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ABSTRACT PAGE

The high-temperature superconductor MgB2 has been studied by static and time-resolved
magneto-optical imaging as a function of applied magnetic field and AC current. The
averaged cross-sectional field and current profiles show a good overall agreement with the
critical-state model for the field-dependent measurements. Deviations can be attributed to
the irregular finger-like flux penetration typical for MgB2. From the phase dependent
measurements both shielding current and transport current profiles are obtained, which are
quantitatively in good agreement with theory. The flux front growth in the MgB2 thin film
has been studied with respect to static and dynamic driving forces and analyzed in terms of
the directed percolation depinning (DPD) model. The calculated exponents for static ( ) and
dynamic ( ) measurements are in agreement with the theory. The difference in the values
emphasizes the distinct effect of the driving force on the flux front growth. Based on these
results MgB2 can be placed in the same universality class as YBCO and Nb.
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1 Introduction

High-temperature superconductors (HTSC) offer a wide range of applications including
particle accelerators, energy storage and alternating current systems such as electro
motors and transformers. They allow both a reduction of volume, size, weight and costs
of such machines, and simultaneously increase their efficiency. [1] The use in
commercial power projects such as the power grid holds the prospect of lossless energy
transport. However, there are problems to overcome: HTSCs can not yet fulfill the
requirements for stability and low energy losses in AC systems where magnetic fields are
applied perpendicular to current carrying superconducting components. [1]

In 2001 magnesium diboride, MgB,, a compound known since the 1950s, was
discovered to be a high-temperature superconductor. Its transition temperature of 7, =
39K is the highest for inter-metallic compounds so far. [2, 3] In contrast to other HTSCs,
such as YBa;Cu3O7.5 or Nb, MgB; faces the problem of more pronounced instabilities in
the flux penetration process, which endanger electronic devices and lead to dissipation of
energy. [1] Hence commercial applications are hindered by this complex flux motion. [4]

Instabilities in MgB, appear as finger-like structures, flux jumps or dendritic
patterns, which penetrate the material within nanoseconds. [1] To describe and
understand instabilities such as the finger-like penetration structure or flux jumps and
dendritic patterns in MgB,, different models have been established. [5, 6, 7, 8, 9] Their
approach focuses on the thermal properties of HTSCs such as specific heat, thermal
conductivity and heat transfer instead of intrinsic properties. [7, 8] Simulations confirm

the experimental findings that instabilities occur only above a certain threshold field Hj,



[10] and beneath a threshold temperature 7. [7] To successfully realize commercial
application of MgB; in any device used in AC systems, instabilities and the associated
energy losses must be analyzed and understood.

The objectives of this thesis are as follows:

- Compare the flux development in MgB, to the predictions of the critical-state
model and recently measured data of YBCO to determine if the flux evolution in
MgB; can be understood in terms of the critical-state model despite the typical
instabilities.

- Study the effect of an AC current as a driving force behind the flux motion, and
the spatial distribution of the transport current.

- Analyze the influence of static and dynamic driving forces on the flux front

growth.

The thesis has the following structure: In section 2 the basic principles of high-
temperature superconductors are discussed with respect to MgB,. Afterwards the critical-
state model, on which the analysis of the flux and current distribution in HTSC thin films
is based, is presented along with a short introduction to self organized critical systems.
The experimental setup employed to realize time-resolved magneto-optical imaging is
presented in section 3. Results on the field, current and phase dependent measurements of
the flux distribution are discussed in section 4 along with the findings for the static and
dynamic fractal interface growth in MgB,. A summary of the most important conclusions

can be found in section 5.



2 Theory

2.1 Introduction to Superconductors

Superconductivity was first discovered by Heike Kammerlingh Onnes in 1911 when he
reported the sudden loss of electrical resistance in Mercury beneath a temperature of
about 4.2K. Since then various elements, compounds and ceramics have been discovered
to display superconducting properties.

There are two types of superconductors. Both are characterized by the sudden loss
of electrical resistance beneath a material dependent critical temperature 7,. Elementary
superconductors such as Pb, Al or Hg are type I superconductors with transition
temperatures lower than 7.2K, while for type II superconductors higher critical
temperatures up to ~135K can be achieved. Type I superconductors display perfect
diamagnetic properties, which lead to a complete extrusion of an applied magnetic field
from the inside of the superconducting material. This effect is called Meifiner-Ochsenfeld
effect and can not merely be explained by zero resistivity. The magnetization M = -H for
T < T, is the reason behind this effect. Type II superconductors, such as YBCO, Nb or
MgB,, show a more complicated response to an applied magnetic field. Hence
superconductors are classified according to their distinct behavior in an external magnetic
field. The specific properties of both types are explained in more detail below.

The BCS theory introduced by and named after J. Bardeen, L.. N. Cooper and J.
R. Schrieffer describes the behavior of conventional superconductors. Electrons in
superconducting materials are correlated via phonons and form a so called Cooper pair
with another electron of opposite spin and momentum. The energy difference between

normal electrons and Cooper pairs is referred to as energy gap. Cooper pairs are bosons.
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This allows them to condensate into the same ground state hence reducing the energy of
the system. To break up a Cooper pair the magnitude of the energy absorbed by the
correlated electrons has to be greater than their binding energy. The energy required to
destroy superconductivity can be provided in form of an applied magnetic field or simply

heat.

Type I superconductors

The property characterizing type 1 superconductors is the perfect diamagnetism in an
external magnetic field described by the MeiBner-Ochsenfeld effect. From zero
resistivity, p = 0, the material is expected to behave like an ideal diamagnet with a
magnetic susceptibility y = —1. According to Lenz’s law a shielding current is induced in
the superconducting sample when it is exposed to an external magnetic field H, The
supercurrent is flowing within the London penetration depth A; on the surface of the
sample creating a magnetization M = - H, Due to zero resistivity the currents aren't
minimized by electrical resistance and the induced field compensates the applied field H,
shielding the sample. However, superconductivity can be annihilated if the external
magnetic field reaches a critical value H,., which depends on both the material and the
temperature. In that case a sudden transition from the superconducting state into the

normal state occurs if demagnetization effects can be neglected (see figure 4).
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magnetic field penetrates the whole sample. If, however, the magnitude of the applied
field is ranging between H,; and H,; the material is in the mixed state where quantized
flux lines can partially penetrate the sample. Each flux line carries one flux quantum h/2e
and gradually reduces the magnetization M in the sample as shown in figure 1. The
quantity and penetration depth of the flux lines is proportional to the magnitude of the
external magnetic field. Despite the partial flux penetration the material is still
superconducting. Both critical fields, H,; and H,,, are material and temperature dependent
as seen in figure 2. Additionally, due to their high transition temperature they also
generally possess high upper critical field values.

The fact that the energy required to destroy superconductivity can also be
provided in form of a magnetic field explains why only a certain critical current can be
carried by a superconductor depending on material, temperature and applied magnetic
field. If a transport current is flowing in the superconducting material it induces a self
field in the sample in order to shield the magnetic field of the applied current. If the field
exceeds the critical magnetic field superconductivity is annihilated. The parameter used
to characterize this property is the critical current density J, = [A/m?®], which is

independent of the sample geometry.

2.2  Properties of MgB,

High-temperature superconductors are type II superconductors, among them magnesium
diboride, MgB,, which has been known since the 1950s, but has just recently been
discovered by the group of Nagamatsu et al. [2] in 2001 to be a high-temperature

superconductor. Its transition temperature of ~ 39K is the highest 7; for a binary inter-
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[14] The superconducting energy gap is related to the formation of the Cooper pairs
which are responsible for carrying charge in the superconducting state. [3] The formation
of the two energy gaps was found to be related to the o- and #- orbitals of MgB..
According to ref. [14] the ¢ bands are coupled strongly to the phonons confined within
the hexagonal boron layer, whereas the 7 bands show only very weak electron - phonon
coupling. This favors the formation of Cooper pairs generating a large gap at ~ 6 - 7meV.
The 7 bonding is oriented normal to the boron planes and does not couple strongly to
those phonon modes, thus causing a smaller energy gap at ~1- 2meV.

Due to the layered honeycomb structure, depicted in figure 3, the upper critical
field of MgB; is anisotropic. At 7= 0K the value for H,; ~ 3 - 4T in a direction parallel to
the c-plane and H,; ~ 15 - 20T normal to the c-plane. [11] This information gives some
insight into why MgB; is interesting from a scientific point of view. Despite its relatively
low T, compared to high T, — cuprate - superconductors it has several advantages making
it attractive for electronic applications such as in Josephson junctions. MgB, has less

aniostropy and fewer interface problems, which high 7. - cuprates are facing. [11]

2.3 Demagnetization Effects

Depending on the orientation of a superconducting sample in an applied magnetic field
demagnetization effects occur due to the bending of the flux lines around the
superconductor. This is because the flux lines cannot penetrate the superconductor in the

MeiBner state.
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Fig. 4: Demagnetization effect in a long rod (a), a sphere (b) and a thin film with the magnetic field applied
perpendicular to the film plane. In (a) demagnetization effects can be neglected, whereas in (b) and (c) they
have to be taken into consideration.

In an infinitely long rod placed parallel to a homogeneous external magnetic field,
demagnetization effects can essentially be neglected except at the end of the rod as
depicted in figure 4 (a). In case of a sphere, see figure 4 (b), the bending of the flux lines
becomes more pronounced and at its equator the magnetic field is increased by a factor of
3/2 above the actual applied field H,. In our case, where a magnetic field is applied
perpendicular to the surface of a superconducting thin film, demagnetization effects can
not be neglected as shown in figure 4 (¢). The flux lines are bending around the edges of
the sample, increasing the field locally. Thus penetration would start at the edges as soon
as the field magnitude exceeds the critical field value H. of the material in case of a type |

superconductor.

24 Vortices
When a type II superconductor is in the mixed state, i. e. the external applied field ranges
between H.; and H.,, magnetic flux lines start penetrating the sample from the edges.

Flux lines penetrating a superconducting material are shown in figure 5.

10
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Fig. S: Flux lines penetrating a type Il superconductor in the mixed state parallel to the applied magnetic
field B,. Super currents are indicated flowing around the normal conducting cores of the vortices shielding
the material from the magnetic flux.

The core of such flux lines, or vortices, is normal conducting with a radius & called
coherence length. Each flux line is surrounded by small super currents (see figure 5)
which decay over the London penetration depth A, as does the magnetic field of the flux
line. The total flux carried by each vortex is ®, = h/2e, where 2¢ relates to the charge of

the Cooper pairs and h is Planck's constant.
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Fig. 6: Inter vortex repulsion between two adjacent flux lines caused by the Lorentz force F;.

Inter vortex repulsion between flux lines and the shielding current of an adjacent vortex,

as depicted in figure 6, is caused by the Lorentz force given by

F=jxgzo ey



In eq. I Fis the Lorentz force per unit length and J is the shielding current density at the
position of an adjacent vortex. This leads to the arrangement of flux lines in a regular
hexagonal lattice called Abrikosov lattice.Such a regular arrangement is only possible if
there are no defects or pinning sites present in the material. The case for pinning sites
present in the material is discussed later.
If a transport current is applied to the type II superconductor in the mixed state the
magnetic flux lines also feel a Lorentz force
F(F)=J(F)x B(F). (2)
F'is the Lorentz force per unit volume, J the applied transport current density and B the
average magnetic field of a distribution of several flux lines in the sample. The Lorentz
force thus leads to a vortex movement normal to the direction of the transport current,

which results in work, a drop of voltage, electrical resistance and therefore energy losses.

2.5 Energy Losses

Since the core of a flux line is normal conducting, the associated phase transitions of flux
lines moving through the superconducting material cost energy. This energy is diverted
either from an applied transport current or from the flowing supercurrents. Further energy
losses are caused if non-superconducting electrons are accelerated by a local electrical
field generated by the moving flux lines. The kinetic energy of such electrons is
transferred to the crystal lattice in form of heat, which in turn leads to a finite resistance
of the material. This is one problem high-temperature superconductors are currently

facing.
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2.6 Flux Pinning

In an ideal sample the transport current causes flux lines to permanently enter the sample
on one side and exit it on the other. Since there are always defects present in real crystals
acting as pinning centers, the penetration of the vortices is restrained. Pinning sites are
locations in the material that stay normal conducting even below 7., which makes them
act as potential wells for flux lines. Phase transitions associated with the vortex
movement through the superconductor cost energy. By passing through a normal
conducting pinning site no expenditure of energy is needed to break up the Cooper pairs,
as the site is normal conducting already. Hence vortices prefer passing through such
pinning sites and can be ‘trapped’, held in place by the pinning force Fp.

The flux distribution reaches a non equilibrium state when the driving force of the
vortices, the Lorentz force Fy, is equal in magnitude to the pinning force F» that holds the
flux lines in place. For the flux line to resume moving further into the sample the
magnitude of the Lorentz force F, and the repulsive forces between the single flux lines
have to be bigger than the maximum pinning force Fp, which can be achieved by
increasing the applied magnetic field. Consequently a density gradient of the penetrating
vortices is generated. From eq. 2 the associated critical current density J,, at which the
vortices are being removed from a pinning site, can be obtained:

_ ()
|B()

J,(7,B)

Note that the equation contains £ instead of F, since the flux lines start moving again for

F, > F,. The relation between the flux density in the sample and the corresponding

supercurrents can be determined with Ampere’s law [8, 15]:

13



VxB=p, J(F) )
In order to analyze this relation the critical-state model has been developed, which will be

introduced in the next section.

2.7 Critical - State Model of C. P Bean

Based on assumptions made by C. P. Bean [16] a model has been created capable of
describing the flux and current distribution in superconducting thin films quite accurately.
[17]

One of the basic assumptions of the critical-state model is that the critical current
density J, is a material dependent constant, independent of the applied and local magnetic
field in the superconductor. Hence, everywhere where flux penetrates the high-
temperature superconductor, the critical current density J, is constant, as long as the
applied field B, < B.,. This is acceptable under the condition that B, is much lower than
the upper critical field B.. The condition is fulfilled for the high-temperature
superconductor MgB,, where the value of the upper critical field B., ranges between ~15
- 20T at OK. Hence the use of eq. 3 is justified.

The second assumption, which simplifies the matter, is that inside the
superconductor ' = B. This can be used applied the condition that the applied field is

much larger than the lower critical field, B, >> B.,.

The following case is applicable only for a sample that is initially in the MeiB3ner state

before the external magnetic field is increased monotonically.

14
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Fig. 7: Sketch of the symmetry of the applied field in case of a slab superconductor with the indicated
symmetry for a thin film superconductor

A homogeneous magnetic field B, is applied in the z-direction to a slab of width 2w in
the x-direction, infinite length and height in the y-and z-directions, see figure 7. As in the
case of an infinitely long rod, see figure 4 (a), demagnetization effects can be neglected
leading to the following form of Ampere's law:

%?uﬂ J,(%) 5)
X

where J, is the current density in y-direction. Here only components of the magnetic field

in z-direction are considered.

If the applied field B, < B.; screening currents flow at the surface of the slab within the
London penetration depth 4;, decaying exponentially towards the inside of the sample.
Thus the inside of the slab is shielded from the applied field and field free. For an applied
field B, >> B, flux penetrates the slab from the edges and propagates into the sample
until the pinning force Fp, corresponding to J,, exceeds the repulsion forces between the

vortices. The motion comes to a halt as soon as the current density distribution reaches

15



|J (F)|SJC as assumed by the critical-state model. Since this is the case everywhere

where flux has penetrated the sample J, in eq. 5 is replaced by J. leading to the following

current and magnetic field distribution in the slab [17]:

Je —ws|x| <—-a
J,(x)={ 0 0<|x|<a (6)

-Jc a<[x‘$w

0 0<|x|<a
B.(x)=p,(x|-a)J. a<|x<w (7)
B |x| >w

a

where a is the half-width region in the slab where no field is penetrating, given by:

Ba
a= W[l——B—yJ (8)

B = pu,wJ, is the characteristic field at which the slab is completely penetrated by flux

lines.
As long as B, < Bjsthere is a field free region where B = 0 and J = 0, as well as a

critical region with J = J... The field free region is shielded by the screening current J..

The magnetic field distribution in a high-temperature superconductor depends
strongly on its magnetic history. Since a certain amount of flux, which has already
entered the sample, stays pinned even if the field is ramped down to zero again, a

remanent state is generated.
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Here demagnetization effects can not be neglected. The first term on the right hand side
concerns the bending of the flux line around the sample giving rise to the tangential
components of the applied field. Relative to the first term the second can be neglected
since the demagnetization effects are very strong.

In the calculation of the current distribution the basic assumption is that in the
region where flux has already penetrated the film, a < x < w, the current density is a
constant, J,(x) = J,, and is independent of the magnitude of the applied field B. See figure
9. The shielding currents flowing at the edges of the sample, however, generate a non
zero magnetic field in the ‘field free’ region, -a << x << a, which in turn has to be
shielded by a supercurrent flowing in that region. The current density distribution for thin

film geometry is obtained via conformal mapping methods, and can be found in ref. [17].

The total current density distribution in the y-direction is shown in figure 9 and is given

by:
(J. -w<x<-a
2J. x |w-d
J,(x)=4 - ArcTan| — — —a<x<a (10)
V4 w\Na —x"
-J, as<x<w

with the half-width free region a defined as

w

a=— (11)
Cosh(B,/B,)

Bris the characteristic field for thin film geometry:

B, =£aqy, (12)
’ T
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B.(x)=1

Y

0 —-a<x<a

2 2
W —x"
iBan \/Wz — _\/xz — —a <|x| <w.
/ 2 2
iBan X oW lxl>w

\/X2 —a2 -"\/Wz—Cl2

(17)

If the magnitude of the field induced by the applied transport current reaches the value of

B.; at the edges of the sample, vortices start to penetrate the thin film. The penetration

depth depends on the critical current density J. of the sample.

T T 1 T T T T
10F . i
H L=0.11,
H---L=041
i — =081

'ﬁo 3
ﬂ;‘ DS_.. —
»‘,l:
0.0 i | | | .
1.5 10 05 0.0 a5 10 15

Fig. 11: Current distribution if only a transport current is applied to the thin film superconductor. [17]

‘e
oW

In high-temperature superconductors the flux distribution depends strongly on the

magnetic history of the sample due to flux pinning. Hence the above current distribution

is not suitable to describe the addition of a time dependent current applied to the sample.
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The current distribution of a time dependent transport current flowing in y-direction in a
thin film is obtained by conformal mapping methods [17]. It is depicted in figure 12 and
given by the relation:

]0

I =—
N

Iy is the peak value of the applied time dependent current and w corresponds to the half-

(18)

width of the thin film.
iu 1 E T | T
20k | —
< ot
- ;
> 0T i )
10+ ) A 2 _
' RT 1
05k . J _
0.0 . — '
2 A 0 1 2

v
Fig. 12: The plot shows the distribution of the transport current for increasing transport current given by eq.
18

It is assumed that the transport current does not generate a field inside the strip but adds

to the flowing shielding currents. Note that the singularities at the edges £w, shown in
figure 12, infringe on the assumption of the critical-state model where J(x)<J, .

Nevertheless the function has been effectively used to study experimental observations

before and is also successfully used to fit the transport current profiles in this study. [18]
As mentioned before the time dependent applied transport current is adding to the

flowing shielding currents given in equation 10. To see the effect of a small transport

current on the flux distribution an example is shown in figure 13. Here the current
22



distribution was re-inverted with the Biot-Savart law yielding the corresponding field
distribution. The current distribution was normalized to the critical current density

parameter J,.

Fig. 13: The figure shows small deviations in the current and the field profiles for a thin film where a small
transport current has been applied to the thin film in the y-direction.

2.9 Thermo — Magnetic Instabilities

Two basic processes in a high-temperature superconductor can evoke instabilities: (1)
The flux motion initiated by ramping up the external magnetic field releases energy in
form of heat and thus increases the local temperature in the superconductor; (2)
Consequently the pinning force Fp is decreased by the increasing temperature, which in
turn triggers further flux motion in the sample. This positive feedback loop can result in
the formation of finger-like patterns and more drastic avalanches such as flux jumps or

dendritic avalanches. [6] The magnetic field applied perpendicular to the sample surface
23
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flux fingers avoid overlapping due to long range [5, 10] repulsive forces between the
vortices, creating narrow dark field free regions. For higher fields, larger fingers tend to

'swallow' smaller ones and merge together.

In order to understand the instability phenomenon more clearly, models have been
established based on the Maxwell and thermal diffusion equations. Instabilities were
observed only beneath a certain threshold temperature 73, indicating a thermal magnetic
origin. [5] The thin film is invaded perpendicular to the sample edge indicating that the
Lorentz force on the vortices, created by the MeiBner shielding currents flowing at the
edge, is also a driving force behind those instabilities. This explains why instabilities
occur preferably at concave defects at the sample edge. At such locations the screening
currents are forced to flow around the defect, hence locally increasing the heat and

triggering the instabilities. [10]

In the conventional linear analysis of thermo-magnetic instabilities the space time
development of small perturbations in the electric field £ and the temperature 7 are
considered. Additionally non local electrodynamics and the capability of the

superconductor to dissipate heat to the substrate must also be accounted for. [8]
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is added to eq. 5, 19 and 20 where g(E) is a non-linear function. This leads to a quasi-

static critical-state with the critical current density j= j (7) with j. independent of the

magnetic field B. An important dimensionless parameter in this model is 7 given by:

T = % (22)

o is the differential electrical conductivity. From eq. 22 the stability behavior of a thin
film can already be seen. For smaller 7 the heat generated by vortex motion dissipates
slowly from the superconductor to the environment, leading to a local increase in
temperature, that facilitates the formation of instabilities: the superconducting thin film is
unstable. [8]

Equations 5, 19, 20 and 21 are solved for the case of small perturbations in the
electric field F, temperature 7 and current density J averaged over the film thickness d
and within the boundary condition given by Newton’s law of cooling and Fourier’s law
of conduction

V(T +6T)=-h(T +6T -1)) (23)
with 7} being the effective environment temperature and /4, representing the effective

heat transfer coefficient.

As shown in figure 16 the appearance of the instabilities depends on the value of the heat

transfer rate /4. The inset shows the different regions of the stability diagram.
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2.10  Self Organized Criticality

Self organized criticality describes the property of dynamic systems to “naturally evolve
into a critical-state, with no characteristic time or length scales” [19] with a spatially
scale invariant fractal structure. In nature many dynamical systems exist such as sand
piles, bacterial growth and the spatial development of the flux front in high-temperature
superconductors. In order to understand interface growth processes scaling laws are used,
which are commonly accepted to study interfaces in stochastic systems. [20] Different
systems can be assigned to different universality classes based upon those scaling laws
and the parameter values that characterize them.

Systems, such as the motion of flux lines in a superconductor, are identified as
self-affine if they are invariant under anisotropic scale transformations. Dilation of part of
a self affine interface with different scaling factors for different spatial directions leads to
structures similar to those observed before the rescaling. Even if not all structures can
immediately be identified as similar, they usually display the same stochastic properties.

I. e. the parameters characterizing the system are identical. [20, 21]

The systems are genérally characterized via stochastic scaling laws. For self affine
structures, such as a flux front penetrating a high-temperature superconductor, the
relevant scaling relation is given by:

h(x)~ b~ *h(bx) (24)
where the parameter a is the self-affine exponent, used to quantitatively characterize the
roughness of the system. A(x) is a self affine function. As mentioned before self-affine

structures must be rescaled anisotropically. The factor b expands the system both
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horizontally, x = bx, and vertically, h = 5% h. The solution of above eq. 24 is a scaling

law:

Al)~1° (25)

where A(I)E|h(x,)—h(x2)| is the height difference between two points separated by

/= |xl —x2| . [21] In this study the spatial correlation of the flux front in MgB; is studied

by analyzing the two point correlation function [22]

C(l) = ﬁh(x +=h()] > (26)

which scales with the following relation:
cih~1° (27)

Here the discrete directed percolation depinning model (DPD) is used to assign the
system to a certain universality class.

Consider a square lattice of size / with periodic boundary conditions. Some of the
cells are blocked with a probability p hindering or stopping the growth of the interface.
The setup is shown in figure 17. At ¢ = 0 the interface is given by a horizontal line. For
every time step At = 1 a random unblocked cell adjacent to the current interface front is
chosen and wetted as a sign of the growth process. The following conditions apply: Only
cells with direct contact to the interface can be wetted, as long as it is not blocked.
Simultaneously, if an unblocked cell beneath a pre-wetted one is still dry, it has to be
wetted in the next time step. [21] The model is called directed percolation since the path

of the wet cells is already set within certain boundaries.

30



VIG -7, F63! $a9>70 %$e#5 71 &6$ EI $>4$E 5% >10749! 8 E$598898GYC CZ ) ES$K F6$ G$I >80 7 $ 7D $7EI
TSESEK <9 >D$h IBEI>TESE +D! >BSE >$00%3 DI8$% ! 588 >$NUk = 5746 ! ? +0! >BSE >$00% % %6! T8 T69>6 5 $PE8&%H
§6% 988$ ?77>$ 7 1) DI PIBG F6% % 6755$898G9?46$ 5 ! +7+Mkl ( ) ("t a2- b

U= @@ ("6 @?(%$ 9 >IMS9 =1 @@M: (S (B "H(1<9>( #!: E&
> 428,88 <$EQU (1 ("HS( #; ENS &% =6 9% 9 >(149"? =" ES(? " A((%& 9
T2 < @ >0+ >( & 6=977"2% ;) (N ¥$( ES; ( & 8H(A &'S( B 28( @ >C# "?( &

>$1954(1"S(+ @ 4B( >; (9K 2 (P#$ t =919 ( b 4B( "H(1<9>( 92+ \W =(1=(?+">8 9!
b 4 "PH(1<0>(B 28 91( +(<"2(+ %

d- N(TE"Ge¢ odpyg ( $C &)+ Y2kz
ES(( t #) (& 18( 9) (19#( (?#$ ; <i$( @ >C2# "2( E"$ 1$( E"H$ \ «b 2$( & &H(A
>TAGE 9<PH($IH <t iV E"SIS( E"HS

J_dB_N(_E"( i% ikd)zhe OMLQ
5'2>(#$( )9 8(& ; <HS( (W 2(H V) : 92+ D« 91( C2; E? <1 A IS( A; +( I$( !; 8#$?(8

(W 2(?4 >9? @ >9 >8 9H(+



o =24 =0.633+0.001 (30)
(

This model can be transferred to the problem of flux lines moving in a high-temperature
superconductor. The driving force F corresponds to the probability 1 — p and the pinning
force Fp to 1 — p.. The interface propagates into the sample at a certain speed until the
pinning force holds the vortices in place bringing the system growth to a halt. This
procedure occurs every time the applied magnetic field is increased. Hence the above

directed percolation depinning model considers static interfaces. [20]

However, the DPD model is also valid to study the dynamical properties of moving
interfaces in one - dimensional systems such as vortex penetration of a superconducting
thin film. For moving interfaces the critical probability p. is constantly altered by the
driving force, which in this study is represented by an AC transport current applied to the
sample. The scaling exponent is the same as in the static measurements and was

numerically calculated to be o ~ 0.7 .
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3 Magneto-Optical Imaging (MOI)

3.1 Faraday Effect

The basic physical principal on which the Magneto Optical Imaging technique is based is
the Faraday Effect. Since the superconducting MgB, sample itself is not optically active,
a thin film indicator is used as an optically active medium and placed directly on top of
the sample.

The Faraday Effect describes the rotation of the plane of polarization of linearly
polarized light passing through an optically active transparent medium when a magnetic
field is applied parallel to the direction of propagation of the light. This is due to
birefringence in the material causing a difference in the real index of refraction for left
and right circularly polarized light proportional to the z-component of the local
magnetization of the material. [15] The magnitude of the rotation angle is directly
proportional to the length of the active medium which the light has to pass, as well as to
the magnitude of the externally applied magnetic field.

In this study a ferrimagnetic single crystalline iron garnet thin film
(Bi3(Fe;Ga)5012) is used to analyze the flux distribution in the MgB, superconductor. It
has an in-plane magnetization M; that is rotated out of plane when a magnetic field is

applied perpendicular to the film surface by an angle
@=drcTan(H,/H,) (31

where Hy represents the thin film's magnetic anisotropy field.

9]
(8]
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about the two dimensional flux distribution given in terms of an intensity distribution is

resolved with a polarizing microscope and recorded with a digital camera. By inserting
eq. 32 into Malus’ law, I(a)=1,sin’(a), the intensity / transmitted by two crossed
polarizers, after experiencing a Faraday rotation in between the two, can be calculated:
I=1,sin’(®,)=1,sin’* (cM_sin[ ArcTan(H,/ H))) (33)
That is if Iy is polarized at an angle 7#/2+a relative to the polarizer. However, the
extinction of crossed polarizers is not perfect. In order to make the above equation 33

more realistic a small deviation of the polarizers A from total extinction as well as the

background intensity /" are added to the function:

I=1I,sin’ (cM, sin[ArcTan(H, | H,)+Aa])+ ' (34)
As mentioned before the camera records the two dimensional intensity distribution
I(x,y) which changes due to the magnitude of the applied magnetic field. By inverting

the upper eq. the distribution of the flux can be calculated:

! ArcSin( Mmfxﬂ (35)
M. Vv

The spatial resolution depends strongly on the distance /4 between indicator and

B.(x,y) =B, tan{
c

superconducting sample, even more than the magnification of the polarizing microscope.
The smaller the distance the better the resolution and contrast. Defects, scratches or
magnetic domains also contribute to a 'distorted' display of intensity. Bloch walls for
example can clearly be seen in our measured images. Their intensity has been reduced by
background correction but they are still clearly visible influencing the flux profile if taken
into account.

35



3.2 Experimental Setup [28]

The MgB; thin film is mounted directly on top of the cold finger of the cryostat. Silver
paint applied to the bottom of the sample is used to both fix it and ensure good thermal
contact. Directly on top of the sample the ferrite garnet based indicator is fixed with thin
strips of aluminum foil. Since the sample itself lacks proper contacting two contact pads
made of tin are attached directly to the sample surface next to the indicator with
insulating tape. Additionally they are held in place with a mask made of beryllium-
copper, that is screwed to the cold finger, pressing the pads to the sample to enhance the
contact. In the normal state the resistance was measured to be ~ 3-4Q. After zero - field

cooling to ~5K the contact resistance was at ~1Q.

For the magnetic field-dependent measurements a LabView program controlling the
power source for the electro magnet, the camera and heating systems was used. The
program increases the field linearly with a chosen step size of afore fixed values and
simultanecously takes pictures with every desired step of the magnetic field. While
displaying the information of the current temperature, magnetic field and current the
values are stored for every step in a separate text file as well, so that they can be reviewed
for significant deviations after the measurements. The program is capable of completing a

field-dependent measurement within a few minutes, thus saving time and helium.

The principal experimental setup needed for the time-resolved magneto-optical imaging
technique is shown in figure 19. It is composed of an optical cryostat, a solenoid

electromagnet generating a magnetic field perpendicular to the sample surface, a
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to the cold finger. Calibration curves were measured before the experiments for current
values of 5.5A to -5.5A with the Hall sensor fixed at the later position of the sample.
They show a linear correlation between current and magnetic field. The observed slight
hysteresis lies within the error of the magnetic field measurement and can be neglected.

Also connected to the cryostat is a pump to evacuate the optical cryostat. This is
necessary to prevent condensing of water on the hygroscopic MgB, sample or the optical

sapphire window thus preventing insight into the cryostat. The vacuum at which the

measurements are conducted is ~ 2-107° Torr.

The sample is fixed in the middle of a cylindrical electromagnet, capable of creating a
homogeneous magnetic field from - 65mT to 65mT perpendicular to the sample. The

magnet is placed on top of the cryostat as shown in figure 19.

With the help of a polarizing microscope and a CCD camera the two dimensional flux
distribution can be observed in real time.

The polarizing microscope consists of components from Olympus. It contains a
Glan Thompson polarizer and linear polarizer with an extinction ratio of ~ 10°. The
angle between polarizer and analyzer can be adjusted easily by hand. A fluorite tension
free 4x magnification objective is used, that can be replaced by a fluorite tension free lle
magnification objective for higher resolution.

The camera 1s a Hamamatsu ORCA-ER-1394 CCD camera mounted on the
polarizing microscope directly on top of an adaptive optic device with a demagnification

of 0:63x, to increase the field of view. The camera resolution is 1344x1024 pixels and the
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into the polarizing microscope with the help of a telescope. The telescope improves the
homogeneous intensity distribution in the recorded films by expanding the light with a
series of lenses. The energy output per pulse of the Nd:YLF, a neodymium-doped laser
based on YLF (yttrium lithium fluoride) crystals, is ~25mJ. The 100nm short laser pulses
are produced by a Pockels Cell. Repetition rates can go up to 10kHz. For our
measurements however only the range between 15Hz to 1kHz was employed when
triggering the laser externally for current phase dependent measurements. In order to
reduce interference effects of the laser light several optical components, such as beam
splitter or the optical window of the cryostat, are coated with an anti-reflection layer.

For current or phase dependent studies of the magnetic field distribution the
illumination of the sample has to be synchronized with the sinusoidal AC current applied
to the sample. This is accomplished by exactly synchronizing the pulse repetition
frequency of the laser (external triggering) with the desired phase point of the applied AC
current. Thus light reaches the camera sensor only at the chosen phase point and the
image contains information about the magnetic field distribution at the desired phase
point only. The exposure time of the CCD camera is longer than one period of the AC
current, i. e. the obtained image contains the averaged information of the distribution over

many periods and light pulses.

3.3  Calibration
To obtain quantitative results from the magneto-optical images they need to be calibrated.
Hence a set of images is acquired at applied fields from 0 to about 37mT in steps of

~1mT after zero - field cooling the sample with the indicator on top to about 5K.
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The intensity in the magneto-optical images depends both on the Faraday effect and
exposure time and the number of laser pulses detected by the sensor in the CCD camera
during that period. Such differences in images, obtained with different frequency and
exposure time settings, have to be compensated before calibration. The intensity / picked
up by the camera has a directly proportional relation to frequency f'and exposure time 7 :
I=f.-7-0+B (36)
where o is the intensity of on Faraday rotated laser pulse registered by the camera. B is
the measured background intensity probably generated by noise in the camera. By
determining B from eq. 36 the intensity in a set of images can be altered to match the
conditions under which the calibration images were taken, i.e. equal number of light
pulses hitting the camera sensor during the set exposure time. [29] This is possible with

the following equation:

I, = J;i;f (I -B)+B (37)

34 Sample Characteristics
For the measurements a 2mm by 10mm sample grown by reactive evaporation with a
thickness d of ~ 500nm and a transition temperature of 7. = 38 - 39K is used. [23] At a
temperature of 36K the critical current density J, was measured to be ~ 10'°A/m> [23]
An image of the sample is shown in figure 22. The sample was produced by the group of
Moeckly and Ruby who also developed the deposition technique. [23]

The transition between normal and superconducting state is very sharp, AT ~

0.2K, indicating a clean film. Despite the lattice mismatch between MgB, and the r-plane
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Figure 24 shows the evolution of the flux as a function of the applied magnetic field. The
increasing applied magnetic field affects the flux distribution in the superconducting
MgB, sample, pushing the flux further into the sample from the edges. The dark region in
the center of the sample is in a full MeiBBner state. The bright areas at the edges indicate
the flux-penetrated region.

The flux front of MgB; is very irregular (figure 24) and can be best described as
finger-like. It differs greatly from the smooth and homogeneous flux front generally
observed in YBCO. These finger-like patterns dominate the images from the onset and
grow more pronounced in both length and width as the applied magnetic field increases.
They seem to avoid overlapping, which leads to the narrow flux free dark spaces between
the fingers. For higher fields, however, individual fingers grow faster and hinder smaller
ones in their growth.

The appearance of the finger structure is independent of the step size of the
increasing magnetic field and they occur in the whole sample. Usually the fingers are
expected to originate at different locations, but due to the rough edges of the sample the
flux starts penetrating at mostly the same places, independent of the temperature or the
step size. This is because of the strong demagnetization effects and the shielding currents
flowing around the defect sites, which increase the local temperature.

At lower fields the flux front on the right side is growing faster than on the other
side. The magneto-optical images show that the flux grows into the MgB, sample
differently from the two edges. At applied fields H, < 10mT the flux front on the right
edge is growing faster than on the other side. For fields H, > 10mT the left side shows a
more pronounced growth of the flux as can be observed on the basis of the brighter area
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on the left side of the sample. Since the brighter area is notable for every value of the
applied field the behavior may be related to the rough and uneven edge close to this
region. Additional flux can be admitted into the sample at these defects due to the

enhanced demagnetization effects in such areas.

To gain a more quantitative understanding of the flux front evolution in MgB,, the
averaged magnetic field cross section is studied as a function of the applied magnetic
field. This approach has the advantage that signals due to smaller defects in both
indicator and sample are averaged out. Furthermore, major defects can be excluded by
selecting the sample area with the best signal to noise ratio that corresponds to ~2.5 x 1.8
mm’. However, this analysis does not take the irregular, finger-like penetration structure
of the flux into account, which is typical for MgB,. The images have been background

corrected to enhance the signal quality and calibrated following the procedure in sect. 2.

Figure 25 shows the distribution of flux in the MgB; thin film across the sample width w
as a function of the external magnetic field. For clarity only a few of the profiles are
presented here. As predicted by the critical-state model the flux penetrates the sample
from the edges where the value of the applied field is maximal. The line profiles show
small wiggles that correspond to the signal of Bloch walls. They are visible as slightly
brighter areas with respect to the average intensity and aligned parallel to the sample

edge, hence contributing notably to the average intensity.
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