. In our samples we do observe this in-
version in flux penetration direction at low temperatures, see Figs. 5.3 (d)-
(f). However, our results also show that the threshold field for dendritic
penetration is almost the same, at least within our resolution, from both
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edges (Fig. 5.4 (b)). It is interesting to note that that at high temperature
(jc between jc2 and jc1 in the main panel of Fig. 5.5) the slope of the curve
d(µ0Hth)/d(jc) is of the order of 1 mT/(109A/m2), while at low tempera-
ture (for example at jc = 200 109A/m2, see insert of Fig. 5.5) the slope is
d(µ0Hth)/d(jc) = 0.003 mT/(109 A/m2). Hence, the same difference jc2 − jc1

gives a much smaller difference Hth2 −Hth1 at high jc than at lower values.
Since the value of jc is large at low temperature, the ratio Hth2/Hth1 becomes
very close to 1 in that limit, as is indeed experimentally observed (Fig. 5.4
(b)). Although the difference in the onset for avalanches is very small, the
asymmetry of flux penetration can be quite large (see Figs. 5.3 (d)-(f)). This
could be caused by a suppression of avalanches from the left side induced
by the disturbance of current flow produced by the avalanches coming from
the right. A similar behavior was observed in the MgB2 samples studied in
Ref. (216).

5.3 Conclusions

The combination of transport measurements and magneto-optical imaging
has allowed us to detect two types of inversion of vortex motion in Pb sam-
ples with an array of asymmetric pinning sites. Near the boundary with the
normal phase, rectification of vortex motion is induced by an ac-current.
Multiple reversal of the drift direction is observed as the magnetic field
is increased. As was previously discussed (190) this inversion can be re-
lated with the change in effective energy of interacting particles in presence
of asymmetric pinning potential. On the other hand, visualization of flux
penetration shows that deep inside the superconducting region, there is a
preferential direction for vortex entry. At high temperatures, vortices move
preferentially in the hard direction of motion while at low temperatures the
situation is reversed. This interesting behavior is consistent with the predic-
tion of a thermomagnetic model of the dendritic instability in thin supercon-
ducting films (77; 78; 216). The model predicts a non-monotonic behavior of
the threshold field for the formation of the first dendrite with critical current
density. In agreement with the results of this model we observe that at high
temperatures the first dendritic avalanches occur in the high critical current
region (leading to the largest flux penetration in the high jc region), while at
low temperatures the dendritic avalanches lead to largest flux penetration
in the low critical current region.



Chapter 6

Magnetic flux patterns in
superconductors deposited on a
lattice of magnetic dots §

Abstract

We investigate the flux penetration in Pb films, of different shapes, deposited on top
of a periodic array of Co/Pt dots with perpendicular anisotropy by means of mag-
netization and magneto-optical measurements. A clear dependence of the critical
current density on the magnetization state of the dots and their polarity with re-
spect to the direction of the applied magnetic field is observed by both techniques.
The magnetic state of the dots also affects the morphology of the flux fronts leading
to smooth penetration in the demagnetized state and flux channelling in the mag-
netized state. Additionally, in the fully magnetized state, an anisotropic current
distribution is observed in circular-shaped samples. Below 2 K the flux penetration
is dominated by avalanches only for configurations which correspond to a high
critical current, irrespective of its origin, be it low temperature, magnetization state
of the dots or angle between the lattice of dots and the edge of the sample.

6.1 Introduction

In type-II superconductors submitted to an external magnetic field, flux
penetrates in the form of vortices. Typically, their motion is prevented by
pinning centers. Since vortices enter the sample through its borders, in-
creasing the applied field results in a smooth distribution of vortices with a
higher density at the boundary of the sample that progressively decreases

§ This chapter is based on the article by D. G. Gheorghe, R. J. Wijngaarden, W. Gillijns, A.
V. Silhanek and V. V. Moshchalkov published in Phys. Rev. B 77, 054502 (2008)
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towards its center. The resulting self-organized metastable state, known
as the critical state (57), accounts for the irreversible magnetic response of
type-II superconductors. In plain superconducting films the pinning, hence
the maximum critical current jc, is dominated by the strength of the intrin-
sic, randomly distributed defects. A more effective pinning (higher jc) can
be achieved by reducing the randomness in the spatial distribution of the
pinning centers, as shown by studies carried out on superconducting films
decorated with arrays of grooves (33), antidots (holes that fully thread the
superconducting material) (38; 218), blind holes (holes that partially thread
the superconducting material) (186), or on superconductors evaporated on
top of nonmagnetic dots (219; 220; 221). In such systems, the areas of re-
duced thickness act as effective pinning centers due to two pinning mecha-
nisms: a reduction of the condensation energy due to the normal vortex core
and electromagnetic pinning (42). Furthermore, the response of the super-
conductor in all the above-mentioned structures is symmetric (irrespective
of the polarity of the applied magnetic field).

A different situation emerges when a superconductor is in close vicinity
to a magnetic dot lattice which induces vortex-antivortex (V-AV) pairs in the
superconducting layer. In the demagnetized state this dot structure mainly
modulates the thickness of the superconducting layer and its effect is equiv-
alent to that of blind holes or non-magnetic dots (as discussed above). The
periodicity of the magnetic dots array provides enhanced pinning proper-
ties, in particular for an external field equivalent to a small integer number
of vortices per dot. If the dots are magnetized, however, the stray field
is strong enough to thread the superconducting layer, generating vortices
at the position of the dots and antivortices at interstitial positions. It fol-
lows naturally that for an infinite sample the number of vortices must be
the same as the number of antivortices. At first sight the system can be con-
sidered still under zero average field and therefore no major differences on
the magnetic response are expected. However, this approach is valid only
if vortices and antivortices are fully equivalent, a condition that is realized
with an array of in-plane magnetized micromagnets. In contrast to that,
when using out-of-plane magnetized dots (the case we focus on this work)
this symmetry is broken since vortices are constrained to intradot positions
whereas anti-vortices sit in the interdot regions.

In this work we demonstrate that, as a result of the difference between
vortices and anti-vortices induced by an underlying array of out-of-plane
magnetized Co/Pt dots in Pb films, the flux penetration is different for op-
posite field polarities. This result is confirmed by direct visualization of the
flux penetration using magneto-optical imaging and can be qualitatively de-
scribed within a critical state model involving two families of vortices. Ad-
ditionally, we find that the morphology of the flux patterns is significantly
influenced by the magnetization of the dots.
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This chapter is organized as follows: in section 6.2 we describe the sam-
ple preparation and characteristics as well as the experimental techniques.
Section 6.3 is dedicated to the magnetization measurements and section
6.4 provides a detailed description of the magneto-optical imaging exper-
iments. Section 6.5 summarizes the results of our study.

6.2 Sample details and experimental technique

The samples are 50 nm thick Pb films evaporated by molecular beam epi-
taxy on top of a square array of Co/Pt dots with out-of-plane magnetization
(222; 223). The Pb is separated from the magnetic dots by a 5 nm thick Ge
buffer layer to prevent proximity effects. The dots consist of 2.5 nm Pt + a
multilayer [0.4 nm Co + 1.0 nm Pt]10. Two sets of samples with different dot
diameter (1.0 µm and 1.52 µm) but with the same periodicity of the square
lattice of 2 µm were prepared. Magnetization measurements at T = 5 K
show that in both cases the dots are fully saturated at an applied field of
Hsat = 400 mT and have a coercive field Hcoe= 55 mT. Transport measure-
ments indicate a superconducting transition temperature of Tc = 7.2 K.

We label the samples according to their different sizes and geometries.
Sample Sr is a 0.4 x 3 mm2 rectangle with 1 µm diameter dots, sample Ss is
a square of 0.6 x 0.6 mm2 with dots of 1.52 µm, sample Sd is a square of 0.6 x
0.6 mm2, rotated by 45o with respect to the underlying magnetic lattice with
dots of 1.52 µm and sample Sc is a circle of diameter 0.4 mm with dots of
1.52 µm.

Magnetization measurements were carried out in a commercial SQUID
magnetometer MPMS-XL from Quantum Design with the applied field per-
pendicular to the sample plane. The magnetic flux distribution at the sur-
face of the sample was mapped using the Faraday effect in a yttrium-iron
garnet (YIG) film (125) with a saturation field of 50 mT. The film was placed
in close contact with the surface of the sample and the local magnetic field
component, perpendicular to the plane of the sample, was determined by
an improved polarization microscope set-up: our magneto-optical image
lock-in analyzer (MO-ILIA) (122; 127; 172). The sample was placed inside
a commercial Oxford Instruments vector magnet, the applied field was al-
ways perpendicular to the sample plane.

Prior to each experiment the dots were demagnetized, above Tc, by ap-
plying an oscillating magnetic field of decreasing amplitude, the value of
the field at each semi-period N being given by: H

(N)
new = (−1)NHsatf

N , with
f = 0.9 . After this demagnetization, intermediate and full magnetization
states of the dots were induced by applying magnetic fields in the range
[-Hsat, Hsat]. In all experiments the initial state was prepared by cooling
the samples in zero applied field. Subsequently, to prevent a change in the
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magnetization state of the Co/Pt dots, magnetic fields much smaller that
the coercive field Hcoe were applied.

6.3 Magnetization Measurements

It was recently demonstrated (224; 225) that an underlying array of mag-
netic dots with perpendicular magnetization can stabilize in a nearby su-
perconducting film a number n of vortex-antivortex pairs determined by
the geometrical details of the hybrid sample and the strength of the stray
field emanating from the dots. Adjusting the magnetic state of the dots al-
lows one to change n from +nmax to −nmax in steps of δn = 1 in a fully
reversible fashion. Recent studies showed that for the dots of 1 µm diam-
eter +nmax = 3 whereas for 1.52 µm diameter +nmax = 7 (224). When the
dots are in the demagnetized state or in the as-grown state, a balanced dis-
tribution of positive and negative domains within each dot coexists giving
rise to little stray field.

Fig. 6.1 (a) shows the magnetization loops M(H) of the hybrid sample at
T = 5 K when the dots are demagnetized (open symbols), fully magnetized
(full symbols), and for a reference superconducting film without magnetic
dots (full line). In general terms, the shape of magnetic hysteresis loops
in superconducting materials can be explained by the critical state model
where the depinning current of the superconductor Jc(H) is proportional
to the width of the loop. A more rigorous analysis shows that the applied
field H is not the appropriate parameter to describe the field evolution of
the magnetization m, but rather the local field B felt by the superconductor.
It has been previously reported (226; 227) that it is indeed this discrepancy
between B and H which accounts for the anomalous position of the low field
peak, such as also observed in our Fig. 6.1 (a). In general the total field expe-
rienced by the superconductor has a component generated by the screening
currents that at remanence is commonly positive therefore giving rise to a
maximum magnetization at slightly negative fields in the upper branch of
the loop. However, in granular systems a different situation arises. Here it
is the intergrain current which determines the self-field effects. In turn, the
strength of these currents is intimately related with the actual field at the
grain walls. Assuming that each grain can be modelled by a superconduct-
ing disk, it has been shown (226) that at remanence the internal field B at the
grain walls is negative and therefore a compensating positive field is needed
to optimize the intergrain current. Fig. 6.1 (a) shows that this effect is negli-
gible in our Pb plain film but in the patterned film the peak is clearly shifted
to the right in the upper branch. This indicates that there is little granularity
in the original Pb films but as soon as the film is modulated by the presence
of the dots a natural grain size determined by the separation between neigh-
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boring dots appears and consequently the peak in m shifts towards positive
fields. Interestingly a different behavior is observed when the dots are fully
magnetized. First, the relative shift of the peaks on the upper and lower
branches of the loop is substantially decreased, and secondly their average
field position is no longer at H = 0 but rather the whole loop is shifted
towards positive fields, a feature that resembles the exchange-bias effect ob-
served in antiferromagnet/ferromagnet bilayer systems. Notice that the ef-
fect we observe is non symmetric (i.e. occurs for both branches of the loop)
and cannot be attributed to granularity. The observed magnetic bias of the
superconducting loop arises from the lack of symmetry under field polar-
ity switch of the applied field (of course, provided that the coercive field
Hcoe = 400 mT of the magnetic multilayers is not exceeded; clearly, for the
range of fields used in our experiments, in Fig. 6.1 the applied magnetic
field is smaller than 10 mT, this is satisfied) (228; 229). Indeed, although
V-AV are bounded pairs, vortices are strongly pinned on top of the Co/Pt
dots whereas antivortices occupy interstitial positions in between the dots
and, provided that the stray magnetic fields emanating from the dots over-
lap, have a higher mobility (230). In the particular case shown in Fig. 6.1 (a),
M > 0, at zero applied field, each unit cell contains three antivortices and
the critical current is expected to be smaller than when no antivortices are
present. In order to increase the critical current it is necessary to remove the
antivortices from the interstitial positions. This can be done by introducing
vortices with a positive external field which in turn annihilate the intersti-
tial antivortices. Hence the shift of the whole M > 0 curve to positive fields
compared to the M = 0 curve. The relative shift of the peaks in the hystere-
sis loops observed upon the change in the magnetization state of the Co/Pt
dots lattice can be explained as follows: in a good approximation we can
assume that each cross-shaped interdots region acts as an individual grain
connected to their four neighbors through the legs of the cross (see sketch
in Fig. 6.1 (a)). When the dots are in the demagnetized state the complete
interdots area is available for circulating the screening current and a max-
imum negative field is obtained at the cross’ legs. Thus, a higher positive
field is needed to compensate the field at that points. In contrast to that,
when the dots are fully magnetized the effective area where intragrain cur-
rents can circulate shrinks and the effective field on the cross’ legs decreases,
therefore a smaller relative shift is obtained.

In fact, if one looks in more detail, the situation between vortices and
antivortices in our system can be explained using a simple extension of
the critical state model including two distinct families of vortices. This is
schematically represented in Fig. 6.1 (b) for H = 0. On one hand there are
vortices sitting on top of the dots which are nearly immobile (indicated by
V). On the other hand, an equal number of interstitial antivortices (AV) give
rise to an average field B = 0. As the field is increased (see panel (c) and
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(d) in Fig. 6.1) since the dots cannot trap extra vortices, incoming vortices
occupy interstitial positions and annihilate antivortices. Essentially this is
entirely similar to removing antivortices through the sample’s border. The
optimum critical current is achieved when, in average, the number of inter-
stitial antivortices is minimum. In a thin film geometry with perpendicular
field we can assume a macroscopically nearly flat distribution of vortices
and therefore this maximum critical current should be close to, in our case,
the perfect compensation field H = 3H1, where H1 = φ0/a

2, is the first
matching field, namely the externally applied magnetic field which gener-
ates one vortex per unit cell of the square array of magnetic dots with lattice
parameter a and φ0 the flux quantum. For our system H1 = 0.51 mT and
a shift of the whole hysteresis curve over H = 3H1 = 1.53 mT is expected.
This is in agreement with our observation of an average shift between the
peaks of the hysteresis curves for the demagnetized and fully magnetized
dots of H ∼ 1.6 mT, as shown in Fig. 6.1. (The magnetization response for
the case M < 0 is symmetric with the case M > 0.)

In the present model, since the vortices on the dots are unable to move
(i.e. are infinitely pinned) they are irrelevant for the irreversible magnetic
response of the superconductor, in other words only the interstitial anivor-
tices can build up a field gradient. From this point of view, panel (b) in
Fig. 6.1 is somewhat similar to a field-cooling configuration with an internal
field of B = −3H1.

6.4 Magneto-optical results

The properties of the samples were explored magneto-optically for several
magnetic states of the Co/Pt dots as well as different polarities of the ap-
plied magnetic field.

6.4.1 Tunability of the critical current jc
In contrast to superconductors with artificial pinning sites introduced by
irradiation or with nanoengineered antidots, where the pinning properties
of the samples can not be modified once created, in superconductors deco-
rated with magnetic dots the critical current jc can be continuously tuned by
changing the magnetization of the magnetic template (49; 50; 219; 231; 232).
Most of these previous investigations have been performed at temperatures
close to Tc where the magnetic pinning dominates over the pinning pro-
duced by random defects, but little is known about the efficiency of the mag-
netic pinning at lower temperatures, deep into the superconducting state.

In order to fill this gap, we studied the flux penetration in a rectangular
sample Sr over a broad temperature range. Two different magnetic states
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Figure 6.1: (a) Magnetization loops at T = 5 K of a superconducting Pb film cov-
ering an array of magnetic dots when the dots are demagnetized (open symbols)
and magnetized in a positive field (full symbols). The continuous line shows the
hysteresis loop for a coevaporated plain Pb film. Inset (b) schematically shows the
distribution of vortices (V) and antivortices (AV) after a zero field cooling. Insets
(c) and (d) show the effect of removing antivortices as the field H is progressively
increased.

of the dots and two orientations of the external field (parallel and antipar-
allel relative to the magnetic moment of the dots) were analyzed. Fig. 6.2
summarizes the experimental results obtained at T = 2 K for the demagne-
tized and fully magnetized states. The most obvious feature of this figure
is the pronounced difference of the flux penetration for different magnetic
states of the dots. The largest flux penetration occurs when the magnetic moment
M of the dots and the applied magnetic field H are antiparallel (Fig. 6.2 (c) and
(f)), whereas the lowest penetration takes place when M and H are parallel
(Fig. 6.2 (a) and (d)). The demagnetized state, shown in Fig. 6.2 (b) and (e),
lies in between the previous two. These findings directly indicate that in
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Figure 6.2: Magneto-optical images of the sample Sr, at T = 2 K, for three differ-
ent magnetization states of the Co/Pt dots: demagnetized, panels (b) and (e); fully
magnetized in a negative field, images (c) and (f); fully magnetized in a positive
magnetic field, panels (a) and (d). Images (a), (b) and (c) show the sample in an ap-
plied external magnetic field of 2 mT whereas in images (d), (e) and (f) the external
field is 5 mT. Images (g), (h), (i) and (j), (k), (l) correspond to applied magnetic fields
of 2 mT and 5.7 mT respectively, and have been taken during three different exper-
iments carried out under the same experimental conditions to show the degree of
reproducibility of the avalanches. White corresponds to a high local magnetic field
Hz and black to Hz = 0. The orientation of the Co/Pt lattice, which is underneath
the whole film, with respect to the superconducting strip is shown schematically
(not to scale) in panel (a) by the white full dots. The scale bar corresponds to 200
µm.

the antiparallel configuration the critical current density reaches its lowest
value, whereas in the parallel configuration jc is maximum. As we antici-
pated in the previous section, the observed M-dependent penetration can
be attributed to the fact that in the antiparallel configuration, the stray field
of the magnetic lattice and the applied magnetic field add-up in the intersti-
tial regions thus generating a higher local magnetic field in the sample. In
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contrast to that, in the parallel case stray field and applied field counteract
each other leading to an enhancement of the critical current.

We now proceed to obtain values of jc from our magneto-optical im-
ages, which are a map of the out-of-plane component of the field, Hz, on
the surface of the sample. It has been shown (176) that the magnetic field
profiles at the surface of a thin film in the strip geometry are accurately de-
scribed by: Hz(x) = Hc arctanh[(x2 − b2)1/2/c|x|], for b < |x| < a, with 2a the
width of the sample, 2b the width of the vortex free region of the sample,
c = (1 − b2/a2)1/2, Hc = jcd/π and d the sample thickness. The parame-
ters a, b, and d are known from the sample geometry and the MO-images,
therefore the fit of the experimental field profiles at the surface of the sam-
ple yields directly the critical current density jc. The result of this procedure
is shown in Fig. 6.3 for several magnetic states. It is interesting to note that
by changing the magnetic state of the dots the critical current of the system
can be tuned by a factor of about 2.5 between the antiparallel and parallel
configurations with fully magnetized dots.

6.4.2 Flux front morphology

Periodic lattices of pinning centers do not only influence the pinning proper-
ties (184; 186), but also modify the spatial distribution of the vortices as they
penetrate into the sample, leading for example to channeling (178; 185; 233;
234) or anisotropic current distributions (129; 183; 214). Although the effect
of the periodic array of pinning centers on the flux front morphology has
been studied to some extent in superconductors patterned with antidots,
similar investigations in superconductors decorated with magnetic lattices
are scarce (235). In all cases, particular care must be paid to separate the
influence of the orientation of the borders of the samples on the flux pene-
tration from the effects associated with the periodic array of pinning sites.
To address this issue we carried out experiments on three superconducting
samples, each of them having different shape and orientation relative to the
underlying magnetic lattice as specified in Section II.

In Fig. 6.4 we show magneto-optical images of samples Ss and Sd ob-
tained at T = 6 K and 2 K, for the fully magnetized and demagnetized
states and for two polarities of the applied magnetic field (indicated by the
arrows). A direct comparison of the images at T = 6 K in Fig. 6.4 (b), (c),
(d1), (d2) and (d3), reveals a rich variety of flux front morphologies. In the
magnetized state, antiparallel configuration, Fig. 6.4 (b), the flux front ex-
hibits clear channelling of vortices along the magnetic lattice vectors both
for samples Ss and Sd. By contrast, in the parallel configuration, Fig. 6.4
(d1), (d2), (d3), clear channels only appear in the square sample Ss.

We now discuss a tentative explanation for the dependence of the chan-
nelling on the magnetization state of the dots. In the magnetized state the
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Figure 6.3: Temperature dependence of the critical current density jc for different
magnetic states of the dots: demagnetized (©), fully magnetized parallel config-
uration (¦), fully magnetized antiparallel configuration (¤), partially magnetized
parallel, M = 0.25 Ms (4) and partially magnetized parallel, M = 0.63 Ms (5). The
error bars show the standard deviation as obtained from the fitting procedure. The
dashed lines are guides to the eye.

magnetic field emanating from the Co/Pt dots generates an equal amount
of vortices at the position of the dots and antivortices (AV) at interstitial po-
sitions. These antivortices must remain in close vicinity to the magnetic dots
(55) and shield the magnetic field due to the dots. If a negative external
magnetic field is applied (the antiparallel case), the entering antivotices ex-
perience the repelling forces of the AV already present in the system and, as
a result, move along the center of interstitial channels parallel to the mag-
netic dot lattice vectors. Additionally, due to the repulsive interactions be-
tween AV and the incoming antivortices, some AV are pushed into adjacent
channels. This leads to a blocking of the adjacent channel. Hence, due to
any (thermal) fluctuation, flux penetration will take place along some inter-
stitial channels, while other channels are blocked. This leads to the chan-
nelling observed in e.g. Fig. 6.4 (b). If, on the other hand, a positive external
field is applied (the parallel case), the entering vortices annihilate with the
antivortices nearby the dots . In this case the vortices simply flow around
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the dots and a smoother penetration takes place.
Lets now discuss the different flux front morphology in the square Ss

and diamond Sd shown in Fig. 6.4. Since the Lorentz force is perpendicular
to the sample’s borders, for the square sample the vortices move along the
lattice vectors (easy direction). For the diamond sample Sd, due to the 45o

rotation of the magnetic dot lattice with respect to the edge of the sample,
the vortex motion is impeded. This results in a slower advancement of the
flux quanta (39; 183) and a higher jc.

Furthermore, by looking comparatively at the images shown in Fig. 6.4
(b), (c) and (d1), one can also observe, that for the same applied magnetic
field, the distance penetrated by the magnetic flux is larger for the magne-
tized sample in the antiparallel configuration (Fig. 6.4 (b)) than for the paral-
lel configuration (Fig. 6.4 (d1)). This indicates that in the latter configuration,
the critical current is higher, in agreement with our previous observations in
the rectangular sample Sr. As shown by Fig. 6.4 (e2), (f) and (i), this behavior
persists also at low temperatures.

In contrast to the high temperature behavior, at T = 2 K no well de-
fined channels can be seen in the antiparallel configuration (Fig. 6.4 (e1)),
but instead the flux penetrates in a somewhat more compact front. This dif-
ference is due to a stronger intrinsic (random) pinning at low temperature,
thus reducing the relative importance of the dots on the pinning properties.
Furthermore, in the demagnetized state (Fig. 6.4 (f)) and in the intermedi-
ate (Fig. 6.4 (g), (h)) and full magnetization states (Fig. 6.4 (i) ), the flux
fronts are distorted by avalanches resulting from thermomagnetic instabil-
ities (71; 77; 197; 236). Note that the avalanches are more prominent in the
higher jc cases (higher magnetization, sample Sd).

We also explored the properties of circular-shaped samples, both pat-
terned (Sc) and plain films of the same thickness, see Fig. 6.5. In agree-
ment with the results described above there is a clear difference between
the demagnetized, (Fig. 6.5 (c), (h)) and fully magnetized states in the par-
allel (Fig. 6.5 (d), (i)) and antiparallel configurations (Fig. 6.5 (b) and (g)).
The parallel configuration corresponds to a state in which the critical cur-
rent is highest; which at low temperatures is reflected in the nucleation of
avalanches only for this configuration, as shown in Fig. 6.5 (j) (note that (j)
is at higher fields than (g), (h), (i)). Furthermore, in contrast to the plain
film (Fig. 6.5 (a) and (f)) the decorated sample has, irrespective of the exper-
imental configuration, a higher critical current, reflected in a smaller flux
penetration for the same applied fields. Additionally, the flux fronts are
considerably rougher.

The effect of the lattice of dots on the anisotropy of the critical current
was also probed experimentally. Any deviation of the flux front from a cir-
cular shape unambiguously reflects the influence of the underlying mag-
netic lattice. To quantify the effect of the underlying lattice on the mor-
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Figure 6.4: Magneto-optical images of the square (Ss) and diamond (Sd) samples,
sketched in panel (a), at 6 K and 2 K. White corresponds to a high local magnetic
field Hz and black to Hz = 0. The images show the magnetic flux distribution at
the surface of the sample for several magnetization states of the Co/Pt dots and
polarities of the applied magnetic field: fully magnetized dots in the antiparallel
(panels (b), (e1) and (e2)) and parallel (panels (d1), (d2), (d3) and (i), Mf = Ms )
configurations, demagnetized dots (panels (c) and (f)), intermediately magnetized
dots, Mi1 = 0.25Ms (panel (g)) and Mi2 = 0.63Ms (panel (h)). The values of the
externally applied magnetic fields are indicated in each panel.

phology of the flux fronts, we calculated the position of the flux fronts R,
relative to the center of the sample for Sc. We consider two images of the
sample, obtained in experiments carried out at T = 6 K, with demagnetized
dots, Fig. 6.6 (a), and fully magnetized dots, Fig. 6.6 (b), which correspond
to roughly the same amount of flux penetration for both cases. Each plot in
Fig. 6.6 (c) shows the position of the flux front averaged using the symmetry
group of the square (superimposing copies of the image which are rotated
by multiples of π/2 and mirror images thereof). This smoothing procedure
has been done, for both images in Fig. 6.6, to emphasize the differences be-
tween the morphology of the flux fronts in the case of demagnetized and
fully magnetized dots. In the demagnetized case (©) a circular flux front is
observed, indicating that in this state the dots do not have a considerable
influence on the flux fronts. By contrast, in the fully magnetized state (¥)
the front exhibits a four-fold symmetry which reflects the geometry of the
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Figure 6.5: Magneto-optical images of a plain and decorated (Sc) circular samples
showing the magnetic field distribution at the surface of the sample at 2 K and 5
K. Images of the plain film are shown in panels (a) and (f), whereas the decorated
sample Sc is shown in panels (b), (g) (fully magnetized Co/Pt dots, antiparallel
configuration), (c), (h) (demagnetized dots), (d), (i) and (j) (fully magnetized dots,
parallel configuration). White corresponds to a high local magnetic field Hz and
black to Hz = 0. The values of the applied magnetic fields are indicated in each
panel. Panel (e) is a sketch of sample Sc.

underlying magnetic lattice. The flux penetrates differently along different
directions in the sample, indicated by angle θ (Fig. 6.6 (b)). More explicitly,
the maximum amount of flux penetration is observed for θ = nπ/2, and the
minimum amount along directions defined by θ = (2n + 1)π/4 where n is
an integer. Since there are no current sinks or sources in the sample, the
current flowing in the sample is the same everywhere. Hence, the observed
difference in the flux penetration reflects an anisotropic distribution of the
critical current density, with high jc along the θ = (2n + 1)π/4 directions
and small jc along the θ = nπ/2 directions.(183) At low temperatures the
anisotropy is reduced, probably due to a stronger influence of the intrinsic
pinning (which is due to randomly distributed defects). This is also clearly
seen by comparing Fig. 6.5 (d) with Fig. 6.6 (b). Notice that a change in
temperature of only one degree (from 5 to 6 K) significantly enhances the
anisotropy.

6.4.3 Avalanches

As already briefly mentioned in the previous subsections, at low tempera-
tures the smooth flux penetration is accompanied by abrupt flux jumps or
avalanches, as shown in Fig. 6.2 (a), (d), (g), (h), (i), (j), (k) and (l), Fig. 6.4 (f),
(g), (h), (i) and Fig. 6.5 (j). In all the experiments presented in this work the
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Figure 6.6: Magneto-optical images of the sample Sc for the demagnetized (a) and
magnetized (b) states of the dots and the associated positions of the magnetic flux
fronts (averaged using the symmetry of the square) relative to the center of the sam-
ple (c) for the demagnetized (©) and fully magnetized (¥) states. Both magneto-
optical images were taken in experiments carried out at T = 6K. White corresponds
to a high local magnetic field Hz and black to Hz = 0.

sweep rate of the external field was the same, namely 0.1 T/min. The flux
jumps often nucleate at roughly the same positions in the sample, as seen
most clearly in Fig. 6.2 (g), (h) and (i), taken in three different experiments
carried out under identical conditions. This indicates that the instabilities
are triggered by static defects. Once an avalanche has nucleated, it remains
frozen with increasing applied field until the critical slope builds up again,
generating a new avalanche on top of an existing one, as shown in Fig. 6.2
(j), (k) and (l).

In the rectangular sample Sr, Fig. 6.2 (g), (h), (i), (j), (k) and (l) and square
sample Ss, Fig. 6.4 (g), (h), (i), these avalanches mainly proceed along the lat-
tice vectors of the magnetic dot array, however, in the diamond, Sd, Fig. 6.4
(f), (g), (h), (i) and circle, Sc, Fig. 6.5 (j) the influence of the underlying lattice
on the morphology of the flux jumps is much less pronounced.

In several theoretical studies (77; 194), invoking a thermomagnetic ori-
gin of the instability, it was shown that higher critical currents promote the
nucleation of avalanches. In agreement with these predictions we observed
flux jumps only for the parallel configuration, i.e. the configuration corre-
sponding to the highest jc. They occur for fully as well as intermediately
magnetized states, as shown in Fig. 6.4 (g), (h) and (i). Each image corre-
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sponds to a different experiment in which the desired magnetization state
of the dots was prepared by first demagnetizing the sample and subsequent
application of magnetic fields of magnitudes µ0H = 125mT (M = 0.25Ms),
µ0H = 215 mT (M = 0.63Ms) and µ0H = 400mT (M = Ms) at T > Tc. The
value of the saturation magnetization Ms and the relation M(H) were de-
termined from the hysteresis curve of the magnetic lattice, measured prior
to the evaporation of the superconducting Pb film. Interestingly, in the
diamond-shaped sample Sd, where jc is high, due to the 45o angle between
dot lattice and edge, avalanches systematically occur also in the demagne-
tized state (Fig. 6.4 (f)).

Irrespective of the size of the dots underlying the Pb film, avalanches
were only observed at and below 2 K. However, the lower threshold field for
which the avalanches occur, Hav, depends on the size of the magnetic dots.
In sample Sr (dots of 1 µm) flux jumps already appear at applied magnetic
fields of µ0Hav = 1.4 mT, whereas in samples Ss, Sd and Sc (dots of 1.52 µm)
avalanches nucleate typically at fields around 4 mT (see also below). This is
because, in the fully magnetized state, the interdot stray field is bigger for
dots of 1.52 µm diameter and hence the applied magnetic fields necessary
to fully compensate it is bigger.

Minor differences between the applied fields at which avalanches nucle-
ate in the samples with dots of 1.52 µm were observed, depending upon the
geometry of the superconductor. Thus, in the circular sample Sc, avalanches
start to develop at an applied field of µ0Hav = 5 mT (±0.1 mT), in the
diamond-shaped Sd at µ0Hav = 4 mT (±0.1 mT), whereas in the square Ss

at µ0Hav = 3.8 mT (±0.1 mT). Also, Hav was larger or higher magnetiza-
tion states of the Co/Pt dots (hence the change in Hav is mainly due to the
different compensating field and not to changes in jc).

6.5 Conclusion

We have shown that in superconductors patterned with a lattice of magnetic
dots the critical current can be tuned practically at will over a broad range
of temperatures by tuning the magnetization state of the dots.

The magnetic flux penetration displays a rich morphology characterized
for Sd by compact flux fronts in the parallel magnetized state of the dots
and channelling in the antiparallel magnetized state. Additionally, in the
parallel configuration the critical current is clearly anisotropic and the mor-
phology of the flux fronts reflects the geometry of the underlying magnetic
lattice.

We systematically find that avalanches are favored in samples with higher
jc, consistent with models (77; 194) based on a thermomagnetic instability.
This holds irrespective of the origin of high jc be it overall sample shape,
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low temperature or field alignment (the parallel case).



Chapter 7

Magnetization rotation in a
superconductor / ferromagnet
bilayer ring structure §

7.1 Abstract

The magnetic flux distribution in a bilayer ring consisting of superconducting Nb
and ferromagnetic amorphous Gd19Ni81 is studied at low temperature by magneto-
optical imaging. The ring is macroscopic, with an outer diameter of 500 µm and an
inner diameter of 300 µm. Below the superconducting transition and with a small
magnetic field applied along the ring axis, we observe a field enhancement at the
inner edge and a field reduction at the outer edge, opposite to what is observed
for a bare superconducting ring. With help from numerical simulations we show
this to be due to an in-plane rotation of the magnetization of the Gd19Ni81 layer
towards the radial direction, under the influence of shielding currents in the super-
conductor. In the superconductor, the resulting stray field of the magnetic layer is
in the same direction as the field due to the superconducting shielding currents.
As a consequence, these shielding currents are reduced. Alternatively, for a fixed
critical current, the superconductor will be able to withstand a larger external field
if coated by the magnetic material: it is hardened by it.

7.2 Introduction

Despite their antagonistic character, the interplay between superconductiv-
ity (S) and ferromagnetism (F) may well lead to synergy, in a number of
different ways. In thin film S/F hybrids there can either be effects related

§ This chapter is based on the article by D.G. Gheorghe, R.J. Wijngaarden, C. Bell and J.
Aarts, published in Phys. Rev. B 80, 144518 (2009)
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to the exchange interaction (present in the F layer) on Cooper pairs close
to the S/F interface; or of electromagnetic interactions between S- and F-
layers. Exchange interactions lead to pair-breaking, thereby lowering the
pair density on the S side of the interface. This is a form of the proximity
effect. They also affect the superconducting correlations induced on the F-
side, which can lead to phenomena such as π-junctions and triplet pairing
(237; 238). On the S- side of the S/F interface, the sampling of inhomoge-
neous exchange fields by the Cooper pair leads to enhanced superconduc-
tivity as compared to the effect of a homogeneous exchange field (239). The
effects of electromagnetic interactions are even more numerous. Stray fields
from the ferromagnet directly affect the superconductor. Two somewhat
non-trivial examples of this are the use of stray field control of a supercur-
rent by rotating the magnetization in a small ferromagnetic block on top of
a superconducting bridge (240); and the variations in the superconducting
transition temperature in F / S /F trilayers when the magnetization direc-
tion in the F layers is changed from parallel to anti-parallel (241; 242). Stray
fields can also compensate an external field, which was used to induce su-
perconductivity above the domain wall of an insulating ferromagnet (91) or
in S/F multilayers with perpendicular magnetization (90).

It should also be possible to improve, rather than simply affect, the prop-
erties of the superconductor. In a recent series of theoretical papers (88; 243),
the shielding of superconducting strips and rings with soft magnetic mate-
rials was proposed as a method to increase their dissipation-free transport
and to minimize AC-losses. Basically, a suitable magnetic environment can
lead to a reduction of the self-fields, and consequently to a hardening of the
superconductors and an increase of their critical currents. These theoretical
predictions were verified experimentally for superconducting wires coated
with soft magnetic materials (196) and for thin films placed in close contact
with soft magnetic materials (244; 245).

Less investigated is the effect which the superconductor can have on the
magnetic state of the magnet. Magnetization measurements using a mi-
crofabricated Hall probe on Al/Ni submicron samples showed that shield-
ing currents can reshuffle magnetic domains (246). Similarly, magnetization
measurements by SQUID magnetometry on S/F multilayers demonstrated
changes in the magnetic state of the F layers in response to the onset of su-
perconductivity (247; 248).

In this work we follow a different approach to study the effects of super-
conducting shielding currents on the distribution of the magnetization and
vice versa. We use magneto-optical imaging to measure the z-component of
the magnetic field just above an S/F bilayer ring structure, to have well-
defined shielding currents. Furthermore, we use an amorphous magnet
with almost negligible coercive field, so that the effect of domain wall pin-
ning on the reorientation of the magnetization is virtually negligible.
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The data are compared with the outcome of numerical simulations, which
allow to extract the separate responses of the magnet and of the supercon-
ductor from the experiment. We find that the ”self-field” due to the shield-
ing currents in the superconducting layer rotates the magnetization of the
magnetic layer from its initial tangential direction towards the radial di-
rection of the ring. In the superconductor, the resulting stray field of the
magnetic layer is in the same direction as the self-field: the stray field and
the self-field together shield the superconductor from the applied magnetic
field. As a consequence, to maintain the same shielding in the presence of
the magnetic layer, both the self-field and the shielding currents flowing in
the superconductor are reduced. Alternatively, with the same critical cur-
rent, the superconductor will be able to withstand a larger external field if
coated by the magnetic material: the superconductor is hardened against
(perpendicularly) applied magnetic fields.

7.3 Sample preparation and experimental results

The sample was deposited on a Si(100) substrate in a two step process at
room temperature. First, a 40 nm Nb film was grown by d.c. magnetron
sputtering in a ultrahigh vacuum system with base pressure < 2 × 10−9

mbar. Following this, a 75 nm amorphous (denoted a-) Gd19Ni81 film was
rf sputtered in a vacuum system with a base pressure below 2×10−6 mbar.
Deposition rates were of the order of ∼7.2 nm/min for the Nb and ∼7.5
nm/min for the a-Gd19Ni81, as calibrated from low-angle x-ray reflectivity.
The composite film was patterned with electron beam lithography followed
by broad beam Ar-ion etching to form ring structures with inner and outer
diameters of 300 µm and 500 µm respectively. A schematic view of the sam-
ple is given in Fig. 7.1 (a). The properties of the superconducting and the fer-
romagnetic film have been reported before (249; 250). Typical values for the
sputtered Nb films are a superconducting transition temperature of 9.0 K, a
zero-temperature Ginzburg-Landau coherence length ξGL(0) of 12 nm, and
a zero-temperature depairing current density of 1.6×1012 A/m2 (249). The
transition temperature of the Nb / a-Gd19Ni81 sandwich was not measured
with great precision, but is in the range of 6 K to 7 K. The difference with the
single Nb film stems from the proximity effect which suppresses the order
parameter in the Nb. The value for ξGL(0) is considerably smaller than for
pure Nb, which is due to the relatively small mean free path (around 8 nm)
of electrons in the sputtered films. This also affects the London penetration
depth λL, which is estimated to be about 50 nm (249). The film is therefore
a type-II superconductor, with a thickness of the order of the penetration
depth, and the zero-temperature value of the lower critical field Hc1 is ap-
proximately given by Φ0/(4πλ2

L) = 65 mT. Taking λ2
L ∝ 1−(T/Tc)

4 this yields
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50 mT at 4.2 K. In our experiments, the applied field is perpendicular to the
thin film surface. A rough estimate of the demagnetization factor may be ob-
tained by approximating the ring with a strip of elliptic cross-section. This
yields for the field enhancement a factor (πw)/(2d) where w is the width of
the ring and d is its thickness. For a discussion see Ref. (251). For the present
sample this means that the perpendicularly applied field is enhanced at the
edge of the ring by a factor 4000. Using the value Hc1 = 50 mT given above,
the penetration field is only 12.5 µT. Hence in this experiment, vortices are
always present in the sample, which is always in the mixed state.
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Figure 7.1: Schematic (not to scale) representation of the sample (a) and magneto-
optical images (b)-(e) showing the evolution of the perpendicular component of
the magnetic field at the surface of the sample, with increasing magnitude of the
externally applied perpendicular field Hz,ext. The images were taken at T = 3K.
For clarity, the sample is not shown completely. The black arrow in figures (c) and
(d) indicates the position of the dark ring at the surface of the sample. In the images,
white regions indicate high local magnetic fields, while black areas have small local
fields, as defined by the scalebars.
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In our magneto-optical imaging (122; 127; 172) measurements, the sam-
ple was first cooled in zero applied field to T = 3 K, well below the critical
temperature of the Nb film (Tc ' 7 K), followed by an increase in the exter-
nal magnetic field µ0Hz,ext from 0 to 3 mT with increments of 0.3 mT. After
each increase of Hz,ext a picture was taken using our magneto-optical polar-
ization microscope set-up (127). The local field distribution was visualized
with a Bi-doped YIG garnet with a saturation field of 40 mT, placed in con-
tact with the sample. This technique allows the direct visualization of the
z-component of the local magnetic field, i.e. the component perpendicular
to the plane of the sample. In the images, high fields are bright and low
fields are dark.

The evolution of the magnetization of the sample with increasing mag-
nitude of the externally applied field Hz,ext is not trivial. Prior to the appli-
cation of the Hz,ext, the contour of the sample appears on an overall gray
background. This is never observed for bare superconducting films and
must be due to a small stray field from the magnetic layer. Upon increasing
the applied field, a bright outline, corresponding to a strong local magnetic
field that is parallel to the applied field, appears at the inner edge of the
sample, Fig. 7.1 (b) and (c), whereas its outer edge becomes dark, indicating
a small magnetic field. This situation is exactly the opposite from what is
observed for a superconducting ring without a magnetic layer (252), where
the local field is large (and parallel to the applied field) at the outer edge
and small at the inner edge.

As the applied magnetic field is increased, the bright and dark contours
of the sample become more pronounced as a result of the enhancement of
the local magnetic fields at its edges, as can be seen by comparing Fig. 7.1
(b) and Fig. 7.1 (c). At µ0Hz,ext = 1.2 mT, we observe the nucleation of a
dark ring, indicated by the black arrow in Fig. 7.1 (d), in close vicinity to
the outer edge of the sample. Upon increasing the external magnetic field,
the position of the dark ring shifts towards the inner edge of the sample,
as shown in Fig. 7.1 (e). At µ0Hz,ext = 1.8 mT the dark ring is close to the
inner edge of the sample and, above this field value, its position becomes
field-independent.

7.4 Simulations and discussion

To better understand the experimental results we performed numerical sim-
ulations inspired by those of E. H. Brandt (253), in which the magnetic field
profiles as well as the current distribution in the sample are calculated nu-
merically. The details of the calculation are given in Appendix A, but they
come down to the following. When an external magnetic field is applied
to the superconducting ring, a shielding current starts to flow in the super-
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conductor, which in turn generates a magnetic field. This magnetic field
magnetizes the magnetic layer, which in turn changes the magnetic field
experienced by the superconductor (see Fig. 7.2 (f)). The self-consistent so-
lution to this problem is found by casting it in a time-dependent form, in
which the time-derivative of the shielding current (the current flowing in
the superconductor) is a function of the time derivative of the external field,
the time derivative of the field generated by the magnetic ring (see below)
and the shielding current itself. In this way, there is a direct (but rather
complicated) relation between the shielding current and its time derivative.
From this, the shielding current is calculated iteratively. This iterative calcu-
lation yields the current in the ring as a function of increasing external field,
in direct correspondence to the experiment. The superconducting layer is
subdivided into a number of concentric sub-rings, a procedure that enables
the calculation of the whole current distribution in the layer. From this, one
may easily calculate the magnetic field due to the superconductor and hence
the magnetization of the magnetic material. For simplicity, the magnetic
ring is modelled as a susceptible material with high in-plane susceptibility
and zero susceptibility in the z-direction. This is justified because imme-
diately above the superconductor the in-plane component of the total field
(external+shielding field of the superconductor) is much larger than its z-
component (254). In the simulation, the superconductor and the magnetic
material are allowed to adapt to each other’s presence. Hence, in the main
iteration loop there is a sub-loop of ’relaxant’ steps, which changes the val-
ues of the currents I flowing in the superconductor and the (z-component of
the) magnetic field due to the ferromagnetic layer, Hz,F to make them mutu-
ally consistent before the external field is increased. A practical problem in
the simulation is the small thickness of the ferromagnet in comparison with
the diameter of the ring, which makes it difficult to choose an appropriate
(fine enough) grid close to the edges. To alleviate this problem, the thick-
ness of the magnetic film is taken much larger than its corresponding value
in reality, while making sure that its maximum magnetic moment is equal
to the known maximum magnetic moment of the real a-Gd19Ni81-layer.

The simulation allows us to separate the contributions from the super-
conductor and the ferromagnet, as we will now discuss. Due to the applied
magnetic field, shielding currents start to flow in the superconductor, in-
dicated in Fig. 7.2 (f) by the ⊗ and ¯ symbols in the orange ring. These
shielding currents generate the self-field of the superconductor, indicated
by the orange arrows. This self-field is parallel to the applied field at the
outer edge of the ring and anti-parallel at its inner edge (252). Hence, the z-
component of the local field at the outer edge of the ring is enhanced, while
it is reduced at its inner edge. The corresponding simulated field pattern is
given in Fig. 7.2 (d). It would lead to a bright outer edge of the ring and
a dark inner edge, opposite to the situation observed for the hybrid ring.
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In the hybrid sample, the self-field of the supreconductor magnetizes the
ferromagnet

(blue layer) in the radial direction (thick blue arrows). The resulting
stray field of the ferromagnet is indicated by the dotted blue arrows. Our
magneto-optical observations are made in a plane immediately above the
ferromagnetic layer. In that plane and at the outer edge of the ring, the z-
component of the stray field of the ferromagnet is anti-parallel to the applied
field and the stray field of the superconductor. This leads to a very small to-
tal field at the outer edge, which thus appears as dark in the magneto-optical
image. At the inner edge, the z-component of the stray field of the ferromag-
net enhances the externally applied field (and is anti-parallel to the self-field
of the superconductor). As a result there is a field enhancement at the inner
edge, which thus appears as bright, see Fig. 7.1. This picture is corroborated
by the result of our simulations, which show (Fig. 7.2 (c)) that the ferromag-
netic layer generates a negative field at the outer edge and positive field at
the inner edge (note the the applied field is positive). The sum of the stray
fields of ferromagnet and superconductor, together with the applied field,
make up the total field. The total z-component of the field at the position of
our measurement (at the magneto-optic indicator) is shown in Fig. 7.2 (b).
Due to the field enhancement of the ferromagnet, its profile is dominant,
leading to the ‘inverted’ behavior as compared to a pure superconductor.
However, the contribution from the superconductor is still significant and
the combination of both leads to the observed black ring (indicated by the
arrows in Figs. 7.1 (c), 7.1 (d), 7.2 (a) and 7.2 (b)).

With increasing magnitude of Hz,ext, the in-plane magnetization of the
sample increases, which is reflected by the increase in contrast, Fig. 7.1 (b),
and the enhancement of the height difference of the magnetic field profiles
at the inner and outer edges of the ring, Fig. 7.2 (a) and (b). This is as-
sociated with a gradual rotation of the spins in the a-Gd19Ni81 layer away
from an initial tangential to a final radial direction, leading to the increased
height difference between inner and outer edge in Fig. 7.2 (c). This behav-
ior is made possible in view of the virtual absence of domain wall pinning
in the amorphous a-Gd19Ni81 layer. Consistent with this picture, to obtain
agreement between experiment and simulation, it was necessary to assume
a radial saturation magnetization of the a-Gd19Ni81 layer that corresponds to
the situation where all the spins point in the radial direction. Although the
in-plane saturation magnetization of the 75 nm thick a-Gd19Ni81 layer cor-
responds to 1 T, the z-component of the stray field generated by this layer
is only a few mT when averaged over the thickness (4 µm) of the indicator
used for the magneto-optical determination of Hz. Clearly, the results of
the simulation, shown in Fig. 7.2 (b), nicely reproduce the experimental fea-
tures of the magnetic field distribution at the surface of the sample shown
in Fig. 7.2 (a).
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Figure 7.2: Profiles of the z-component of the magnetic field in the indicator layer at the
upper surface of the hybrid sample. Shown are the full experimental (a) and simulated (b)
profiles. The experimental profiles were taken along the white dotted line shown in the
insert of (f). The arrows point to the position of the dark ring (cf. the black arrow in Fig. 7.1
(c) and (d)). In (c) the contribution due to the magnetic layer is shown separately, while in
(d) the contribution due to the superconducting layer is shown. In (e) we show simulated
profiles due to the superconducting layer for samples with (open symbols) and without
(continuous lines) the presence of the magnetic layer. The profiles corresponding to the
same external field are labelled with the same numbers. Fig. 7.2 (f) is a schematic view
of the cross-section of the composite sample. The dash-dotted line is the axis of rotational
symmetry, which coincides with the z-axis. Due to the applied magnetic field, which is
parallel to the z-axis, shielding currents start to flow in the superconductor (lower layer,
orange) as indicated by the symbols ⊗ and ¯. Due to these shielding currents, a magnetic
field HS is generated (indicated by the orange curved line). This field induces a radial
magnetization M in the magnetic ring (upper layer, blue), which creates a field HF in the
space around the magnetic ring (indicated by the blue dotted curved line), which in turn
changes the local field at the position of the superconductor.
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It is important to note that the field profiles above Tc are completely dif-
ferent (above Tc we observe magneto-optically only a weak outline of the
ring). This implies, that the stray fields we observe from the ferromagnetic
layer are indeed due to a change in its (direction of) magnetization, induced
by the self-field of the superconductor.

The evolution of the magnetic field profiles due the superconducting
layer only of our composite sample, shown in Fig. 7.2 (d) is qualitatively not
different from the one observed in the experiment for a pure superconduct-
ing ring of Ref. (252). Nor from the simulated profiles of a bare supercon-
ductor, shown for comparison in Fig. 7.2 (e). The bold lines correspond to
the bare superconductor and the open symbols to the hybrid sample. The
profiles obtained for the same external field are labelled with the same num-
ber. However, it can be clearly seen that there is a quantitative difference: the
self-field of the superconducting layer in the hybrid structure is systemati-
cally smaller than the field in the bare superconducting layer. This implies
that the currents which are flowing in the superconducting layer of the hy-
brid ring are smaller. Since proximity effects, that may lead in practice to
the decrease of the critical current density, are not taken into account in our
simulation, the observed difference in the calculated profiles can be fully
attributed to the shielding provided by the magnetic layer. Due to its large
susceptibility and virtual absence of coercivity, the magnetic layer enhances
the shielding due to the shielding currents in the superconductor. As a con-
sequence these shielding currents are reduced. Alternatively, for a fixed jc,
the maximum applied field that can be shielded is enhanced.

In conclusion, the presence of the magnetic layer reduces the shield-
ing currents flowing in the superconducting ring and hardens the sample
against the effects of external magnetic fields.
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Chapter 8

Magneto-optical imaging of
magnetic deflagration in
Mn12-Acetate §

Abstract

For the first time, we explore the morphology and dynamics of spin avalanches in
Mn12-Acetate crystals using magneto-optical imaging. We observe an inhomoge-
neous relaxation of the magnetization, the spins reversing first at one edge of the
crystal and a few milliseconds later at the other end. Our data fit well with the the-
ory of magnetic deflagration, demonstrating that very slow deflagration rates can
be obtained, which makes new types of experiments possible.

8.1 Introduction

Synthesized in 1980, Mn12-Acetate is a crystal composed of a large number
(typically of the order of 1017) of [Mn12O12(CH3COO)16·(H2O)4]·2CH3COOH
·4H2O molecules, each with a large spin S = 10 µB (95). Its mono-disperse
structure, strong spin anisotropy as well as the hysteretic behavior at low
temperatures (99) have attracted a lot of interest. From a fundamental point
of view, Mn12-Acetate offers an unique playground to study phenomena
at the frontier between classical and quantum mechanics, whereas from the
point of view of applications, it offers an interesting perspective towards 3D
high-density magnetic storage devices (255). These possibilities motivated
many studies on the magnetic properties of these molecular crystals (see

§ This chapter is based on the article by D. Villuendas, D. Gheorghe, A. Hernández-
Mnguez, F. Macià, J. M. Hernandez, J. Tejada and R. J. Wijngaarden published in Europhys.
Lett. 84, 67010 (2008)
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Refs. (256; 257; 258) for reviews). The strong uniaxial anisotropy accounts
for the doubly-degenerate potential well, shown in Fig. 8.1 (a). Each well
is characterized by a discrete distribution of energetic levels, correspond-
ing to different projections m (m = ±10,±9, ...0) of the total spin along the
easy anisotropy axis (c-axis). In such a system, the relaxation of the mag-
netization can proceed via three mechanisms: thermal relaxation, quantum
tunnelling and avalanches. Thermal relaxation occurs when the thermal ex-
citations are strong enough to promote the spins over the potential barrier.
When this condition is not fulfilled, the effect of the thermal energy is sim-
ply to populate the upper levels of the potential well, thus increasing the
propensity for spin tunnelling through the anisotropy barrier (259). Quan-
tum tunnelling effects appear irrespective of temperature, as steps in the
hysteresis curve which occur systematically at well defined externally ap-
plied magnetic fields, the so-called resonant fields Hres (260; 261; 262). At
Hres some energy levels in both wells are at equal energy.

Thermally induced relaxation processes are characterized by a long re-
laxation time τ , typically of the order of a few hundred ms. Much shorter
relaxation times, less than 1 ms (263; 264; 265; 266; 267; 268), have been
observed experimentally. Since in such cases the relaxation of the magne-
tization is typically accompanied by a significant heat release this effect is
attributed to a thermal runaway or avalanche. It was observed that this spin
reversal (avalanche) does not occur simultaneously for all the spins in the
sample, but follows a domino effect, with spin reversal nucleation at one
edge of the sample and subsequent propagation through the crystal over a
narrow spin reversal front (264). This type of relaxation is known as mag-
netic deflagration, due to its parallelism with the propagation of a chemical
combustion along a burning substance. In the magnetic case, the role of the
chemical energy is played by the Zeeman energy and the ”ashes” are the
spins that have already relaxed. The amount of heat released by the thermal
runaway depends significantly on the experimental parameters (tempera-
ture, sweep rate of the magnetic field) (269). However, up to now, no cor-
relation was made between the external parameters, the excitation energy
and the morphology of the spin reversal fronts of the magnetic deflagration.
In this study we set on providing an answer to this open question by using
for the first time an optical technique.

8.2 Sample, technique and experimental procedure

Magneto-optical imaging allows the direct visualization of the overall mag-
netic field distribution at the surface of the sample as a grey-scale intensity
image, the value of each grey level being proportional to the local value of
the magnetic field component perpendicular to the surface of the sample
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Figure 8.1: a) Doubly degenerate potential well of a Mn12-Acetate crystal in zero
applied magnetic field. The possible relaxation mechanisms are schematically indi-
cated by the arrows: thermal relaxation (red arrows), in which the thermal energy
promotes the spins above the potential barrier in the adjacent well, and quantum
tunnelling (blue arrow), in which the spins thread through the energy barrier in
the adjacent well. b) Schematic representation of the experimental configuration:
(1) Cernox resistor, (2) Mn12-Acetate crystal, (3) magneto-optically active layer (in-
dicator).

(122) (i.e. the x-axis in Fig. 8.1 (b)). A detailed description of our magneto-
optical set-up can be found in Ref. (127). Our sample, a Mn12-Acetate crystal
of 1.2× 0.5× 0.5 mm3, was mounted on a LakeShore Cernox Thermometer,
model CX-1050BR, which we used as a heater. The sample was visualized
using the Faraday effect in a 5 µm thick Bi-substituted yttrium iron garnet
(YIG) film with in-plane anisotropy (125) and a saturation field of 90 mT.
The magneto-optically active layer was ’glued’ on top of the Mn12 crystal
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with nanodecane (C19H40), 99% purity . A schematic view of the experimen-
tal configuration is shown in Fig. 8.1 (b). The ensemble was mounted on a
home-built optical insert and placed in a commercial Oxford Instruments
vector magnet. The system allows the generation of magnetic fields up to
µ0Hmax = 1 T, in any orientation relative to the sample, by simultaneous
use of three superconducting coils. Since at low temperature an external
field of 1 T is too small to ensure the saturation of the magnetization, we
prepared the initial state of the sample as follows: we field cooled the crys-
tal in an applied magnetic field of 1 T, oriented along the anisotropy axis
(z-axis in Fig. 8.1 (b)), through the blocking temperature TB (above which
thermal relaxation is the dominant relaxation mechanism) (256), down to
the desired temperature T . Once T was reached, we decreased the exter-
nally applied magnetic field H from 1 T to a smaller value, indicated below,
and anti-parallel with respect to the magnetic moment of the sample. Subse-
quently, voltage pulses of 10 V and various duration tp were applied to the
Cernox resistor, using a Wavetek pulse generator. We performed two sets
of experiments, which we will henceforth refer to as experiment 1 (T = 1.5
K, µ0H = −0.1 T, tp = 10 ms) and experiment 2 (T = 1.6 K, µ0H = −0.45
T, tp = [0.01, 10] ms), in which the initial state was prepared using different
values for the external parameters, as indicated in the brackets. The magne-
tization reversal was filmed using a Teli CCD camera (model CS8320C) with
an active area of 752× 582 pixels and a recording speed of 50 fields/second.
The relatively low temporal resolution of our experiments motivated the
use of small magnetic fields H , since a smaller H is known to lead to slower
relaxation (270).

8.3 Experimental results and discussion

The results of experiment 1 are shown in Fig. 8.2. Fig. 8.2 (1) corresponds to
the initial state, prior to the application of the heat pulse. The sample has a
strong in-plane magnetic moment which appears as the contrasting bright
and dark regions at the upper and lower edges of the crystal. The bright
region corresponds to a high positive magnetic field whereas the dark re-
gion to a high negative magnetic field. After the heat pulse (which yields an
energy of 50 µJ 1) is applied, a slow decrease of the contrast at the edges of
the sample is initially observed (Fig. 8.2 (2)). This corresponds to a decrease
of the local magnetic fields, hence to a reduction of the in-plane magnetic
moment of the sample. Subsequently, bright regions become clearly visible
on the dark background at the lower edge of the sample, Fig. 8.2 (3), where

1Over the range of temperatures at which we performed our experiments, the resistance of
the Cernox Thermometer is R = 20 kΩ, as specified by the manufacturer. The Joule energy
dissipated due to the applied voltage pulses V was calculated using EJ = V 2tp/R.
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Figure 8.2: Images showing the time evolution of the in-plane magnetic moment
of the sample obtained in experiment 1. The image in Fig. 8.2 (1) corresponds to the
initial state, prior to the application of the heat pulse. All subsequent pictures were
taken after the heat pulse. The time span between consecutive frames is 20 ms. The
magnetization reversal nucleates at the lower edge of the sample and propagates,
along the anisotropy axis, towards the upper edge of the crystal. The intensity of
the gray-levels in the images is proportional to the intensity of the local magnetic
field. The arrows indicate the orientations of the magnetic moment M and the
externally applied field H . The contour of the sample is indicated by the dashed
lines.

gradually, the field changes sign, Fig. 8.2 (4). Clearly, the deflagration and its
associated sign reversal of magnetization has started at the lower edge. The
upper edge is still unaffected and remains in its original magnetization di-
rection, see Fig. 8.2 (5). Eventually, also the local magnetic field at the upper
edge changes sign. The magnetization reversal gradually continues, until
the magnetic moment of the sample has completely reversed, Fig. 8.2 (6), (7)
and (8). It can be noticed, by comparing Fig. 8.2 (1) and Fig. 8.2 (8), that the
strength of stray field at the edges of the sample is much stronger prior to the
application of the heat pulse. This is due to the fact that the magnetic mo-
ment relaxes toward the equilibrium state, which, for the values of H used
in our experiments, is lower than the saturation magnetization: Fig. 8.2 (1)
is the magnetization induced by the external field of 1 T and Fig. 8.2 (8) is
the magnetization induced by 0.1 T only.

The relaxation process observed in our experiments is similar to the one
reported in Ref. (264) in the sense that the magnetization reversal nucleates
first at the edge of the sample. Additionally, the relaxation starts systemati-
cally at the lower, sharper edge of the sample in all our measurements. This
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agrees well with the results reported in Ref. (268; 271), where it was ob-
served that the deflagration front is ignited at the point of the crystal where
the local magnetic field is highest. In our case, the demagnetizing field Hd

is smaller at the sharper edge, which implies that irrespective of the sign of
the applied field H , the total magnetic field (H + Hd) at this edge is highest.
However, by contrast to the results of Ref. (264), no gradual propagation of
the spin reversal, over a narrow front along the width of the sample, was
observed in our experiments. Furthermore, the time span for complete re-
laxation is larger in our experiment as compared to Ref. (264) and, at first
sight one could imagine that we are observing conventional thermal relax-
ation, induced by the heater.

To try to understand the differences between our experimental results
and the data of Ref. (264), we modified our experimental conditions as de-
tailed above for experiment 2. This was done in order to reduce the anisotropy
barrier and probe the avalanche nucleation at very small thermal excita-
tions. The time span tp over which the heat pulses were applied was loga-
rithmically increased from 0.01 ms to 10 ms. For very short time pulses, tp =
0.01 ms (equivalent energy 50 nJ), we observed no relaxation of the magnetic
moment, indicating that in this case the excitation energy is too small to pro-
mote the magnetization reversal. In all other experiments, corresponding to
tp = 0.1 ms (0.5 µJ), tp = 1 ms (5 µJ) and tp = 10 ms (50 µJ) a complete
reversal of the magnetic moment is observed, the relaxation mechanism fol-
lowing the same pattern as detailed for experiment 1. For each of these ex-
periments we calculated the variation of the local field intensity at the edges
of the crystal as a function of time. The results are shown in Fig. 8.3. The
data from all three experiments collapse to the same curves, which can be
fitted by an exponential law with τ = 65.8 ms. A relaxation time of τ = 65.8

ms implies through Arrhenius’ law, τ = τ0 exp(U(H)
kBT

), that the temperature
of the sample, after the heat pulse, rises to T = U(H)

kB
ln(τ/τ0) ≈ 4.5 K (assum-

ing that U(H)
kB

= 59 K when µ0Hz = −0.45 T (261)). This value is higher than
the blocking temperature TB ' 3.5 K (determined from DC magnetization
measurements), hence thermal relaxation plays a role. On the other hand,
the mechanism cannot be simple thermal relaxation, since in that case the
relaxation time would decrease with increasing tp, in contrast to our experi-
mental observations.

To solve this apparent contradiction we propose the following explana-
tion: the externally applied heat pulse (provided that tp > 0.1 ms) triggers a
deflagration wave. During the avalanche, the spin reversal is associated to
an energy release in the sample equal to the Zeeman energy Ez = µ0H∆Mz,
where H is the applied magnetic field and ∆Mz = NgµB∆m is the change
in the total magnetic moment of the sample due to the spins that have
changed their projection from m = −10 to m = 10 (implying ∆m = 20).
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The total number N of molecules in the sample can be easily evaluated us-
ing N = vρNA/M , where NA = 6.022 · 1023/mol is the Avogadro number,
the volume v of the crystal is v = 1.2× 0.5× 0.5 = 0.3 · 10−3 cm3, the density
ρ = 1.84 g/cm3 and the molecular mass M = 2060, 3 g/mol. Using g = 2,
the calculation yields N = 1.6 · 1017, ∆Mz = 6.0 · 10−5 J/T, which amounts to
a Zeeman energy Ez ' 30µJ. This energy is larger by a factor of 60 compared
to the excitation energy (∼ 0.5µJ) for which we already observe avalanches
in our experiments. Since even for larger excitation pulses (up to 50µJ) the
complete relaxation of the magnetic moment of the sample occurs over the
same time interval, it is plausible to assume that, for the range of excitation
energies used in our measurements, only a small fraction of the energy pro-
vided by the Cernox thermometer is transferred to the crystal. Hence, the
increase in the temperature of the sample is mainly due to the Zeeman con-
tribution, which is the same in our experiments, since the externally applied
magnetic field (hence the distance between the energetic levels in the crys-
tal) is the same. The heat produced by the deflagration wave is mostly re-
leased to the environment, such that the temperature of the crystal does not
significantly exceed TB. This explains why we clearly observe the in-plane
magnetic moment of the sample at any moment during the deflagration.
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Figure 8.3: Time evolution of magneto-optical intensity at the upper and lower
edges of the crystal for the three cases of experiment 2. The different symbols cor-
respond to different excitation energies: 0.5 µJ (squares), 5 µJ (circles) and 50 µJ
(triangles). The inset shows the regions over which the average intensity was cal-
culated. All curves fit to an exponential law with a single τ = 65.8 ms.
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The temperature of the front of reversing spins in our sample is lower
than in previously reported experiments, (264; 265) which implies a higher
value of τ , hence a slower relaxation, as we clearly observe in our measure-
ments. We estimate that the speed of the front of reversing spins is of the
order of v ≈ 12 mm/s, in contrast to some much higher values reported in
the literature (264; 265; 266; 267).

Finally, the width of the region over which the simultaneous relaxation
of the spins is expected to occur can be easily estimated using lD =

√
κτ

(264; 270). From the literature (272) it is known that κ for Mn12 is in the
range of 10−5 − 10−4 m2/s hence lD ≈ 0.8 − 2.5 mm. This is of the order
of the length of our sample, which also explains why we have not seen the
narrow front of reversing spins reported in Ref.(264).

8.4 Conclusions

We have visualized the magnetic deflagration using for the first time an op-
tical technique and have shown that depending on the environment and the
size of the sample, it is possible to ignite deflagrations with long combus-
tion times and wide magnetization fronts. We show that a reduction of the
propagation speed of magnetic deflagrations is experimentally accessible,
which opens the possibility of new types of experiments.
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Appendix

This appendix gives a detailed description of the numerical simulation dis-
cussed in Chapter 7.

In the presence of an externally applied magnetic field, Hz,extẑ, a shield-
ing current distribution is flowing in the superconducting layer. In spherical
coordinates (r,θ,ϕ), the vector potential for a single loop of current I and ra-
dius a is given by (273):

Aϕ(r, θ) =
µ0

4π
Ia

∫ 2π

0

cos ϕdϕ

(a2 + r2 − 2ar sin θ cos ϕ)
1
2

(A1)

Due to symmetry all other components of the vector potential are zero.
For a thin ring of inner radius a1, outer radius a2 and in the plane of the
sample (θ = π/2), the above equation becomes:

Aϕ(r) =
µ0

4π

∫ a2

a1

I(a)a

∫ 2π

0

cos ϕdϕ

(a2 + r2 − 2ar cos ϕ)
1
2

da (A2)

By discretizing the radial position a in the plane of the ring with a grid
of discrete elements ∆a, eqn. (A2) can be written as:

A(r) =
µ0

4π

a2∑
p=a1

I(p)Q(p, r) (A3)

which has ((a2 − a1)/∆a) terms 1.
I(p) is the current spanning over the width ∆a of each grid element and

the kernel Q is defined as:

Q = p

∫ 2π

0

cos ϕdϕ

(p2 + r2 − 2pr cos ϕ)
1
2

(A4)

In the absence of the magnetic material, the total vector field Atotal is the
result of two contributions: the vector field due to the externally applied
magnetic field, Aϕ,ext and the vector field due to the current flowing in the
ring Aϕ,ring. From

−→
B = ∇ × −→

A expressed in cylindrical coordinates, the
vector potential corresponding to the external magnetic field Hz,extẑ can be
written as Aϕ,ext = µ0

r
2
Hz,ext, hence using (A3):

1 In the simulation we use a non-equidistant grid with appropriate weights, as defined by
E. H. Brandt, Phys.Rev. B 58, 6506 (1998) and E. H. Brandt and J. R. Clem, Phys.Rev. B
69, 184509 (2004). We use the interpolation scheme of the latter paper, however with the
correct expression: r (u) = a + (b− a)

(
10u3 − 15u4 + 6u5

)
. For didactic purposes, we omit

the weights in the equations, which is equivalent to the use of an equidistant grid with
period ∆a.
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Aϕ,total(r) = Aϕ,ring(r) + Aϕ,ext(r)

=
µ0

4π

a2∑
p=a1

I(p)Q(p, r) + µ0
r

2
Hz,ext (A5)

Or in matrix notation:

~Atotal =
µ0

4π
~~Q · ~I + µ0

~r

2
Hz,ext (A6)

By taking the time derivative and rearranging the terms of the above
equation we obtain:

µ0

4π
~̇I =

~~Q
−1

· ( ~̇Atotal − µ0
~r

2
Ḣz,ext) (A7)

For this cylindrical geometry Ȧϕ,total = −E and E = ρj, where ρ is the
resistivity and j = I

d·∆a
with d the thickness of the sample. To proceed, we

need to know ρ. Due to the geometry, with the external field applied per-
pendicular to our thin film superconductor, there is a large demagnetization
factor leading to a negligibly small penetration field (”effective Hc1”). Hence
we assume that the superconductor is always in the mixed state. We use for
the resistivity in the mixed state ρ = ρ0(j/jc)

n−1, with n = U0/kT À 1 the
creep exponent (253). We note that the resistivity (through ρ0 and critical
current (trough jc) are taken to be field independent. The combination of ρ0,
n and jc was taken such that the current in the superconductor corresponds
to that in the experiment. Using a thus defined ρ, eqn. (A7) can be rewritten
as:

~̇I =
4π

µ0

~~Q
−1

· (−R0 | ~I |n ~I − µ0
~r

2
Ḣz,ext) (A8)

This is the main equation used for our simulation. The inverse of the
kernel Q is used only implicitly, as detailed in Ref. (174). Eqn. (A8) is iterated
numerically to obtain I from I(t + ∆t) = I(t) + İ ·∆t, starting from I = 0.

For the present simulation we take Hz,ext as linearly increasing with time.

Once ~I is known, the algorithm proceeds at each time step with the cal-
culation of the magnetic field generated by this current, at any position ~x,
using for each subring with width ∆a and radius a:



133

~HS




x
y
z


 =

I

4π

∫
d~̀× ~s

|s|3 (A9)

=
I

4π

∫ 2π

0




x− a cos φ
y − a sin φ

z


×




a sin φdφ
−a cos φdφ

0




∣∣∣∣∣∣




x− a cos φ
y − a sin φ

z




∣∣∣∣∣∣

3

Due to the cylindrical symmetry of the sample, the field distributions in
all planes containing the z-axis are the same. Hence, we may use the dis-
tribution in the y = 0 plane to obtain, in the coordinates (r,z), the following
field for the whole ring with current distribution I(p):

~HS(r, z) =

a2∑
p=a1

I(p)

∫ π

0

2

4π

(
zp cos ϕdϕ

(p2 − rp cos ϕ)dϕ

)

(r2 − 2rp cos ϕ + p2 + z2)
3
2

(A10)

The in-plane radial magnetic field Hr = Hr,S induces a magnetization
~M in the magnetic layer. In our simulation, this magnetization is taken to

be purely radial (see discussion below) and will be denoted by Mr. To de-
scribe the susceptibility and its saturation we use Mr = M0 tanh(Hr/H0),
with M0 and H0 appropriate constants. The resulting magnetization can be
completely described by the currents flowing in the bulk, ~Jb = ~∇× ~M , and
at the surface, ~K = ~M × n̂, of the magnetic layer (274). In our simulation
we only consider the effects of the surface currents. This choice is justified
as follows: in cylindrical coordinates we have:

~Jb = ~∇× ~M (A11)

= [
1

r

∂Mz

∂ϕ
− ∂Mϕ

∂z
]r̂ + [

∂Mr

∂z
− ∂Mz

∂r
]φ̂

+
1

r
[
∂(rMφ)

∂r
− ∂Mr

∂φ
]ẑ

For a thin layer of magnetic material, which is the case in our experiment,
the magnetization ~M is independent of z, leading to the vanishing of the
∂
∂z

terms. Taking into account only the in-plane magnetization leads to a
vanishing of Mz. Due to the circular symmetry Mφ is zero and ∂Mr

∂φ
= 0.

Hence, under these assumptions, the contribution of the bulk currents to the
overall magnetization is zero. Knowing the magnetization induced by the
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field Hr, the surface current can be easily determined from ~K = ~M × n̂ =

[χ · ( ~Hz,ext + ~HS)] × n̂. Analogous to eqn. (A10), ~HF = χ( ~Hz,ext + ~HS) =
~~S · ~K, where ~HF is the field inside the magnetic layer and ~~S is the integral
in eqn. (A10). The current needed to generate ~HF can be calculated from
~K =

~~S−1 · ~HF .
In the simulation, Hz,F is calculated in an analogous way as the field due

to the currents in the superconductor and added to the externally applied
field Hz,ext experienced by the superconducting layer. The new value of I is
evaluated self-consistently using eqn. (A8), modified to include the contri-
bution of the magnetic material to the vector potential, Aϕ,ext = µ0

r
2
Hz,ext +

Aϕ,F . It is not necessary to consider the effect of the radial component of
~HF on the superconductor because of our thin film geometry and the small
demagnetization factor of the superconducting film associated to Hr,F .



Summary

This thesis unites a series of magneto-optical imaging studies aimed at pro-
viding a deeper understanding of some of the fundamental properties of
conventional type-II superconductors, superconductor/magnet hybrids and
molecular magnets. The first Chapter of the manuscript provides a ba-
sic introduction into the physics of these materials and casts each study
into a broader context. Magneto-optical imaging, the main characterization
technique used in this work, is described in detail in Chapter 2. By using
the Faraday effect in thin indicator films (EuSe, Bi-doped YIG), the tech-
nique enables the direct visualization of magnetic field distributions and
dynamic process in superconductors and magnetic materials. Our experi-
mental set-up, a unique system that combines enhanced magnetic field sen-
sitivity with the capabilities of a superconductor vector magnet, is also de-
scribed in Chapter 2. By contrast to conventional magneto-optics systems,
a polarization modulation scheme renders our set-up insensitive to uneven
illumination and enables an accurate determination not only of the value,
but also of the sign of magnetic fields at the surface of our samples.

Chapter 3 addresses the effect of misalignments of the magnetic field
on current distributions in superconductors. Combining numerical simula-
tions with experiment, our study reveals an angle-dependent, asymmetric
flux penetration at the surface of a superconducting thick platelet exposed
to an oblique magnetic field. The asymmetry is shown to become more pro-
nounced with increasing tilt angle θ of the applied field H , relative to the
plane of the platelet. Interestingly, the magnetic history of the sample also
affects its current and magnetic flux distributions. Three different scenarios
in which the sample is brought, along different paths, in a state character-
ized by the same parameters (H , θ), lead to markedly different magnetic
flux distributions in the platelet.

Addressing two fundamental issues in superconductivity, the enhance-
ment of the pinning properties, hence of the critical current, and vortex
guidance and manipulation, Chapters 4-6 are dedicated to the investigation
of type-II superconductors decorated with lithographically defined arrays
of pinning centers.

Chapter 4 probes the pinning properties of thin films perforated by lat-
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tices of antidots and blind holes. Our studies reveal a pronounced anisotropy
in the flux penetration, with bundles of vortices advancing mainly along
the lattice vectors of the patterned array. Although the artificial pinning
due to both types of pinning centers is observed to dominate over intrin-
sic pinning, the latter becomes gradually more pronounced with decreasing
temperatures and jeopardizes the guidance effect promoted by antidots and
blind holes. Deep into the superconducting state, the magnetic flux penetra-
tion is dominated by vortex avalanches that obey a power-law distribution.
Antidots display an extended avalanche regime, to magnetic fields larger
by almost a factor of 4 as compared to blind holes, which indicates that they
are more efficient pinning centers. Distinctively different magnetic flux dis-
tributions are observed in thin films decorated with identical lattices of an-
tidots with different geometries, lower symmetry pinning sites leading to
anisotropic distributions. This effect is purely of geometric origin, which
we demonstrate by numerical simulations taking into consideration solely
the electromagnetic properties of the systems.

The magnetic flux penetration in a superconductor decorated with a
ratchet pinning potential is studied in Chapter 5. The properties of the
ratchet, generated by an array of antidots of alternating size, are explored
using two complementary techniques, transport measurements and magneto-
optical imaging. Very close to Tc (T = 7.13 K), transport measurements re-
veal a clear reversal of the preferential direction of motion, with vortices
advancing alternatively along the ’easy’ and ’hard’ directions of motion im-
posed by the underlying antidot array, as the external magnetic field is in-
creased. A rectification effect is also observed by magneto-optical exper-
iments. At high temperatures (T = 6.7 K), the ratchet potential leads to a
pronounced anisotropy in the flux distribution, with enhanced flux penetra-
tion along the ’hard’ direction of motion. With decreasing temperature this
anisotropy gradually smears out and eventually reverses, such that deep
into the superconducting state (T = 2 K) the flux penetration is strongest
along the ’easy’ direction. We show that this result can be understood within
the framework of the thermomagnetic avalanche model.

By contrast to antidots or blind holes, magnetic dots provide not only the
means to tune the critical current of a superconductor subsequent to deco-
ration, but also to switch off thermomagnetic instabilities. We demonstrate
these effects in Chapter 6 by magnetization and magneto-optical imaging
experiments on superconducting films decorated with square lattices of Co
/Pt dots with perpendicular anisotropy. Our experiments reveal that the
pinning properties of the dots depend on the specific value of their magne-
tization and display a pronounced asymmetry as a function of the polarity
of the applied magnetic field relative to their magnetic moment. The mea-
sured critical current densities are largest when the magnetic moment of
the dots and the applied field have the same polarity and lowest when they
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have opposite polarity, with a difference between extreme values of a fac-
tor of 2.5. At low temperatures (T = 2K), thermomagnetic instabilities set
in only for high-jc configurations. We show that these instabilities can be
suppressed by tuning the magnetization of the dots. At high temperatures
(T = 5 K and above), a clear channelling of vortices along the lattice vectors
of the dot array is observed. The morphology of these channels depends on
the polarity of the applied magnetic field, which we explain as an effect of
the interplay between the vortices introduced by the applied magnetic field
and the vortices due to the stray field of the Co/Pt dots.

Chapter 7 introduces another hybrid system consisting of two super-
posed, superconducting (Nb) and magnetic (amorphous GdNi), thin rings.
We observe strong electromagnetic interactions between the two layers. These
lead to i) a rotation of the magnetization vector in the GdNi layer from an
initial tangential to a final radial direction and ii) enhanced shielding of the
Nb layer from the effect of external magnetic fields. The experimental ob-
servations are fully reproduced by numerical simulations that model the
magnetic layer as a material with a large radial susceptibility.

Chapter 8 is, to our knowledge, the first magneto-optical imaging study
of the prototypical Mn12-Acetate molecular magnet. An inhomogeneous
relaxation of the magnetic moment of the sample is observed below the
blocking temperature TB. The magnetization reversal proceeds systemat-
ically from the edge of the crystal corresponding to the highest local mag-
netic field, with a time lag between spin reversal at opposite edges of the
crystal of the order of tens of milliseconds. We show that the observed mag-
netization dynamics is consistent with a magnetic avalanche with a wide
propagation front and a long (compared to other values reported in litera-
ture) relaxation time.



138 Summary



Samenvatting

Dit proefschrift beschrijft magneto-optische visualisatie metingen, waarmee
fundamentele eigenschappen zijn onderzocht van supergeleiders, supergelei-
der/magneet hybriden en moleculaire magneten. Het eerste hoofdstuk geeft
een inleiding in de fysica van deze materialen en plaatst het onderzoek
in een bredere context. Magneto-optische visualisatie is de belangrijkste
karakterisatietechniek, die gebruikt is tijdens dit onderzoek. Deze techniek
wordt beschreven in hoofdstuk 2. Door gebruik te maken van het Fara-
day effect in dunne indicatorfilms (EuSe, Bi-doped YIG), zijn we in staat
om magneetveldverdelingen en dynamische processen in supergeleiders en
magnetische materialen direct te visualiseren. Onze experimentele set-up is
uniek omdat deze heel gevoelig is voor kleine magneetvelden en ook door
de combinatie met een supergeleidende vectormagneet, waarmee een mag-
neetveld in willekeurige richting kan worden aangelegd. In tegenstelling tot
conventionele magneto-optische systemen is onze set-up ongevoelig voor
ongelijkmatige belichting doordat we gebruikmaken van een modulatie sche-
ma van de polarisatievector van het licht. Met deze techniek is het boven-
dien mogelijk het teken van het magnettveld op het oppervlak van onze
samples te bepalen, hetgeen met de conventionele techniek niet kan.

Hoofdstuk 3 beschrijft de invloed van een magneet veld, dat schuin
staat ten opzichte van het oppervlak van een supergeleider op de stroom
verdeling in die supergeleider. Door het combineren van numerieke simu-
laties en experimenten onderzoeken we in detail de hoek afhankelijke asym-
metrische flux penetratie aan het oppervlak van een dikke supergeleidende
plaat (op microscopisch niveau) wanneer deze wordt blootgesteld aan een
schuin staand magnetisch veld. De asymmetrie wordt groter naar mate
het veld meer in het vlak van de plaat komt te liggen. Interessant is dat
ook de magnetische geschiedenis van het sample belangrijk is, zowel voor
de stroomverdeling als voor de magnetische flux verdeling. Wanneer het
sample via drie verschillende scenario’s in dezelfde eindtoestand wordt ge-
bracht, dan leidt dit tot aanzienlijk verschillende flux- en stroomverdelingen
in de plaat.

Om inzicht te krijgen in twee belangrijke zaken in supergeleiding, namelijk
het verbeteren van de pinning eigenschappen (en dus van de kritische stroom)
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en het manipuleren van de vortex geleiding, zijn hoofdstukken 4-6 gewijd
aan type-II supergeleiders waarop met lithografische technieken goed ge-
definieerde rasters van pinning centra zijn aangebracht.

Hoofdstuk 4 behandelt de pinning eigenschappen van dunne films die
geperforeerd zijn met een raster van ’antidots’ (gaatjes) en potgaten (gaten
die niet door-en-door lopen). Ons onderzoek toont aan dat de flux pene-
tratie behoorlijk anisotroop is, waarbij de vortices voornamelijk bewegen
langs de vectoren van het raster. Hoewel andere groepen al bij hoge tem-
peratuur hadden waargenomen dat de kunstmatige pinning ten gevolge
van beide typen pinning centra de intrinsieke pinning (t.g.v. fouten in het
kristalrooster bijvoorbeeld) kan overheersen, wordt de intrinsieke pinning
geleidelijk sterker als de temperatuur verlaagd wordt. Dit vermindert mo-
gelijk de invloed van de antidots en potgaten. Ons onderzoek is een van de
eerste waar ook ver beneden de kritische temperatuur bekeken wordt hoe
groot de invloed is van de kunstmatige pinning. We zien dat deze invloed
ook daar nog zeer groot kan zijn, wat zeer gunstig is voor toepassingen. Bij
heel lage temperatuur wordt de magnetische flux penetratie gedomineerd
door vortex lawines die voldoen aan een machtswetverdeling. Antidots
vertonen lawines tot bij magnetische velden die bijna een factor 4 groter
zijn dan die voor potgaten. Dit geeft aan dat antidots efficintere pinning
centra zijn. Als we rasters gebruiken met andere patronen (bijvoorbeeld
een rechthoekig raster) dat onstaan ook andere verdelingen van vortices en
kritische stromen. Met simulaties die alleen de electrodynamische eigen-
schappen van de supergeleider in rekening nemen, laten we zien dat deze
veranderingen volledig geometrisch bepaald zijn.

De magnetische flux penetratie in een supergeleider met een ratchet pin-
ning potentiaal wordt behandeld in hoofdstuk 5. De eigenschappen van de
ratchet, die gegenereerd wordt door een raster van paren van antidots met
verschillende grootte, worden onderzocht met twee complementaire tech-
nieken, namelijk transportmetingen en magneto-optische visualisatie. Heel
dichtbij Tc (T = 7.13 K) laten de transportmetingen zien, dat de voorkeurs-
bewegingsrichting omkeert als het externe magnetische veld verhoogd wordt,
waarbij de vortices als functie van het externe veld alternerend bewegen
in de ”makkelijke” en ”moeilijke” richting, zoals opgelegd door het on-
derliggende antidot raster. Een dergelijk effect wordt ook waargenomen
bij onze magneto-optische experimenten, maar nu als functie van de tem-
peratuur. Bij hoge temperaturen (T = 6.7 K), leidt de ratchet potentiaal tot
een versterkte flux penetratie langs de moeilijke richting. Met afnemende
temperatuur verminderd deze anisotropie en keert uiteindelijk om zodat bij
lage temperatuur (T = 2 K) de flux penetratie het sterks is in de makkelijke
richting. We laten zien dat dit resultaat begrepen kan worden in het kader
van het thermo-magnetische lawine model.

In tegenstelling tot antidots en blinde gaten, verschaffen magnetische
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dots de mogelijkheid om de kritische stroom van een supergeleider te ve-
randeren nadat deze vervaardigd is, namelijk door de magnetisatie van de
dots te veranderen. We laten dit in hoofdstuk 6 zien door middel van mag-
netisatie en magneto-optische visualisatie experimenten aan supergeleidende
films gedecoreerd met vierkante rasters van magnetische Co/Pt dots, die
een loodrechte anisotropie hebben. Uit onze experimenten blijkt dat de pin-
ning van de dots afhangt van hun magnetisatie en dat deze pinning asym-
metrisch is als functie van de polariteit van het aangelegde magnetische
veld ten opzichte van het magnetische moment van de dots (parallel of an-
tiparallel). De gemeten kritische stroomdichtheden zijn het grootst in het
parallele geval en het laagst in het anti-parallele geval, met een factor 2.5
verschil tussen de maximale en minimale waarde. Bij lage temperaturen
(T = 2K) treden er alleen voor hoge-jc configuraties thermodynamische in-
stabiliteiten (lawines) op. We laten zien dat deze instabiliteiten onderdrukt
kunnen worden door een geschikte magnetisatie van de dots. Bij hoge tem-
peraturen (T = 5 K en hoger) bewegen de vortices langs de raster vectoren
van het dot array. De morfologie van de kanalen waarlangs de vortices bin-
nendringen hangt af van de configuratie (parallel of anti-parallel), wat we
uitleggen als een effect van de wisselwerking tussen de vortices die gen-
troduceerd worden door het aangelegde magneet veld en de vortices die al
aanwezig zijn ten gevolge van het strooiveld van de Co/Pt dots.

Hoofdstuk 7 introduceert een hybride system dat bestaat uit twee op
elkaar geplaatste dunne ringen van supergeleidend Nb en ferromagnetisch
amorf GdNi. We zien een sterke elektromagnetische interacties tussen de
twee lagen. Deze leidt tot i) een rotatie van de magnetisatievector in de
GdNi laag van een initile tangentile richting naar een uiteindelijke radi-
ale richting en ii) een versterkte afscherming van de Nb laag tegen de in-
vloed van externe magnetische velden. Hierdoor kan dit hybride sample
een groter magneetveld weerstaan dan de supergeleider alleen. Onze ex-
perimentele waarnemingen worden volledig gereproduceerd door onze nu-
merieke simulaties, die de magnetische laag modeleren als een materiaal
met een grote radiale susceptibiliteit.

Hoodstuk 8 is, voorzover wij weten, het eerste magneto-optische visu-
alisatie onderzoek aan het prototype van de ”moleculaire magneet”: het
Mn12-acetaat moleculaire magneet systeem. Het magnetische moment van
dit sample relaxeert op inhomogene wijze beneden de blokking temper-
atuur TB. Deze omkering van magnetisatierichting begint aan de rand van
het kristal, waar het locale magnetische veld het grootst is, en plant zich
dan binnen enkele tientallen milliseconden voort naar de andere kant van
het kristal. We laten zien dat de waargenomen magnetisatie dynamica con-
sistent is met een magnetische lawine met een breed verspreid front en een
lange relaxatie tijd (in vergelijking met waardes zoals eerder gerapporteerd
in literatuur).
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