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Abstract

Time-resolved quantitative magneto-optical 1maging has been used to study the
magnetic flux density and current density distribution in a Yba,Cu;0-5 thin film at T =
24K, as a function of the frequency and the phase of an applied AC transport current. I
the range from 100Hz to 1000Hz no changes in the flux distribution with the AC
frequency have been observed.

The phase dependent flux distribution can be described with an extended critical state
model, which assumes that the transport current distributes in the sample in such a way,
that the self field inside the sample is zero. The total current distribution is given by the
sum of the time dependent transport current and the shielding current due to an external
magnetic field. Deviations from this model can be attributed to thermally activated flux

creep.



TIME-RESOLVED MAGNETO-OPTICAL IMAGING OF SUPERCONDUCTING
YBCO THIN FILMS IN THE HIGH-FREQUENCY AC CURRENT REGIME



1 Introduction

The development of high temperature superconductors for technical applications has made
great progress in recent years, the introduction of cconomic manufacturing processes for
Y BasCuzO7_s(Y BCO) based superconducting cables brings practical applications closer
[1]. The range of applications is wide: In the clectric power grid high temperature su-
perconducting cables can reduce energy losses, used in the coils of electric motors and
generators they increase the efficicney while at the same tine reducing size and weight of
those engines [2, 3], Iu most applications the superconductors will be in the form of thin
strips which are exposed to external magnetic ficlds and are used to carry AC currents
with frequencies up to 1000Hz. To understand and to optimize the clectric and mag-
netic properties of high temperature superconductors under these conditions, the spatial
distribution of the magnetic ficld and the current density plays an important role.

Studics of the spatial distribution of the magunetic field in thin filis of high temperature
superconductors have been done using magneto-optical imaging techniques [4, 5, 6] The
results are commonly interpreted in terms of the ceritical state model [7, 8, 9]. However,
those studies have been limited to static measurciments, such as constant magnetic fickl
and DC applied current, or to measurciients under rather slowly evolving conditions like
thermal relaxation of magnetic flux in the remanent state. Dyunamic studies with high
time resolution in the practically important case of high frequency alternating currents
have not been done yet. There are effects that can potentially result in a difference
between the flux distribution in the AC and in static regines:

In low temperature superconductors a non-cquilibrium penctration of magnetic flux
has recently been observed [10]. Triggered by local thermo-magnetic instabilitices, flux
lines can penetrate into the material locally in large quantities and on a very short time
scale. If these so called flux jumps oceur in YBCO conductors under the influcnce of an
AC current with a period comparable to the timescale of the jumps, this could lead to a
different. lux penctration into the material than in static cases and potentially also mican

a frequency dependence of the flux distribution [11].



A second relevant effect is the well known thermal relaxation of the magnetic flux
distribution inside type 1T superconductors. Although relaxation usually takes place ou
longer time scales, it could possibly lead to a different flux distribution for different fre-
quencies of an applied current.

Motivated by these questions, this work has the following objectives:

e Determine if the flux distribution inside a thin film of Y BayCusOr_s5 changes with
the frequency of an applied current in the practically important range of 100Hz to

1000Hz.

o Mcasure the spatial distribution of magnetic flux density and cwrent density as
a function of the phase of the applied current, and compare the results to the

predictions of the critical state model.

To achicve this, a time-resolved magneto-optical imaging technique has been devel-
oped with contributions from this work. It is capable of measuring cyclic magnetic flux
distributions in planar superconductors carrying alternating current with frequencies up
to 1000Hz, with high spatial resolution.

The thesis is organized as follows: In section 2 a general introduction to the behavior
of superconductors in magnetic fields is given and the critical state model is outlined.
Flux and current distributions relevant for this work as predicted by the critical state
model are given. In section 3 an introduction to the magneto-optical imaging technique
in general is given, and the experimental setup used in this work is presented. The results
of the frequency dependent and the phase dependent studies are presented in sections 4

and 5, and are summarized in the conclusion i section 6.



2 Theory

2.1 Introduction to Superconductors

The most distinguishing aud well known property of superconductors is the loss of clectric
resistivity when they are cooled below a material dependent transition temperature 7,.. El-
cuicntary superconductors, such as Ph, Nb, Hg, have transition temperatures T, < 95K,
whercas cowplex high temperature superconductors such as Y Ba,Cuz O with T, = 92K
have transition tewperatures well above the boiling point of liquid nitrogen at 77.35K.
For the remaining resistivity in the superconducting state only an upper bound on the
order of p < 1072 Qm can be experimentally determined, the theoretical value is p = 0.
However, there are certain conditions under which superconductors exhibit a finite electric
resistance, this effect will be discussed later in this section.

The second distinguishing feature of superconductors is their behavior in magnetic
fields. Since p & 0, one expects that superconductors behave like ideal diainagnets with a
magnetic susceptibility ¥ = —1. If a magnetic ficld H, is applied, a macroscopic current.
flowing along the sample surface is induced. Since it is not attenuated by clectric resis-
tance, the induced current creates a magnetization M = — H,,, thus completely shiclding
the ficld from the bulk of the superconductor. But superconductivity is morve than just
p = 0, and based on their different response to applied magnetic fields two types of su-
perconductors can be distinguished. The magnetization curve for both types is shown iu

figure 1.

Type I :  Superconductors of this type behave like ideal diamagnets for applied mag-
nctic fields H, < H,., where H,. is a material and temperature dependent eritical field.
Macroscopie shiclding currents low around the sample in a thin surface layer with a thick-
ness of the London penetration depth A and expel the field completely from the bulk of
the sample. It H, > H. superconductivity breaks down and the sample assunes the nor-

mal conducting state with A7 = 0. The magnetization curve of a type I supercouductor is
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Figure 1. Magnetization curve for type I and type IT superconductors. The negative of
the magnetization is plotted on the positive Y axis.

displayed in figure 1(a). Most elemental superconductors such as Hg, Pb and Al belong
to this type.

The abrupt breakdown of superconductivity from M = —H, to M = 0 at a precise
magnetic field H, = H,. is an idealized behavior, which is observed only if demagnetization
cffects can be neglected.  In general, a demagnetization factor 0 < n < 1 has to be
considered and superconductivity vanishes gradually in the range (1 — n)H, < H, <
H,.. Demagnetization effects are described briefly later in this section, but since type |
materials are not in the focus of this work, the breakdown of superconductivity in this

case is not discussed further.

Type IT :  For magnetic ficlds less than a lower critical ficld H,y these materials behave
like type I superconductors. Above this threshold magnetic iux penetrates the bulk of the
superconductor in a quantized way in the form single flux lines while the sample remains
in the superconducting state. As the applied field is incrcased more flux lines enter the
the sample and the magnetization is reduced gradually (Fig. 1(b)). Once the applied field
reaches an upper critical field Heo the density of flux lines inside the sample assumnes its
maximuni, and superconductivity breaks down. Some clemental superconductors, such

as Nb, and ' in the form of nanotubes, as well as the technically important class of high



Normal conducting

Mixed state

Figure 2: Phase diagram for type II superconductors.

temperature superconductors, which are in the focus of this work, are of this type. In
the following a summary of the most important properties of type Il superconductors is
given.

The phase diagram of a type II superconductor in the plane H{7) is shown in Fig.
2. Both critical fields are material and temperature dependent with Hci"(T) —0 as
T —Tc.T < Tc. For H < Hrl(T) the magnetic field is shielded completely from the bulk
and the sample is said to be in a complete Meissner state. The state between Hci(T)
and H,a(T), where the sample is partially penetrated by magnetic flux lines, is called the
mixed state. For fields above Hc2(T) the sample is in the normal conducting state.

In high temperature superconductors Hci and Hc2 also depend on the orientation of
the field relative to the crystal growth axis ¢, which is due to the layered crystal structure
of these materials. For YBa 2CuzO-j single crystals the lower critical field at 7 = OK lies
between Hcl(0) = 2000¢ for H | ¢ and Hci(0) = 11000e for H L ¢ [12]. The upper
critical field in high temperature superconductors is generally very high, which is another
advantage in technical applications besides their high Tc. In single crystalline Y B a 2CuzOj

at T —» OK the upper critical field is #HoHc2 > 100T for the field orientation H T ¢ [13].

Demagnetization effects Depending on the shape of the sample, demagnetization

effects can become important for the magnetization behavior of a superconductor. De-
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Figure 3: Flux lines that are penctrating a type 11 superconductor in the mixed state
H(;l < H< HCQ

magnetization deseribes the increase of the magnetic field immediately outside the sample
due to the Hux that is expelled from the inside and which has to bend around the sample.
Since x = —1 in the Meissner state, this effect is much stronger in superconductors than

x| <1074

in normal diamagnetic metals, where

In Fig. 4 the distribution of maguetic field lines around superconducting samples with
different geometries is shown. For a long, thin rod with a magnetic field applied parallel
to its axis, the ficld is homogencous along the sanple swrface except at the ends, and
demagnetization can be neglected. For a spherical sample it can be shown|[14] that due to
the bending of flux lines the field on the equatorial circle is higher than the applied field
by a factor of 3/2, and demaguetization can not be neglected. For athin filim sanmple with
the magnetic field applied perpendicular to its surface, as it is the case in the experiments
described in this work, field lines are also strongly bent around the sample and the inerease

of the magnetic field at the edges outside the sample can also not be neglected.

Vortices —  In the mixed state between H.q and H.o, the magnetic ficld penetrates
the bulk of a type IT superconductor in the form of quantized flux lines (Fig. 3). Each
line contains an amount of flux that is an integer multiple of the flux quantuimn ¢ = h/2¢,

where B ois the Planck constant and e is the clementary charge. In the center of a flux



H=3/2H,

Figure 4: Demagnetization effects in a long rod with magnetic field applied parallel to its
5 & 8
axis, for a spherical sample aud a thin filim sample with perpendicular field. In the rod
demagnetization can be neglected, not so in the sphere and in the thin film. The field on
the equatorial circle of the sphere can be analytically determined to be H = 3/2 x H,.
line the material is in the normal conducting phase and magnetic field lines can exist.
Swrrounding this region there are circular shielding currents flowing, which cenclose the
field lines in the center. Because of the shape of the shiclding currents flux lines are also
called vortices.

Vortices interact with cach other via the Lorentz foree that the shiclding currents of

one vortex exert on the maguetic flux enclosed in another vortex [14] :

—

F=Jx &, (1)

Here F s the Lorentz force per unit length on a flux line, j is the cwrrent density at
the position of the flux line due to the vortex current of a neighboring flux line, and
@0 is the Hux cnclosed in one line times its direction. The Lorentyz force leads to a
repulsive interaction between flux lines, as shown in Fig. 5. Becansce of this repulsion, the
cquilibriun distribution of flux lines in an ideal type IT superconductor is a crystalline
lattice, with flux lines situated at the corners of equilateral triangles.

Flux lines also experience a Lorentz force if a transport ciurrent is Howing through

—

the superconductor. The force per unit volume Facting on a flux line lattice with an



Figure 5: Repulsive interaction between two flux lines due to the Lorents force. The
maguetic field in both flux lines is directed into the plance of the drawing.

averaged maguetic fux density B is

F(r) = J(7) x B(7) (2)
where J is the transport current density. The Lorents foree acts equally on the flux line
lattice and on the electrons carrying the transport current. Since the current is fixed by the
boundaries of the sample, flux lines are forced to move through the sample perpendicular
to the transport current. Inan ideal type I superconductor, magnetic fux lines would
thus continuously enter the sample on one edge, traverse the sample and exit it on the

othar edge.

Energy losses —  The movement of flux lines in a superconductor in the presence
of a transport current is connected to an cnergy loss from the current, and thus to an
clectric resistance. When the norinal conducting core of a flux line is moving through the
superconductor, the material right in front of the flux line undergoes a phase transition
from the superconducting phase to the normal phase, and back again, once the flux line
has passed. The phase trausition costs energy if the flux line moves quickly, and the cuergy
is taken from the trausport current that drives the flux line. Another reason for the loss

of cnergy lies in the acceleration of non-superconducting clectrons due to a local electric
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field that is generated by a moving magnetic fux line. The aceelerated normal condneting
clectrons give their kinetic energy back to the erystal lattice and heat is generated. As a

conscquence of these effects, an ideal type I supercondnctor always has o finite resistance.

Pinning —  The above discussion assunies that flux lines are moving freely through
the superconductor and the only force acting on them is the Lorents foree. However,
this is true only for idealized superconductors without any material defects. In a realistic
superconductor, there are always defeets in the crystal structure and in the material
composition, which degrade the superconducting phase locally and create small regions
wlere the material stays normal conducting even below Te. Since the creation of flux
lines in a superconductor costs cuergy, there is an energetic advantage if o flux line passes
through such regions with normal conductivity, thus shortening the effective length of
the Hux line in the superconducting material. Because of this energy gain, defects in the
superconductor act as potential wells for flux lines, also called pinning sites.

The Lorenty force acting on a flux line lattice has to be greater than the maximum
pinning force F, in order to move flux lines. The cwrrent density corvesponding to the
value where the Lorents foree equals F), is called the critical ewrrent density J.. From
equation 2 one obtains

£,(7)

J(7, B) = BE| (3}

If the pinning force is assumed to be homogencous throughout the material, the critical
current density is inversely proportional to the local magnetic flux field.

If o maguctic field i > H,. is applicd to a tyvpe [T superconductor, lux lines enter the
material and are trapped in pinning sites close to the edges of the sample. They move
turther inside the sample if the repulsive foree from following flux lines is greater than the
waxinnun pinning force, whicli ereates a gradient in the magnetic ficld inside the sample.
The magnetic field distribution inside a type I superconductor can then be caleulated

from the Maxwell equation

V x B = o J(7), (4)
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Figure 6: Sketch ofthe slab geometry used in the Bean model. Ifa magnetic field Ba > B/
is applied parallel to a slab, flux lines penetrate into the slab up to a depth w —a, given
by the critical current density.

where

Because the critical current density in general depends on the magnetic field, finding the

magnetic flux distribution in this case is not trivial.

2.2 Bean Critical State Model

A widely used model to calculate the magnetic flux distribution inside a type II supercon-
ductor is the critical state model proposed by C. P. Bean [7]. It is based on the assumption
that Jcis a material dependent constant which is independent of the local magnetic held
B(r). This is in contrast to equation 3, but it can be justified if the magnetic field is lower
than the upper critical field of the material, as it is mostly the cane in high temperature
superconductors with their large Hc2. A second assumption being made is that H# = B/lio
inside the superconductor. This is justified if the applied field is significantly higher than
the lower critical field Hrl.

Consider the geometry of a superconducting slab of width 2w in the x direction, with
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infinite length and infinite height in the v and # directions (Fig. 6). A magnetic field
B, > B, is applied in the z-direction parallel to the slab.  Demagnetization can be
neglected in this case and the magnetic field is constant everywhere outside the slab.

Since in this geometry B(7) || 2 Ampere’s law (Eq.4) becomes

0B, (x N
SOBED g, (

When B, is increased above B,g, flux lines start to penetrate from the sample edges
and they move into the sample as long as the repulsion from other flux lines is greater than
the pinning force corresponding to J.. They stop moving as soon as a flux distribution

—

has been reached with |J(7)

< J. everywhere where flux lines are present. The current

density entering equation 6 must therefore be Ji., and the current and field distributions

inside the slab are given by

J. —w<|z] < —a
Jy(z) = 0 0<|z| <a (7}
—J. a<|r]<w
0 0< |z <a
B.(x) =1 po(lz] —a)l. a<|z|<w (8)
B, |z| > w.

The current and B-field distributions are depicted in Fig. 7. The length a is the half-
width of a region in the center of the slab, into which flux lines have not yet penetrated

at a given applied field. It is given by

— 1 — B(L (()
a=w B. ) v)

where a decreases lincarly with the applied field, and the slab is fully penetrated by

magnetic flux lines at a characteristic field By = pow.J.. In the field free region the
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Figure 7: Magnetic flux density B,(z) and current density J,(x) profiles across a slab in
the Bean model, for monotonically increased applied fields B,.

T T T T T 1o T T T T 1
- B, =05 B, initial value L T
al : i : . H
0.8 ——--E,=048 | L o
I
05| ! . - -
04 — ] | 1 : ' o
~ L P l
A ~ . ' H
on oo I L -
| - I !
, .
. : .
I R e R Rl o | | : ' |
05 1 I -
7 0
. l r 1o
0.8 [ \ |
.
_ g L 1.
i L \ 1 O] I I I I
15 i 05 00 0s 10 15 15 10 0s 0o 05 10 15
fw < i

Figure 8: Ficld and current profile in a slab if the applied field is reversed from B, =
+0.6B, to —0.8B,.

magnetic field is shiclded by the screening current J,. flowing between the field free region
and the slab surfaces.

The above case only holds if a sample is initially in the pure Meissner state, and the
magnetic ficld is increased monotonically. In general, the flux distribution inside a type 11
superconductor strongly depends on the magnetic history of the sample. If, for example,
the field is first ramped up monotonically and is then decreased to zero, an amount of
flux stays pinned inside the slab and keeps a remanent magnetization. As an example,
the field and current distribution in a slab is shown in Fig. 8 for the case of an applied

field ramped from B, = 0.6B, down to B, = —0.8B5,.
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dI

Figure 9: Diagram of a thin film superconductor with d <C w and infinite length in a
perpendicular magnetic field.

2.3 Critical State Model for Thin Films

The Bean model as described in the previous section is good to introduce the general idea
J(y) = Jc = const, but its results only hold for the geometry of an infinite slab with
parallel magnetic field. However, this work is concerned with thin film superconductors,
and a slightly different model that gives current and field density profile across the sample
is needed.

Consider an infinitely long strip of a type II superconductor of thickness d and half
width w in a perpendicular magnetic field (Fig. 9). It is assumed that d <C w, but d can
be larger than the London penectration depth A of a Meissner screening current.

The current density in this case is one dimensional, and Ampere’s law (Eq. 4) becomes

dBx dBz S

Because of demagnetizationeffects the magnetic field around the sampleis strongly
curved, and the term ~ can not be neglected as it has been inthe Bean model.However,
the basic assumption Jc = const of the Bean model can still be used.

To calculate the shielding current distribution in a thin superconductor film when a
perpendicular field Bais applied, one assumes that there is a constant current with density

Jy(x) = Jc flowing in the outer parts of the strip a < x < w, where a is the half-width of



a field free region in the center. This current creates a magnetic field B(x) # 0 inside the
strip, which in turn has to be shielded by a current in the field free region. The current,
in the field free region does not have the requirement J,(x) = J,., since it flows only as
a responsc to the current on the outside and is not accompanied by flux penetration. It
still has to be determined.

Conformal mapping methods can be used to obtain the distribution of the shielding
current in the field free region [8]. The field free region with half width a is mapped onto
a circular cylinder of radius a/2 by a Joukowski transform. Then the shielding current
on the cylinder surface parallel to its axis is calculated, which shiclds the inside from the
field generated by a constant current density J,. Howing outside the cylinder. Mapping the
current distribution back onto the thin film yields an analytic expression for the current,

in the field free region, and one obtaing the total current density in the thin film

J. —w<r<—a
Jy(il?) = _—ii arctan (i : ) —a<zx<a (11)
—J. a<zr<w

The width of the field free region is

w

0= —— (12)

cosh (B,,/By) :
with the characteristic field for the film geometry By = po/7J.. The z-component. of the
magnetic ficld inside the thin film can be calculated from the current distribution with

the Biot-Savart-law

-+
B.(z) = Ba+ fm / ']-"(t)dt (13)
2T t—x

-

awd one obtains

0 r < a

B.(z) = _ S (14)
B/ n ( |;If|\/'U!-\f/(;‘jru:\/.):rfu- > II‘ > a
an/ |4 —w=
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Figure 10: Field and current density distribution in a thin film in different applied fields
B,, calculated from the critical state model.

Thosc arce the field and current distributions in a thin film with a perpendicular applicd
magnetic ficld. They are plotted in Fig. 10.

As in the Bean model for a slab geometry, the field inside a thin filn depends on the
magnetic history of the sample. A manifold of different cases can be calculated including
alternating fields, application of a DC transport current in addition to a constant ficld,
monotonically increasing field and current, cte. (8], [9]). To describe the experiments
in this work, the Held distribution in a thin film with a constaut perpendicular magnetic
ficld B, and an applicd AC transport current I(t) is necded.

This is done here in the following way:

1. Calculate the shielding current distribution from Eq. 11 without the transport

current.

2. Calceulate the current distribution for the transport current Iy and add it to the

shielding current.
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Figure 11: Current distribution in a thin film if only a transport current is applied.
3. Invert the sum of the two current distributions to obtain the B-field profile.

The current distribution in a film with ouly a transport current and no magnetic field
applied can be calculated in a way similar to the case of an applied magnetic field. By

conformal mapping one obtains

% arctan ( j———) .zl <a
Jy(x) = (15)
Je, a<|z] <w
(16)
0, r|<a
B.(x) = { sign(z)ByIn a<|rl<w - (17}

The width of the field free region 2a in this case is

a=w\/1-(Ip/1.)? (18}

where [, is the critical current corresponding to the full penctration of the strip. The
current distribution in this case is plotted in Fig. 11.

However, this current distribution is subject to remancnce effects, since the magnetic



field inside the sample is non-zero. It can not be applied in a straightforward way to the
case of a time dependent, current added to a shielding current. A current distribution that
creates no magnetic field inside the strip is used here to represent the transport current.
It can be calculated by conformal mapping of a constant current density flowing along
the surface of a cylinder, which doesn’t create a magnetic field on the inside, onto a thin
film[9]. One obtains

I

J, (1) = ————— 19)
o) = = (19)

where [ is the magnitude of the applied transport current and w is the sample half width.

It has to be noted, that this function apparently violates the constraint J(x) < J,. imposed
by the critical state model, since there are singularities at both edges +w. However, it
has been successfully employed to interpret experimental data on thin filns obtained by
other groups[6], and also the results in this work can be interpreted reasonably well with
this function.

To model the data, the transport current given by Eq. 19 [9] is added to the shielding
current distribution (Eq. 11), and the resulting current profile is inverted to a B-field
profile with the Biot-Savart law. Plots of the added current distribution and the resulting
field distribution for different values of the applied current Iy relative to the critical

current f. are shown in Figs. 13, 14 and 15.
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Figure 12: Plot of the transport current distribution according to Eq. 19, for different
values of the applied current /7 = 0.09/c,0.44/,;, 1.781c.
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Figure 13: Current (top) and flux density (bottom) distribution in the case of an applied
field and a small transport current /7 = 0.09/c
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Figure 14: Current (top) and flux density (bottom) distribution in the case of an applicd
field and a rmediwm transport current Iy = 0.447,.
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Figure 15: Current (top) and flux density (bottom) distribution in the case of an applied
ficld and a high transport current Iy = 1.781,.



3 Magneto-Optical Imaging (MOI)

3.1 Faraday Effect

To measure the two dimensional magnetic flux density distribution in a thin superconduct-
ing sawple we utilize the magneto-optical Faraday effeet in a thin filin indicator which is
placed on top of the sample. The Faraday effect describes the rotation of the polarization
vector of linearly polarized light in certain materials, when an external magnetic field is
applicd parallel to the propagation direction of the light. The reason for this is an optical
birefringence with the difference in real index of refraction between left and right circu-
larly polarized light being proportional to the z-component of the local magnetization of
the material[4].

The indicator film used for this work is a single crystalline iron garnet thin filin with
the composition Big(Fe, Ga)sO1a. 1t is ferrimagnetic with an in-planc magunetization A,
If an external magnetic ficld H, is applied perpendicularly, the magnetization is rotated
out of plane by an angle

¢ = arctan (H, /Hy) (20)

where Hy, is the magnetic anisotropy of the film. The Faraday rotation angle Oy of po-
larized light incident perpendicularly on the indicator is proportional to the zcomponent

of the magnetization and thus
O = cMsin(¢) = M, sin [arctan (H, /Hy)] . (21)

The proportionality constant ¢ coutains also the distance the light travels in the indi-
cator. By using a spatially resolved measurement of the rotation angle one can image the
distribution of the perpendicular magnetic field in the indicator and also in the supercon-
ductor, because the indicator is kept close to the sample.

To record a two-dimensional magnetic Hux density distribution, the spatial distributiou

of the Faraday rotation is measured with a polarization microscope and a digital camera.

22
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B ) . . . . . . .
Malus’s law (o) = Iy sin® (o) deseribes the light intensity 7 transmitted by a polavizer, if
0 , .
the incident light of intensity I is polarized at an angle 7/2 + o relative to the polarizer.
. 0 o
The intensity transmitted by a pair of crossed polarizers in a polarizing microscope, with
. f O
light polarization rotated in between them by the Faraday effect, is obtained by inserting

cquation 21 into Malus’s law
I = Iysin® (0,) = Iosin® (¢M, sin [arctan (H, /Hy)]) . (22)

This idealized cquation cau be adapted to realistic conditions by introducing the hack-
ground light intensity I’ which is transmitted by non-perfect polarizers in the cross po-
larized position, and by including a small deviation A« of the polarizer and analyzer from

the cross-polarized position:
I = Iysin® (eM, sin [avctan (H,/Hy) + Aa]) + T (23)

{y is the maxinmum light intensity that can be modulated with the Faraday cffect, it
includes any light absorption in the indicator and in both polarizers. The camera in the
polarizing microscope records a two dimensional intensity distribution 7(x,y), and hy
inversion of cquation 23 onc obtains the magnetic flux density distribution from it:

(24)

. 1 .
B.(x,y) = By tan |aresin { —— aresin
M,

1g. 16 shows the structure of the indicator. The indicator layer is grown epitaxially
Fig. 16 sl the struct ftl licator. T1 licator lay Q t 11
on a Ga — Gd garnet substrate and has a thickness of 6pm. There is a reflective layer

elow the indicator laver, so the polarized light passes the indicator layer twice. A
Al) below tl licator la; tl 1 1 light tl licator layer t A
protective layer is needed in order to avoid scratches of the indicator while mounting it
on the superconductor. At an applied ficld, H, = 7500e, the indicator shows a Faraday
rotation of 1.08deg/pm.

The spatial resolution of the magnetic field images measured with magneto-optical
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Figure 16: The ferrite-garnet based magneto-optical indicator. The polarization direction
of light passing through the indicator layer is rotated by an angle 0 proportional to the
local perpendicular magnetic field.

imaging (MOI) depends strongly on the distance between the indicator and the sample.
If the distance is large the resolution and contrast of the image decreases. The ideal case
would be an indicator film that is grown directly on the sample. However, this is not an
option for the indicator material used here, since a very low defect density is required and
Ga —Gd garnet is needed as a substrate.

In an ideal indicator the spontaneous magnetization is perfectly in-plane and is ho-
mogeneous throughout the film. In reality, however, there can be magnetic domains in
the indicator where the Faraday response is different, which are seen as differently shaded
regions in the magneto-optical images. The Bloch walls around those regions are seen as
jumps in the image intensity, which can be as high as 3(1% of the intensity. By averaging
the intensity over a large region, as done in the experiment by taking line profiles over a
certain width, the effect of such local jumps can be minimized.

An alternative technique to obtain magnetic field images would be, for example, to scan
the sample surface with a micro Hall probe. This generally provides a higher resolution
(submicron [15]) and also has the advantage that the magnetic field is measured directly.
However, as the focus of this work is the study of time dependent evolution of magnetic
field distributions, a scanning technique with serial data acquisition can not provide the

high acquisition speed required for this work. In magneto-optical imaging data is recorded



in parallel by taking images with a pulsed laser and a digital camera, which in our case
call be as fast as a 100 nanoscconds.

Another method would be, to place a one- or two dimensional array of micro Hall
probes on the sample surface, which could be read ont simultancously and would pro-
vide good time resolution capabilities. A drawback hiere is the low spatial resolution of
such arrays, which is generally worse than what can be achicved with magneto-optical

laging[16].

3.2 Experimental Setup

The general experimental setup for magneto-optical imaging of superconductors consists
of a polarizing microscope, imaging equipment such as a CCD cauera, an optical cryostat
that holds the sample with the magneto-optical indicator on top of it, as well as an
clectromagnet to apply a field perpendicular to the sample surface, as shown schematically
in Fig. 17.

The objective of this thesis is to obtain time-resolved images of the field distribution
in superconductors with an AC current applied. This requires first a- current source anil
scecond a wethod to synchronize image recording with the phase of the transport current.
In this work, synchronization is achicved by stroboscopic illumination of the indicator
with nanosecond pulses of polarized laser light. The pulses ave cmitted at certain, exactly
controllable phase poiuts of the alternating current and between them no light reaches the
indicator (Fig. 17). The exposure time of an image taken with the camera now is muck
longer than the period of the AC current, so that one image contains the average over
mauy laser pulses. But since no light reachies the indicator or the camera between pulses,
an image contains information of the magnetic field distribution only at the observed
phiase point.

In the following, the individual components of the setup are presented.
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Figure 17: MOI setup. As light sources a Hg-vapor lamp and a pulsed laser are avail-
able, but only the laser can be synchronized to the AC current source in order to take
stroboscopic time dependent measurements.

3.2.1 Imaging Equipment

Light Source — A diode-pumped, frequency doubled Nd:YLF laser with a wavelength
A= 527nm is used as the light source. Laser pulses with a width of r = 100ns are gen-
erated by Pockels Cell (q-switch). In the experiment, the laser pulse repetition frequency
(PRF) is varied between 100 - 10QOHz, according to the frequency of the AC current. It
is synchronized with the phase of the current with a synchronization circuit described in
section 3.2.2.

The laser light is coupled into an optical fiber and is transferred to the microscope
where it is expanded via a set of lenses which forms a telescope. This telescope was built
in order to optimize the coupling of the laser light into the microscope and to obtain a
homogeneous intensity distribution in the recorded images. The coherent light from the
laser requires anti-reflection coatings on some of the optical components of the microscope
(such as beamsplitter, windows,...), in order to avoid interference effects.

A Hg vapor lamp is also available in the microscope, but it can only be used to
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take static magneto-optic images since it can not be synchronized to the AC current.
However, the Hg lamp has the advantage over the laser that its light is not coherent, and

thus interference effects do not oceur.

Microscope — The polarizing microscope has been custom assebled with compo-
nents from Olympns. It is equipped with a Glan-Thompson polarizer and a linear po-
larizer, providing an extinction ratio of about 107°. The angle of the analyzer relative
to the polarizer can he adjusted manually. The microscope can hold fluorite tension-free
objectives with magnification ranging from 4x to 20x, which minimize depolarization ef-
feets. For this work ouly the 4x objective has been cmployed in order to have a large
field of view. Additionally, the resolution of the magneto-optical images is more limited
by the distance between the indicator and the sample than by the magnification of the

ileroscope.

Camera — A Hamamatsn ORCA-ER-1394 CCD camera is mounted onto the micro-
scope to record images. The camera has a resolution of 1344 x 1024 pixels and the CCD is
peltier cooled to achieve a low dark noise with a dynamic range of 2000 : 1. The exposure
time can be in the range 10ps < 7 < 4600s. In the experiment, the exposure tine is
varied in the range 20ms < 7 < 700ms, depending on the frequency of the AC current.
and thus on the number of light pulses hitting the chip per sccond. The recorded images
arc transferred to a PC for storage and processing.

In order to enhance the field of view, a demagnifying adapter with a demagnification of
0.63x has been mounted between the camera and the microscope. By spatial calibration
the real length corresponding to one pixel of an iniage has been determined to be 2.494 .
The resulting field of view is then 3.35mm x 2.55mm.

The spatial resolution in this work is estimated on the basis of the munber of pixels.
The smallest appreciable feature has to have at least the size of two to three pixels, giving
a resolution of about Spem to 7.5um.

The spectral seusitivity of the camera has its maxinnn at the wavelength A = 527nm
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Figure 18: Spectral sensitivity of the camera. The wavelength of the laser is A= 527nm.

of the laser light, as shown in Fig. 18.

Cryostat and Sample Holder —  The sample and the indicator are placed inside
a continuous-flow cryostat which is cooled with liquid helium. In order to cool YBCO
samples below their critical temperature of 91A', cooling with liquid nitrogen would be
sufficient. However, at liquid nitrogen temperature the magnetic flux lines can penetrate
further into the sample and the overall magnetic flux profile is much more homogeneous,
resulting in low contrast of the recorded images. The temperature range of the cryostat
is 3.5A" to 325A7 measurements were done at 7 ~ 24A'.

The sample is mounted on top of a custom-made copper sample holder, which in
turn is fixed on top of the coldfinger of the cryostat. A small quantity of silver paint is
applied on the bottom of the sample to ensure good thermal conductivity. The indicator
crystal is placed on top of the sample and is fixed to the sample holder by two aluminum
strips. Two strips of copper-beryllium provide electrical contact to the sample, which are
mounted on a teflon substrate in order to insulate them from the copper sample holder.
Copper-Beryllium is selected as contacting material because it offers a good electrical
conductivity of about 22% of that of annealed copper but a higher mechanical strength,

so that good contact is achieved when the sample is cooled down.
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The sample holder also incorporates a thermal sensor and a Hall sensor. The Hall
sensor is placed about four millimeters below the sample in the center of the sample
holder and measures the magnetic field along the z-direction perpendicular to the sample
surface. The distance between the sample and the position of the Hall sensor causes a
slight difference between the measured field and the field that is present in the sample

plane. The measured B-ficld values are corrected for this effect.

Magnet —  An clectromagnet which can deliver magnetic fields parallel to the z-axis
from -65mT to 65mT is mounted on top of the cryostat. The sample is placed accurately
in the center of the solenoid, in order to avoid stray fields along the x and y direction,
which would influence the in plane magnetization of the indicator film and would reduce

the response for an applied field along the z-direction.
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Figure 19: Block diagram of the synchronization scheme. The phase of the AC current at
which laser pulses are triggered is adjusted with a home-built synchronization circuit. The
laser pulses are detected with a photodiode and are displayed on an oscilloscope together
with the transport current signal, in order to control the relative phase.

3.2.2 Synchronization

An electronic circuit that synchronizes the laser pulses with the AC current has been
designed and built up as part of this work. The synchronization scheme is shown in Fig.
19.

The current source can deliver AC currents of customizable waveform with an ampli-
tude of up to 15A. The current is sent through a load resistor R = 3.80 with the sample
in series and is controlled by a separate multimeter. The AC signal is picked up from
the load resistor, displayed on an oscilloscope and sent to the synchronization circuit as
input. The synchronization circuit then sends a trigger pulse to the laser with a finely
controllable time delay 4¢ with respect to the phase 4= cuAt of the current signal. The

generated laser pulses are then sensed by a photodiode and displayed on the oscilloscope



3l

together with the AC signal, in order to precisely determine ¢.

A detailed schematic of the synchronization civeuit can be found in the appendix. The
circuit is based on the timer chip IC 555, which, in mwonostable operation mode, generates
a pulse with a time delay after an incoming trigger signal based on the discharge time
ol a capacitor. By varying the resistance of a potentiometer in series with the capacitor,
the discharge time and thus the time delay can be controlled. The time delay is given by
At = 1.1RC, where R is the resistance of the potentiometer and ¢ is the capacitance,

The circuit consists of two delay stages in series: one that is finely controllable and
a scecond, more coarse one, that adds another delay to the first oue in order to overcome
the intrinsic limitation of the IC 555 chip that it can only cover 95% of the duty cyele.
By adding another delay with a secoud timer chip it is possible to get ¢ > 27, This is
needed in order to take images over the whole AC current eycle and also to assure that
lages taken at ¢ = 27 + € are consistent with those taken at ¢ = e.

The output signal of the circuit is amplified by an SRS voltage amplifier before being

sent to the laser Q-switch.

3.3 Calibration

For quantitative magneto-optical measurements, the system of light source, indicator,
and camera has to be calibrated. The calibration has been done immediately hefore the
experiment, with the sample and the indicator mounted in their respective position for the
experiment. A series of magneto-optical images is taken with the applied B-field incrcased
from B, = 0mT to 65mT in steps of about 2m7. Tu cach image, the average intensity
in an area far away from the sample is caleulated, and it is plotted against the magnetic
field to get the calibration curve.

One calibration image taken at 65m7T is shown in Fig. 20 and the arca where the
intensity is extracted is warked at the top aud the bottom of the image (the region of
interest). The calibration curve is shown in Fig. 21. A Taser pulse repetition frequency of

1k Hz and an cxposurce time of 20ms have heen used for calibration. Since the Faraday



cffcet is slightly temperature-dependent, the calibration has been done at about the same
temperature as in the actual experiments (T = 18k).

The calibration parameters determined by fitting equation 24 to the data points i
Fig. 21 are

B, CM, I Aa I
17543 2.1115 328.5 0.0096597 14.35

The influence of the sample on images used to calibrate the imaging system is not
wanted. However, the alternative of calibrating the system in a separate rn after taking
data would require to heat up the system, to remove the indicator and the sample, and
to mount the indicator again. This procedure has been found to have an influence ou
the paraneters 7, Iy and A, which have to be known exactly for quantitative magneto-
optical imaging. Calibration images are thus taken with the sample in place, and the
region of interest is chosen sufficiently far away from the sample in order to minimize its
influence.

The image intensity depends on the magneto-optical cffect, but also on the number
of laser pulses hitting the CCD chip during one exposure time period.  Before being
calibrated, the intensity of an immage taken at a certain exposure time and frequency has
to be converted to match the number of pulses per exposure time of the images used
for recording the calibration curve. The light intensity of an image approximately lias a

lincar relation with exposure time and frequency

1= fx71xsig+ B (25)

where [ s the image intensity, f is the frequency, 7 is the exposure time and sig is
the intensity of one Faraday rotated laser pulse as it is registered by the camera. One
would expect the intensity to be vevo it no light pulse hits the camera, but experimentally o
background intensity B is observed, which is attributed to a constant noise in the camera.

If B is deterined, an image can be converted from one set of frequency and exposure
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Figure 20: Magneto-optical image used for calibration. The field on this image is B —
65mT.

time to another with the relation

= \SP(hB) (26)

3.4 Samples

The samples studied in this work are multilayered YBa2Cu20 7s / Y2BaCu 05 thin films
grown by pulsed laser deposition. The YBa-2Cuz(07 are complete layers with 6nm to
I15nm thickness, in between two such layers there is one layer of isolated, disk shaped
Y2B a Cu0 Pnano-particles with a height of Inm to 2nm. The Y2BaCu 05 nano-particles
are included in order to strongly enhance flux pinning. The area density of these particles
is estimated ~ 1()1lcm-2, which theoretically allows them to pin a flux density of B ~ 2T
(assuming that one disk can pin one flux line containing a flux T = 2.07 x 10_IIT -cm2).

The thickness of the sample is not precisely known, it lies between 250nm and 350nm.
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Figure 21: Calibration curve for quantitative magneto-optical measurements. The tem-
perature is T = [8K, the laser prf is 1000Hz, and the exposure time of the camera is

r = 20ms.



35

Figure 22: Optical micrograph of a YBCO sample.

The films are grown on a LaAlO3 substrate, the overall size of the samples with the
substrate is roughly 10mm x 5mm. The sample is bridged using a photolithographic
technique, in order to decrease the critical current. The bridge length is 3mm and the
width 2w —471pm. An optical micrograph of the sample is shown in Fig. 22.

A critical temperature of 7c = 91 A’ has been determined from AC susceptibility mea-
surements. A plot of the DC resistance versus temperature is shown in Fig. 23. Trans-
port measurements at 77K show a critical current density JJJ7K) = 1.5 x 106A/cm?2,
an extrapolation of the temperature dependence of Jc to 7 = 10A' yields JQI0K) =

55 x 1064 /cm 2.
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Figure 23: DC resistance versus temperature curve for a YBCO thin film sample.
4 Frequency Dependent Measurements

The magnetic field distribution in the sample with an applied AC current has been mea-
sured at different frequencies of the applied current, in order to determine if time de-
pendent magnetic effects, such as thermally activated flux creep, lead to a frequency
dependence in the magnetic field distribution.

The sample is zero field cooled to 77 = 24K. When the sample has reached the
temperature, a perpendicular magnetic field Ba — 10m T is applied and an AC transport
current with sine waveform and amplitude /,nax = 8.54A is sent through the sample.
The frequency is varied in the range / = 100H z... 1000Hz with a stepsize of 100Hz.
The exposure time for the images has been chosen so that at each frequency the images
contain information at one phase point averaged over 20 to 50 cycles of the current.
At each frequency five magneto-optical images are taken: one each at the maximum,
minimum and the zero phase point of the current, and one each between the maximum

and zero and between zero and the minimum.

36
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Figure 24: Magneto-optical images of the bridge at / = 1000Hz, taken at the maximum,
zero and minimum phase points of the AC current. The intensity profiles obtained by
averaging parallel to the bridge are shown below the images.

As an example, the images recorded at / = 1000Hz are shown in Fig. 24. Due to
the Meissner effect the magnetic field is expelled from the sample center, and the images
are dark in that region because there is no Faraday rotation. Due to demagnetization
the flux density is increased at the sample edges, and the edges are seen as bright areas
in the images. The influence of the transport current can clearly be seen in the change
of intensity at the left and the right edge, when the images at maximum and minimum
current are compared. At the zero point of the current, the intensity at both edges is
approximately equal.

For further quantitative analysis the intensity is averaged parallel to the bridge to
give one dimensional profiles. In the profiles, the effect of local defects in the indicator
is mostly averaged out. Fig. 24 shows only a part of the recorded images with emphasis
on the sample. The full images extend laterally over about six times the sample width,
which is an advantage for the accurate inversion of a calibrated intensity profile to obtain
the current distribution in the sample.

The profiles recorded at different frequencies and image exposure times are not directly
comparable in intensity values because the number of laser pulses contributing to one
image is different. The intensity profiles are thus corrected as described in section 3.3.

Fig. 25 shows a plot of the image intensity as a function of the number of light, pulses,
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Figure 25: Intensity of MOI images versus the number of collected light pulses, which is
given by the product of current frequency and exposure time. A y-axis offset, B = 13.8+1.4
is obtained from a linear fit, it is needed as a parameter in the exposure time correction
with equation 26.

which has been obtained from the set of frequency dependent images at the zero phase
point of the current. It is used to determine the parameter B for the exposure time
correction. The behavior is linear in good approximation with a background intensity
B % 0, which justifies the phenomenologic equation 25. By extrapolation to fr = 0 one

finds a mean offset

B« 13.8+1.4 27)

from three such plots at the three phase points. Using equation 26, one can then convert
the intensity profiles recorded at different frequencies to the frequency / = 1000772: and
exposure time r = 20ms that has been used for the calibration.

The converted intensity profiles at the three phase points are shown in Figs. 26
28. A detailed discussion of the shape of the profiles and the behavior with the phase of
the current is given in section 5, the focus of this section is only on fequency dependent
effects.

Figs. 26 - 28 show that there is a small difference in the intensity between profiles
at different frequencies. As can be seen in the insets of Fig. 26, there is a spread of
about 13 intensity units (ss 16%) in the peak height at maximum transport current on

the right sample edge, with the curve at 300Hz being the highest and 1000772: being the
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Figure 26: Frequency dependent intensity profiles at maximum AC current. The broken
lines mark the edges of the sample.
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Figure 27: Frequency dependent intensity profiles at zero phase point of the AC current.
The broken lines mark the edges of the sample.
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Figure 28: Intensity profiles across the bridge for different frequencies at the minimum of
the transport current.

lowest. In the sample center the intensity values are spread by « 0.9 corresponding to 6%,
with 400Hz having the highest intensity and 200Hz having the lowest. This difference is
consistent on all three phase points. However, there is no clear trend with the frequency,
and the positions of important features, such as the flux penetration front and the peaks
are constant within about +2 pixels. Furthermore, the intensity should be the same for
all frequencies at positions where there is clearly no magnetic field, such as in the sample
center.

The observed effect is thus considered to be an artifact due to the imperfect exposure
time correction, with an error in the paramter B of about 10% 27. To eliminate this
artifact the intensity profiles are normalized according to the relation ' = Xy + Z, where
the parameters X and Y are chosen such that the frequency dependent profiles at one
phase point (minimum phase) overlap with the profile at / = 1000Hz on two different
points (points of lowest and highest intensity). The same normalization parameters are
used to transform the profiles at all three phase points at one frequency.

The normalized profiles are shown in Figs. 29 - 31. For completeness, the normalized
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Figure 29: Normalized intensity profiles for different frequencies at maximum transport
current.

profiles have also been calibrated (section 3.3) and the resulting B-field distributions are
shown in Figs. 32 - 34.

It can clearly be seen that the normalized frequency dependent magnetic flux distrib-
utions at all three phase points overlap strikingly well. The regions where there is some
deviation from perfect overlap, as on the rough parts on the left side of the profiles, can
be attributed to defects in the indicator which have not been completely averaged out.
In a defect the indicator’s response to a magnetic field is different than in the rest, and
the exposure time correction as well as the calibration with the parameters used for the
intact parts of the indicator do not apply exactly.

From these results it can be concluded that there is no appreciable frequency de-
pendent effect in the magnetic behavior of the superconductor, for AC currents in the
frequency range of 100Hz < f < 1000Hz. Flux jumps and thermally activated relax-
ation apparently do not have an influence on the frequency behavior in this low current
and low temperature regime.

At temperatures closer to Tc, thermal activation of flux motion is more likely and flux
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Figure 30: Normalized intensity profiles for different frequencies at the zero phase point
of the transport current.
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Figure 31: Normalized intensity profiles for different frequencies at the minimum of the
transport current.



Figure 32: Magnetic flux density profiles across the bridge for different frequencies at
maximum transport current. The flux density has been manually set to B = Om T in the
sample center.
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Figure 33: Magnetic flux density profiles across the bridge for different frequencies at the
zero phase point of the transport current. The flux density has been manually set to
B = OraT in the sample center.
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Figure 34: Magnetic fiux density profiles across the bridge for different frequencies at the
minimum of the transport current. The flux density has been manually set to B —0m T
in the sample center.

creep might play a greater role especially at low current frequency, where the B-field is

varying slowly. At higher B-fields, the probability of flux jumps during the current period

increases and those might introduce a frequency dependence of the profiles.



5 Phase Dependent Measurements

MO images are taken at 25 equidistant phasce angles over one current period at 1000H z.
As in the frequency dependent mceasurements, the amplitude of the applied sine current
is L = 8.54A and a perpendicular magnetic ficld B, = 10mT" is applicd. The sample
Lias been cooled in zero ficld to a temperature T = 22K . The exposure time of one image
1s D0wms, it thus contaius information of one phase point averaged over 50 cyeles of the
current. Intensity line profiles over the sample cross section are taken from the images,
and they are processed and calibrated in the same way as in the frequency dependent,

N1CASUECLICNES.

Magnetic Field —  The resulting magnetic ficld profiles over the first and sccond half
wave of the current are shown in Figs. 35 and 306, the same profiles with focus on the
important peak structure are shown in Fig. 37.

As seen in Figs. 35 and 36 the magnetic field approaches the applied ficld of 10mT far
outside the sample, which is an indication that the calibration is quantitatively correct.
The wiggles in the range 2 < —2.5w and at r ~ +2w are artifacts which are attributed
to Bloch walls in the indicator. By comparing Figs. 35 and 36 one finds that B-profiles
corresponding to the same transport current in the decrcasing and increasing current half
wave are identical. This is an indication that remanence effects can be neglected in these
maeasurements.  Also, profiles at phase angles where the transport currents are equal iu
magnitude but have opposite direction arc found to bhe syunietric to cach other.

The field peaks at the sample edges change about 19mT in height as the current
chianges from maxinmuin to minimum, and they move from immediately outside the sample
edge to about 14pm inside the sample. At the carrent extrema, a dip in the magnetic
ficld forms outside one of the sample edges at || = 1.06w. The magnetic field inside the
sample has an approximately linear gradient of %’Ii ~ 117.57 /m, it rcaches zero at the
flux penetration front at a = (0.73 £ 0.01)w.

Within the region x| < a the magnetic field has been set to OmT manually. The



reason for this measure is that the calibration function (Eq. 24) strongly amplifics noise
in the intensity at low intensity levels I = I(0mT), due to the vertical gradient 9B /df
(if A = 0). A small level of noise in the recorded images in the sample conter results in
oscillations of several mT around B = O0mT. The B-field profiles are thus set to OmT i
the sample center region, The kink in the B-field profile originating from this measure at
the edges of the center region has been removed by smoothing.

The transport current has only little influence on the magnetic field inside the sample,
apart from the movement of the peak. The field in the lincar range increases by roughly
1.7mT as the adjacent peak increases from minimun to maximum in one half period of
the current. The flux penctration front is estimated to vary by less than 4um, which is
within the stated spatial uncertainty of the measurcmnent. Au important result at this
point is that Hux jumps are not observed at any point of the phase of the AC carrent. A
umyp would be obscerved, if in the transition from one phase point to the next the flux
density inside the sample would incrcase siguificantly.

If the flux density profiles at all phase poiuts are integrated, one obtains the total
magnetic fux through the region of an image. This flux should be independent of the
trausport current, since flux lines are only expelled from the sample and are not generated
or destroyved, and the self ficld of the current should give no net contribution if it i
integrated within symuietric boundaries. The caleulated magnetic flux is & ~ 3.10 x
1078V s, it varies less than 2% over the eirrent period. This value is in good agrecment.
with the flux @y, = 3.18 x 107*V's from a homogencous flux density B = 10m7°
nmltiplied by the image arca (2551 4pm x 1247.0pm). This is another indication for the
nagneto-optical imaging technique being quantitatively correct.

Because of the nonlinear calibration function, the error in the magnetic field is not
straightforward to estimate: hased on the results trom the frequency dependent measure-
ments (see iusets of Fig. 26), one can assuine an error in inteusity of about £0.45 (on «
scale of 0...255) for the lowest intensity values and of about 6.5 for the values at the

yeaks, After calibration this gives an asyinmetric crror in the B-field at low intensiticos
1 g .
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Figure 35: B-field profiles for the first half of the current period.
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Figure 36: B-field profiles for the second half of the current period.
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Figure 37: B-field profiles with focus on one sample edge for both half cycles.

ABiaw+ = 12mT and ABiow = 2AmT. For the peak intensity the error is approxi-
mately symmetric with 4 B ptak ss 2.3mT. The average error in the magnetic field is then

estimated with AB ~ £2.0mT.

Current Density —  The current distribution in the sample is calculated from the B-
field profiles by inverting the Biot-Savart law. The inversion procedure is described in the
appendix B, it yields the current density in a thin film integrated over the film thickness
d in units A4/m. In the inversion a distance between the sample and the indicator of
h = 0.0Ire = 2.35/rm has been assumed, which is justified during the following comparison
with the model.

The resulting phase dependent current density profiles are shown in Figs. 38 and 39.
The current density has the structure of a shielding current as predicted by the critical
state model, to which a time dependent transport current is added. The distribution of
the transport current is not homogeneous, as shown by the different spread of the profiles
between maximum and minimum transport current at different positions on the sample.

The current density that appears to be non zero outside the sample is an artifact that can
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Figure 38: Current density profiles for the first half of the current phase.

be attributed to the smoothing effect of the distance % between sample and indicator.

The current density profiles in Figs. 38 and 39 are integrated in the range —1 <
x/w < + 1, in order to obtain the time dependent transport current through the sample.
The integrated current is shown in Fig. 40 together with the expected sine current with
amplitude 8.54A

The current obtained by integration of the MOI profiles appears to have an amplitude
that is significantly lower than what is expected from the applied current. It can be fit
with a sine wave with amplitude Imax = 5.92,4 and a y-axis offset /0 = —0.3821, which is
a reduction in AC current of about 30%. It is not entirely clear what the origin of this
discrepancy is. An obvious explanation would be, that part of the transport current has
bypassed the sample over a shortcut through the cryostat. However, all current carrying
wires were electrically isolated, and the sample itself is superconducting so that a normal
conducting shortcut parallel to the sample would not divert much current from it.

Another reason for the reduced transport current can be an underestimation of the

distance 4 between the indicator and the sample in the inversion. A larger distance would
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Figure 39: Current density profiles for the second half of the current phase.
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Figure 40: AC current through the sample. Black: applied current in the experiment,
with an amplitude of 8.54A Red: current obtained by integration of MOI current density
profiles, with an amplitude of 5.924.
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Figure 41: Current density profile calculated assuming different values for the distance
between /4 sample and indicator, # = 0.01m ss 0.35/im.

lead to higher current density values, since the current needed to create a certain observed
magnetic field in the indicator is higher when the indicator is farther away from the sample.
The increase in the current density if a higher value of % is used in the inversion is shown
in Fig. 41. However, the increase in current density with %4 is only small for reasonable
h < 20fim and this can not completely account for the current discrepancy. The value
h = 0.01 used in the inversion above is determined in the following modeling section. The

question of the reduced transport current remains open.

Modeling —  The predictions of the model described in Sec. 2.3 are compared to the
experimental results by fitting the theoretical magnetic flux distribution to the measured
ones obtained at five different phase points. The parameters entering the model are the
transport current Fp, the critical current density Jc in the form of the characteristic field
for thin him geometry Bj = d/x0Jc/ T, the applied held Ba as well as the sample-indieator-
distance A. The fitted and the experimental magnetic profiles at the five selected phase

points as well as the corresponding current density profiles are shown in Figs. 42 to 53.
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From the fits at all phase points a characteristic field By = 12mT is found. Assumiing
a sample thickness of d = 300 £ 50nm this gives a critical carrent density J,. = (10.0 +
L.7) x 10*°A4/m?). The paramcter I has the effect of smoothing out the singularities
in the B-field distribution at the sample edges, it is determined so that the smoothed
peaks in the theoretical curves fit the experiniental peaks best. From the fits, a distance
h = 0.01w = 2.35pm is obtained.

In Figs. 42 and 43 the experimental field profiles at the maxinum and the mininmn
pliasce of the transport current are shown, together with theorcetical curves obtained using
the applied cinrent [y = £8.54 4. In Figs. 46 and 48 the sanme curves are shown using the
transport current Ip = +£5.924 obtained by integrating the MOI current density profiles
at the respective phase points (plotted in Fig. 40). Comparing Figs. 42 and 46 and
Figs. 43 and 43 one finds that the overlap of the model curves with the experimental
ones is significantly better if the MOI integrated current at those phase points is used. In
Figs. 42 and 43 the ficld due to the transport current is overestimated, especially outside
the sample and in the lower peak at both phase points. This indicates, that the carrent,
obtained from the MOT current density profiles is the true transport current through the
sample, and that there has been a shorteut that diverted some current from the sample.

In the following the lux density profiles caleulated from the model assuming the MOI
integrated carrent are compared to the experimental curves, as shown in Figs. 46 to 48.
Generally it is found that the model explains the data reasonably well. In detail one finds

that

o the B-field outside of the sample at 2] /w > 1.4 is described very well by the model

at all phase points.
o the flux penctration front at o & 0.73w is reproduced well.

e the height of the lower one of the two major peaks near the sample edges is repro-
duced well at most phiase points. The higher peaks scem to be overestimated in the

model.
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Figure 42: Experimental and theoretical flux density profile at maximum transport cur-
rent. The theoretical curve is calculated assuming a current ip = 8.54A
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Figure 43: Experimental and theoretical flux density profile at minimum transport cur-
rent. The theoretical curve is calculated assuming a current 7p ——38.54,4.
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o the lower peaks are shifted inside the sample by about 0.05w.

e the experimental flux density in a region of about 0.2w from the sample edge is
higher than predicted by the model. The maxinmm difference between model and

experiment in this region is about 5.5m7T.

The observed shift of the peaks and the increased flux density in the sample show,
that the flux that is penetrating the sample is higher than predicted by the model. This
increased flux penetration could be explained with thermally activated flux creep into
the sample, which is not included in the model. Flux creep las not been observed to
cause a frequency dependent effect (sce previous section 4). If it causes a higher flux
penetration into the sample as proposed here, this means that flux creeps very quickly
and the timescale for the additional flux to enter the sample is much shorter thau the AC
current frequency.

Comparing the theoretical and the experimental current density profiles in Figs. 49

to 53 one finds that

e there is good overall agreement between model and experimental curves in the field

free region in the sample center at all phase points.

e at all phase points the smaller one of the two major peaks shows the rounded shape

that is also predicted by the model.

e the peaks in the experimental current density profile at zero phase point {see Fig.
49) arc narrower and higher by about 20% (6kA/m) than predicted. Also the smaller
ones of the two peaks at other phase points are larger than the theoretical prediction
by about this amount. This can be due to the observed increase in the amount of
magnetic flux inside the sample, which increases the shielding carrent density at the

peaks.

e the higher peaks do not show a pronounced trace of the singularity in the theoret-

ical current density. This can e explained with the distance between sanple and
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indicator, which rounds the high and thin peaks in the current density at the sample

edges.

In general it is found that the model predicts the results well. The basic assumption of
the model is, that the transport current distributes in such a way, that the self field inside
the sample is zero. Because the self field is zero, the shielding current distribution that
results from an external magnetic field is not influenced by the transport current, and the
total current density distribution is simply the addition of the transport current and the
shielding current. The magnetic field profiles that result from current distributions based

on this simple assumption are in good agreement with our measurements.
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Figure 44: Experimental and theoretical flux density profile at zero transport current.
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Figure 45: Experimental and theoretical flux density profile at intermediate transport
current.
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Figure 46: Experimental and theoretical flux density profile at maximum transport cur-
rent. The range where the experiment shows a higher flux penetration than predicted

by the model is marked, as well as the maximum difference in this region between the
experimental and the theoretical flux density.
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Figure 47: Experimental and theoretical flux density profile at negative intermediate
transport current.
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Figure 48: Experimental and theoretical flux density profile at minimum transport enr-
rent.
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Figure 49: Experimental and theoretical current density profile at zero transport current.
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Figure 50: Experimental and theoretical current density profile at intermediate transport
current.
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Figure 51: Experimental and theoretical current density profile at maximum transport
current.
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52: Experimental and theoretical current density profile at negative intermediate

transport current.
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53: Experimental and theoretical flux density profile at minimum transport cur-
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6 Conclusions

The spatial magnetic field distribution in a YBCO thin film in the high frequency AC
current regime has been studied with time-resolved quantitative magneto-optical imaging
at T~ 24K.

It has been found that in the frequency range 100Hz ... 1000Hz the magnetic field
distribution shows no appreciable dependence on the frequency of the applied current.

A study of the magnetic flux and the current distribution as a function of the phase of
the applied current has been done. It shows that flux jumps do not oceur at any point of
the phase. The time dependent magnetic field distribution in the sample can be deseribed
by a model which assumes, that the self-field of the transport current inside the sample
is zero, and that the total current distribution can be described as the sum of a shielding
current and the transport current distribution.

The observed differences between the model and the results can be attributed to

thermally activated flux creep into the sample.



Appendix A — Synchronization

Figures 54 and 55 show the schematics of the two synchronization stages.

Both delay stages use 15-turn potentiometers with a resistance 092 < R < 100k .
In the first stage 12 different capacitances C with 50nF < C < 1pF can be selected
corresponding to 12 delay ranges A, between 1.1ms and 110ms. This variety of
capacitances ensures that for frequencies in the range 20Hz < f < 1000H z a maximuin
time delay approximately equals the AC current period is always available, which allows
fine control of the delay over the whole period using the full range of the potentiometer.
The sccond delay stage features only two capacitances because this delay does not have
to be as finely tunable as the first one, since it is just added the first one as a constant.

The circuit is powered by a £12V DC voltage, which is stabilized against voltage

peaks originating from within the circuit, as shown in Fig. 56.
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Figure 54: Schematic of the first delay stage
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Appendix B — Inversion

This scction desceribes the method used to obtain the current density profile in a thin filin
sample, by measuring the magnetic field distribution at a distance kA above the film. Let
a one-dimensional current density j,(x) flow along the y direction in the x-y-plance. The
perpendicular maguetic field B,(x, k) created by this current at a distance b above the
x-y-plane is given by the Biot-Savart-law

_ Mo [T (l’)(l“—r’) " .

Discretizing the integral on a grid of N points z,,, corresponding to the number of pixels

in a profile, gives

1o T ) (Lo, — X, .

Bz, h) = 2 § ;]" Mo~ 20) (20)
-Tm - I‘n + h

where Ax is the distance corresponding to the width of one pixel. The integral kernel,

which consists solely of geometric terms, is a square matrix of sizve N x N

Ly — Ty

- ~Azx. 30)
(xm - x'n)z + hz ( i

(ﬂ’f>1n,7L -

The discretized Biot-Savart law can then be written as a matrix equation, where the

discrete line profiles of the magnetic field and current density are vectors of dimension N

B, = XM, (31)
21



If two slightly different discretization grids for the current and the B-field are used, such
that z,, # z, for all n,m, the diagonal elements of M are non-zero and the matrix cau
be inverted. One then gets the discretized one-dimensional current distribution in a thin

film, that creates a given magnetic field profile at a distance h above the film

by = 2T B,. (32)
Ho

The larger the distance h between the indicator and the sample is, the more the magnetic
field distribution in the indicator plane is smoothed. On the other hand, small noise in
a measured B-field profile becomes greatly amplified during the inversion to a current
distribution, if h is large. The threshold in h below which one obtains reasonable current

density profiles without too much noise is about h < Az =~ 2.5um.
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