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Chapter 1

Introduction

1.1 Superconductivity

The phenomenon of superconductivity, discovered by Kamerlingh Onnes in 1911 [1],
has ever since attracted a lot of attention both from a theoretical and a practical
point of view. Theoretically, superconductivity poses an intriguing challenge due to
its complexity as a macroscopic quantum phenomenon. Because of the phenomenon
of zero resistivity the application of superconductors as strong magnets and other
high current applications seemed to be very promising. However, the low critical
temperature and the loss of superconductivity at relatively low current and magnetic
field have been serious drawbacks for practical applications.

An enormous step forward was made in 1986 with the discovery of superconductivity
in a LaBaCuO ceramic compound, with a critical temperature T, = 30 K [2]. The
discovery of superconductivity in this new class of materials, the cuprates, triggered
a large boost of research on superconductivity. Soon the first superconductor with a
T, above the boiling point of nitrogen was found, namely YBasCuzO7_s with T, = 92
K [3]. The high critical temperature, attainable by (inexpensive) cooling with liquid
nitrogen, would make widespread applications within reach. Unfortunately, a lot
of material problems still need to be resolved, before high-T;, superconductors can
be easily implemented in large-scale applications. At present, large superconducting
magnets are still mostly made from conventional superconductors, such as NbsSn or
NbTi.

The application of superconductivity carries in itself a strange paradox: it is closely
related to applying high currents or large magnetic fields, but at the same time one
of the essential characteristics of superconductors is the expulsion of magnetic flux,
the Meissner effect [4]. Superconductors are forced to maintain a flux free interior,
and therefore lose their superconducting properties at low magnetic fields already.
However, in some superconductors (type-II superconductors, to which also the high-
T, cuprates belong) topological defects with locally suppressed superconductivity are
formed above a certain magnetic field H.;. These defects are called vortices. They
consist of a (non-superconducting) core of typical size £, the coherence length, and
surrounding supercurrents, falling off in strength over a typical length A, the pene-



tration depth. Each vortex carries a quantized amount of flux ®, = 2.07 - 107> Wb,
which implies that the magnetic induction B = n,®q, with n, the vortex density.
The superconductor is now in a mixed phase, made up of material in the normal state
carrying magnetic flux (the vortices), surrounded by superconducting material with
zero resistivity. As soon as the vortex cores start to overlap, at the upper critical field
Heo ~1 /52, the material is fully normal and superconductivity is lost. As the pen-
etration of flux starts at a magnetic field Hqy ~ 1/ A2, the size of the mixed phase
(~ Hey/H.1) is determined by the quotient of the penetration depth and the coher-
ence length k = A/¢, which is called the Ginzburg Landau parameter. All cuprate
superconductors have a large x and, consequently, a large mixed phase region. For
YBayCusOr_s the Ginzburg Landau parameter £ = 100, with a field of first pene-
tration joH.1 ~ 0.04 T, and an upper critical field pgHee ~ 150 T. In figure 1.1 the
B — T phase diagram of a type-II superconductor is depicted schematically.

B Normal metal
] B=B_,
©
% Mixed phase p=0
g B=no,
861 Meissner B =0,p=0 . . .
0 Temperature Te

Figure 1.1: B — T phase diagram of a type-II superconductor. At low magnetic fields
the superconductor is completely flux-free (Meissner state). At magnetic fields pyH > Bei
flux penetrates in the form of vortices. As each vortex carries a quantized amount of flux,
the magnetic induction determines the vortex density n,. The resistivity in the mixed
phase p = 0 as long as the applied current density j < jc, the critical current density. At
o = Bcz2, the upper critical field, the vortex cores start to overlap, and the material
becomes normal.

Due to demagnetization the field of first penetration in thin films is, however, much smaller.
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For most applications of superconductivity it is essential to prevent vortex motion.
Since vortices carry magnetic flux, moving vortices generate an electric field and
therefore cause dissipation. In a completely defect-free superconductor, vortices will
move due to the Lorentz force as soon as a current is applied. However, material
defects may locally suppress superconductivity. At these preferential sites vortices
are pinned. As long as the pinning force of the defect is larger than the Lorentz force
acting on the vortex, the applied current runs through the superconductor without
resistivity. The critical current density j., defined as the current density where the
pinning force and the Lorentz force are equal, determines the onset of resistivity.

In type-II superconductors with an externally applied current there is thus a subtle,
but fundamental difference between the thermodynamic superconducting phase, and
the phenomenological feature of zero resistivity, as the latter is determined by the
pinning of vortices. A good understanding of the vortex properties is of great im-
portance, since vortex pinning determines the critical current. One can choose two
different approaches. On the one hand we have the thermodynamic approach, i.e.
a description of the general features of the vortex phase diagram and vortex phase
transitions. This research has lead to a rich world of vortex phases, including various
glass phases, vortex solid and vortex liquid phases [5]. On the other hand one can
choose to identify vortex pinning in connection with the defect structure and describe
in detail the pinning characteristics. This approach we take in the present thesis.
Specifically we investigate the intrinsic pinning mechanism of YBagsCu3zO7_s thin
films. The reason for this choice is, that thin films of YBayCu3O7_s show very high
critical current densities, in the order of j, = 10" —10'2 Am~2 at T = 4.2 K. This is
close to the thermodynamic limit, given by the depairing current jo = 4-10'? Am~2,
which indicates that a very efficient pinning mechanism must be present.

1.2 Vortex pinning mechanisms

To identify what kind of defect is responsible for the observed high current densities
in thin YBasCu3O7_s films is not straightforward, because thin films contain many
defects of various kinds. The different pinning centers can be divided into four main
groups: point defects, linear defects, planar defects and thickness modulations. They
are schematically depicted in figure 1.2.

1. Point defects, such as oxygen vacancies or interstitials are small, but densely
distributed. Many defects collectively pin a vortex, but due to the randomly
directed pinning forces, the total pinning force of the ensemble of point defects
is much smaller than the sum of the individual pinning forces. Furthermore a
straight vortex deforms in order to find as much (and as strong) pinning sites
as possible and thus pays elastic energy. The balance between the total pinning
energy on one hand, and the elastic energy plus Lorentz force on the other hand
determines the size of the critical current density, which for YBasCu3zO7_s
single crystals is of the order of j. ~ 10° Am~2. The theory of weak collective
pinning accurately describes vortex pinning by small point defects [6] (see also
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Figure 1.2: Schematic illustration of various pinning centers. The vortex is indicated by
the magnetic field lines and is pinned by a) many point defects, b) a linear defect, c) a planar
defect and d) surface roughness, which reduces locally the thickness of the film.

the extensive review by Blatter et al. [5]). Extended point defects, such as
secondary phases, provide for stronger pinning energy but they are also less
abundant [7].

2. Linear defects form potentially the most efficient pinning source, when the size

of the defect coincides with the vortex, and when the defect is aligned with
the applied magnetic field. In other words, when a vortex nicely ”fits” inside
a linear defect, it is optimally pinned over its full length. In single crystals the
intrinsic density of linear defect is quite low, but it can be artificially enhanced
by heavy-ion irradiation. The irradiation damage produces columnar tracks
with a very strong pinning capacity. Consequently, the critical current density
in irradiated single crystals increases by orders of magnitude [8].
In thin films natural linear defects are found to be aligned along the c-axis with
a density of ng;s ~ 10 — 100 um~2. It has been suspected for a long time, that
a particular type of linear defects (screw dislocations) is responsible for the
large intrinsic current density of thin YBasCuzO7_s films [9, 10]. In this thesis
we will show that all linear defects (both screw and edge dislocations) have to
be taken into account to explain the high critical current in thin YBas;CuzO7_s
films [11].

3. Planar defects, such as twin boundaries or grain boundaries, are effective in
pinning vortices perpendicular to the plane of the defect only, whereas they
form channels for easy flux flow along the plane [12].
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This results in a highly anisotropic pinning force and critical current density
[13]. The most important planar defects are twin and grain boundaries. Twin
boundary pinning has been seen mainly in single crystals [14]. Grain bound-
aries are often formed in films deposited on polycrystalline substrates. When
describing grain boundary pinning, one can define two critical currents, namely
the intragrain critical current and the intergrain critical current. The former
runs locally inside the grains and is usually larger, whereas the intergrain criti-
cal current is limited by the weak coupling between adjacent grains. Especially
in tapes, used as high current carriers, grain boundaries limit the critical cur-
rent.

Some models, describing vortex pinning in thin YBasCu3zO7_s films, assume
grain boundary pinning [16]. However, we never found any evidence for weak
links between the growth islands in thin YBayCu3zO7_s films.

4. A fourth pinning mechanism is formed by thickness modulations. Thin films of
YBasCu3O7_s have a rough surface, i.e. they exhibit thickness modulations.
Since a vortex wants to minimize its total length, thickness variations may form
an additional source of pinning, eventually in combination with other material
defects.

In this thesis we describe vortex pinning in thin superconducting YBasCuzO7_s films.
By carefully examining the defect structure of YBasCu3O7_s thin films, in relation to
the behaviour of the critical current density, we will prove that natural linear defects
are the most dominant pinning source in YBagCu3zO7_s thin films. In the second
part of this thesis we describe the general features of linear defect pinning and the
effect of 1) temperature, ii) magnetic field and iii) film thickness on the vortex pinning
properties of thin YBasCuzO7_s films.

1.2.1 Determination of the pinning properties

A serious drawback in the investigation of vortex pinning is, that essential pinning
parameters, such as the critical current density and the pinning energy are not directly
accessible within experiment. This is due to the hopping of vortices over their pinning
barriers, a phenomenon known as vortex creep. This hopping is predominantly a
thermally activated process at temperatures T' 2 10 K, whereas at lower temperatures
vortex hopping takes place via quantum creep [17]. Schematically we can picture
the situation as follows (figure 1.3): a vortex is pinned by a defect with pinning
energy U.,. When a current is applied, the pinning potential is tilted due to the
Lorentz force exerted on the vortex. Without activated process the critical current
density j. is reached, when the pinning force F, = dU./dz |max equals the Lorentz
force. However, in reality thermal activation causes vortex movement already at
lower currents. The chance for a vortex to jump over the activation barrier is given
by P x exp(—U(j)/kpT), with the activation energy U(j) a function of the applied
current density j, the true critical current density j. and the pinning energy U..
The measured current density js corresponds to the current density at which the
activation barrier U(j) is comparable to the thermal energy of the vortex. It is thus
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Figure 1.3: Due to thermal activation the measured current density js is smaller than
the true critical current density j.. a) When no current is applied the pinning potential is
undistorted and a vortex is pinned with pinning energy U.. b) Due to an external current
Jj the pinning potential is tilted by the Lorentz force. An activation barrier U(j) develops,
which depends on j. As soon as U(j) is comparable with the thermal energy of the vortex,
at a certain current density j = js < je, the vortex can hop over the barrier. c¢) When
the applied current density equals the critical current density, the activation barrier just
disappears and the vortex depins without activation. Experimentally, this situation never
occurs, since a vortex is always driven by either quantum or thermal fluctuations.

always smaller than the critical current density j.. A proper measure for the activated
motion of vortices is the magnetic relaxation rate, which can be measured directly.
From the measurement of the current density js and the relaxation rate ), we can
set up a method to derive the pinning energy U. and the critical current density
Je- Naturally this inversion method depends on the assumptions made regarding the
pinning mechanism and activation model. Note, that for thin films the relaxation
rate is measured dynamically, i.e. Q = d1n js/dIn(dB/dt), whereas in many studies,
especially of single crystals, the conventional (or time) relaxation S = dlnj;/dInt is
used. Both parameters are essentially equivalent [18].

1.3 YBayCu307_s thin films as a model system

Linear defect pinning in thin films is directly comparable to pinning by amorphous
columnar tracks, formed by irradiating single crystals with heavy ions. The irradiation
damage forms columnar tracks of typically 3-5 nm radius, which is somewhat larger,
but comparable to the size of natural linear defects in thin films. But also in other
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systems the linear extension of the pinning centers is characteristic, for example in
antidot films, which have a regular array of large holes [19, 20]. Although natural
linear defects are much smaller than antidots, their lateral distribution is more or less
regular, as in antidot films, because the linear defects are situated in the trenches
between growth islands. As a result natural linear defects show for example clear
matching effects, more profound than in heavy-ion irradiated single crystals, in which
the columnar tracks are distributed completely random. On the other hand, due
to its size a natural defect can pin at most one vortex, whereas antidots usually
accommodate tens of vortices.

A great advantage of natural linear defects is, that the defect itself is well-defined.
For example, collateral damage in the form of dense point defects as a result of heavy-
ion irradiation is absent. The possibility to change the linear defect density opens
new ways for investigating vortex pinning by linear defects on a fundamental basis.
As Huijbregtse showed, one can even stimulate the formation of linear defects by
depositing small YoO3 precipitates on the substrate prior to the film deposition [21].
With this technique the linear defect density can be increased even further, or one
can, for example, play with the distribution of linear defects.

In chapter 7 we investigate the implications of the film thickness for the critical
current density, which links to the maximum attainable critical current in for example
tapes. Thick superconducting films on flexible metallic substrates are currently being
developed for high current applications. Apart from an enhanced mosaic spread of the
constituent grains, which reduces the intergrain current, these tapes are characterized
by a superconducting layer thickness of several microns. Our results show that vortices
in thick films are probably bent due to the self-field, while the current primarily runs
at the surface and at the film-substrate interface. Effectively this reduces the total
critical current. Whereas at the moment the critical current in tapes is limited due
to the mosaic spread of the constituent grains, in the long run vortex bending from
linear defects due to self-fields may become the limiting factor for developing tapes
sustaining larger critical currents.

1.4 Outline of this thesis

This thesis forms the second part of a joint research of the Solid State Physics group at
the Vrije Universiteit about the relationship between the defect microstructure of thin
YBayCusOr_s films and the vortex pinning properties. The first thesis, by Jeroen
Huijbregtse [22], focussed on the deposition and material properties of YBagCuzO7_s
thin films. In this thesis the strong pinning properties in thin YBasCuzO7_s films
are described.

Specifically we investigate vortex pinning by means of torque magnetometry and
magneto-optical imaging. In chapter 2 we explain the experimental technique to
measure the current density and the relaxation rate in thin superconducting films, and
the preparation of YBasCuszOr7_s thin films. In chapter 3 we show that the density of
linear defects in thin YBasCuzO7_s films is closely related to the pinning properties.
We find that the current density is constant up to a characteristic magnetic field B*,
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which scales with the dislocation density ng;s. It is for the first time that an explicit
quantitative relation is found, proving that linear defects are the most dominant
pinning centers in YBasCu3O7_s films. Recently it was confirmed by magnetic force
microscopy, an imaging technique enabling a direct visualization of vortices, that the
vortices are indeed situated inside the trenches between growth islands, where the
linear defects are located [23].

After establishing the importance of linear defects, we continue to describe the char-
acteristics of linear defect pinning, both theoretically and experimentally. In chapter
4 we extend the Bose-glass theory [24] to calculate the general pinning potential for
linear defects. Our calculation is not only valid in limiting cases, i.e. when the vor-
tex is either much smaller or much larger than the linear defect, but also when vortex
and defect are comparable in size, as is the case for YBayCu3zO7_s thin films. Addi-
tionally we calculate explicitly the temperature dependence and the effect of thermal
fluctuations on the pinning potential and on the critical current density.

The characteristic features of vortex pinning by natural linear defects are described
in chapter 5, in terms of the critical current density, the relaxation rate and the
pinning energy. We show, that the temperature dependence of the critical current
below B* is in accordance with linear defect pinning. Furthermore we find, that
half-loop excitations form the most probable elementary vortex excitations at low
magnetic fields, explaining the pinning energy U. ~ 600 K. At high magnetic fields
the current density decreases according to a power law, with a slope depending on
the linear defect density. Our results provide a preliminary framework, predicting
how the critical current density can be optimized specifically at high temperatures
(T ~ 77 K) and high magnetic fields (ugH ~ 1 T).

In chapter 6 flux penetration in ring-shaped thin films is studied by means of magneto-
optics. Due to the specific ring-shape, the penetration of flux shows highly peculiar
features during first penetration and immediately after reverting the sweep direction
in a hysteresis loop. Furthermore we can separate the penetration field from the
characteristic field B*, and show that the Bean model is valid in thin films as well.
Finally, in chapter 7, the effect of post-annealing and the film thickness on the pinning
properties is investigated. Post-annealing has a profound influence on the surface
morphology, but the pinning properties are still related to the linear defect lattice.
This indicates, that pinning by surface roughness is negligible compared to linear
defect pinning. For films with thickness d > 150 nm, vortex bending reduces the total
critical current, and the current runs primarily in a small layer at the surface and
the film-substrate interface. Secondly vortex bending causes an asymmetry in the
magnetic hysteresis loop, due to the formation of Meissner areas within the film.
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Chapter 2

Experimental techniques

To investigate the pinning properties of vortices in thin YBasCuzO7_s films we use
capacitive torque magnetometry. This technique yields an accurate quantitative mea-
surement of the global magnetic moment, which we measure as a function of tempera-
ture and applied magnetic field. From the magnetic moment we directly determine the
superconducting current density js(B,T) and the dynamical relaxation rate Q(B,T).
These two parameters contain all pinning information and can be used to determine
the critical current density j.(B,T') and the pinning energy U.(B,T'), by applying an
appropriate model. We explain the basic principles of capacitive torque magetometry,
the design of our torquemeters and the measurement setup, capable of measuring over
the whole temperature range from 1.7 K up to 300 K, and in magnetic fields up to 7
T. Furthermore we present the microstructural details and the basic superconducting
properties of our thin YBayCusO7_s films, deposited by pulsed laser ablation.
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2.1 Introduction

There are various techniques to measure the magnetic properties of high-T,. super-
conducting films. We can divide the different techniques roughly into two cate-
gories: methods to obtain global information, such as torque magnetometry [1, 2],
ac-susceptibility [3, 4, 5], vibrating sample magnetometry (VSM) [6, 7], and dc SQUID
magnetometry [8, 9], and methods that give a local picture of the magnetic proper-
ties, such as scanning SQUID magnetometry [10], magneto-optical imaging [11, 12]
and Hall-probe measurements [13, 14].

In this thesis we measure the superconducting current density and the relaxation
rate by means of capacitive torque magnetometry, a technique originally developed to
study the Haas-van Alphen effect and the magnetorestriction of the Fermi-surface in
pure metals [15]. Torque magnetometry makes use of the fact that a torque is exerted
by a sample when the applied magnetic field and the magnetic moment are not aligned,
for example due to vortex pinning. The measurement technique is non-invasive and
inductive, so contact-free. The latter point is an advantage in thin films, because
films exhibit very large critical currents, especially at low temperatures (up to 102
Am~2 in YBagCu3O7_s thin films). Electrical contacts in transport measurements
thus have to withstand very large currents, which puts high demands on the quality
of the contacts, and secondly causes problems of self-heating. Inductive techniques
obviously do not suffer from this problem. Moreover torque magnetometry is flexible,
since the sensitivity of the torquemeter can be changed easily by changes in design and
material. This makes the technique suitable for investigating tiny single crystalline
samples, for which extremely sensitive micro-torquemeters have been designed with a
resolution up to 107* Nm [16]. At the same time the large critical currents in thin
YBayCuzOr_s films (exerting torques of typically 10~* Nm) can be easily measured.
A drawback of torque magnetometry is, that the torque vanishes at zero magnetic
field, which makes it hard to determine the current density at very low magnetic fields.
A second drawback is that it is a global technique in the sense that it measures the
total magnetic moment of a sample. Small imperfections and local variations in the
sample are therefore not observed. To obtain a picture of the local field distribution,
magneto-optical imaging, which is used in our laboratory as well, is a good alternative.
However, to determine the magnitude of the current density from a magneto-optical
image, one has to perform a rather complicated inversion [17, 18, 19], and the re-
sults are less accurate than in torque magnetometry. Both techniques are therefore in
many respects complementary, torque magnetometry giving very accurate, but global,
quantitative results, whereas magneto-optics yields local information about the field
and current distribution, and also about flux penetration. In this chapter we describe
the details of torque magnetometry, the measurement setup and the preparation of
superconducting YBasCu3zO7_s thin films. First the basic principles of torque mag-
netometry are explained. Next we give a description of the torquemeter and the
cryomagnetic setup. In the last section we give the details of the deposition of the su-
perconducting YBasCu3zOr7_s films and about the general microstructural properties
of these films. In chapter 6 of this thesis both torque magnetometry and magneto-
optics are used to investigate the penetration of flux in superconducting rings. The
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Figure 2.1: When sweeping the magnetic field with podH/dt > 0, vortices nucleate at the
border of the disk and are pushed inside. This results in a vortex density gradient creating
a net supercurrent js running concentrically around the disk and setting up the magnetic
moment M. Note that, in order to have a finite torque, one has to apply the magnetic field
under an angle ¢ # 0,180° with respect to the normal to the film plane.

description of the magneto-optical setup is included there, since magneto-optics is
used only in chapter 6.

2.2 Basic principles of torque magnetometry

When we place a superconducting sample in a magnetic field uoﬁ under a specific
angle and sweep the field with constant sweep rate podH/dt, superconducting currents
are induced in the sample, which set up a magnetic moment M perpendicular to the
plane in which the currents flow. A torque is exerted, given by [20]:

7 = 1 (1\7[’ x ﬁ) (2.1)

Because the superconducting current is induced by the sweeping of the magnetic
field, it is obvious that the direction of the magnetic moment depends on whether the
magnetic field is swept up or down. This seems a trivial consequence of Lenz’ law,
but it is easily overlooked, since it is implicit in equation (2.1), where the direction
of M depends on the sweep direction. In a vortex picture we can illustrate what
happens in the following way. If the magnetic field pyH > B, is being increased,
ie. uodH/dt > 0, more and more vortices enter the sample. They are nucleated at
the border of a sample and pushed inside by the newly created vortices. This results
in a gradient in the vortex density, depicted in figure 2.1. From the supercurrents
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Figure 2.2: Typical torque hysteresis loop for a magnetic field sweep from pgH = —1to 7
T. The width of the hysteresis is directly proportional to the superconducting current density

Js-

shielding the vortices we directly see that there is a net current setting up M. When
the field is being decreased, vortices escape from the sample, and the vortex density
is largest inside the superconductor and smallest at the sides. The effect is, that the
magnetic moment M , and consequently the torque, are reversed in direction. We can
therefore make hysteresis loops. As the size of the vortex density gradient depends
on the pinning strength, the width of a magnetic hysteresis loop directly reflects the
size of the critical current density.

Apart from the irreversible torque due to vortex pinning there is also a reversible
torque contribution due to an anisotropy of the magnetic properties [21, 22]. This
reversible torque, which in thin films is usually small compared to the irreversible
torque, can be used in angle dependent measurements to determine the anisotropy
constant v [23] or, for example, to obtain the symmetry of the superconducting order
parameter [24].
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A typical example of a hysteresis loop is depicted in figure 2.2. From the irreversible
torque T = (T4 —7-)/2, with 74 the ascending and 7_ the descending branch of
a magnetic hysteresis loop, we obtain M., = T4/ (o H sindd). The superconducting
current density is directly proportional to the magnetic moment, depending only on
a geometrical factor. Using the Bean critical state model [25], we find for the relation
between the magnetic moment and the superconducting current density js:

M, = iazd(b —a/3) - js (2.2)

My, = gd(rf; — ) (2.3)

for rectangular and ring-shaped samples, respectively. In eqs. (2.2) and (2.3) d
denotes the sample thickness, a and b the longer and shorter side of the rectangle,
and 7, and r; the outer and inner radius of the ring, respectively.

The measured superconducting current density js from a hysteresis loop is in gen-
eral not the true critical current density j., i.e. the current density for which the
pinning force and Lorentz force are equal. The difference is caused by magnetic relax-
ation of the vortex lattice due to thermally activated vortex hopping [26] or quantum
creep [27]. In YBayCu3O7_s films the relaxation rate is typically a few percent at
low magnetic fields and temperatures. The difference between js and j. is a gen-
eral experimental feature, also encountered in I-V measurements. The electric field
associated with the induced current in a ring according to Faraday’s law is:

&(R)ddj RdB dB

E = — —_
(%) o ot 2 di . dt’

(2.4)

with £(r) the self-inductance of the ring, d the film thickness, and R the radius of the
ring. Because d < R the term with 95/0t can be neglected. From eq. (2.4) we see
that fixing a sweep rate corresponds exactly to choosing a certain voltage criterium
as is usually done in I-V measurements to determine j..

The relaxation rate is usually determined by measuring the decay of the magnetic
moment in time, after having stopped a field sweep. The normalized relaxation rate
is then defined as:

_ _dlnjS
~  dlnt

(2.5)

There are, however, a few drawbacks in using this method to determine the relaxation
rate in thin films. First of all the method is time consuming, since the relaxation,
especially at low temperatures, is very slow. Secondly, because of the large demagneti-
zation factor of a thin film, the penetration field is small. Therefore a small overshoot
at the end of a field sweep causes dramatic changes in the microscopic field and cur-
rent distribution, making it impossible to relate the measured magnetic moment to
the current density, especially at short time scales. Since most of the relaxation takes
place in the first few seconds after a field sweep has stopped, this overshoot seriously
hampers an accurate measurement of the relaxation in thin films.
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Figure 2.3: Hysteresis loop around pyH = 0.5 T with sweep rates (from outer to inner
loop) podH/dt = 40 (solid line), 20 (—M—), 10 (—o—), 5 (— e —), and 2.5 (—0O—) mT/s.
Inset: by plotting the hysteresis width versus the sweep rate on a double logarithmic scale,
we obtain the dynamical relaxation rate Q.

One can conveniently avoid these problems, by making small hysteresis loops around
a certain field, with ever decreasing sweep rates (see figure 2.3). Due to relaxation
the width of the hysteresis loop decreases with decreasing sweep rate. We obtain the
dynamical relaxation rate

dlnj,

@= Tn(as/a

(2.6)

by plotting the hysteresis against the sweep rate on a double logarithmic plot (inset
of figure 2.3). The ring shape of our sample assures a well-defined, uniform relaxation
rate. It was shown, both experimentally and theoretically, that both conventional and
dynamical relaxation measurements essentially yield the same value for the relaxation
[28].
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Since E(r) « % we find that making hysteresis loops, such as in figure 2.3, is in fact
analogous to measuring I-V curves, and the slope of an I-V curve on a double loga-
rithmic plot equals 1/Q. The equivalence of torque and transport measurements was
confirmed experimentally by Doornbos [29]. Note that the induced electric field in
torque measurements is of the order of 107 — 10~ Vm™!, which is typically three
to four orders of magnitude smaller than in transport measurements. Torque magne-
tometry thus provides useful technique to extend the window of I-V measurements
by several decades. In this way I-V curves up to 14 (!) decades have been measured
(see chapter 5 of ref. [29]).

2.3 The measurement setup

2.3.1 Design of the torquemeter

There are numerous ways to measure the torque, but in our setup it is measured
by capacitance torque magnetometry [2]. The torquemeter consists of two or three
capacitance plates. One of the plates, that carries the superconducting sample, can
rotate via a spring system. When a torque is exerted by the sample, the plate with the
sample bends slightly until the magnetic torque is counterbalanced by the mechanical
torque of the springs. Since the capacitance depends on the distance between the
plates, this bending results in a capacitance change AC. To first order, i.e. for
not too large bending angles ¢, the capacitance change is proportional to the torque
AC x ¢ x 7.

We used two different designs for our torquemeter, the two-plate and the three-plate
geometry. The two-plate torquemeter (figure 2.4) consists of two U-shaped phosphor-
bronze plates, fixed on the circuit board with a clamping screw between teflon spacers.
The capacitance plates are separated from each other by two glass spacers, leaving a
distance between the two plates of d ~ 0.4 mm. This corresponds to capacitance of
a few pF. The superconducting sample is glued with GE-varnish or vacuum grease on
top of the second plate. In this geometry we measure directly the capacitance between
the plates. The sensitivity of the torque meter can be changed by using capacitance
plates of different thicknesses, ranging from 0.1 to 0.25 mm.

The three-plate torquemeter, depicted together with the rotation insert in figure
2.5, consists of two fixed copper plates on a printed circuit board, and one mov-
able phosphorous-bronze plate. The movable plate with the sample is mounted with
small bolts and ring spacers about 0.4 mm above the fixed plates. It has two U-shaped
cuts that enables the plate to slightly rotate when a torque is exerted. The sensitiv-
ity of the torquemeter can be changed by varying the distance between the cuts, or
the length over which the two cuts overlap.

There are a few advantages of the three-plate geometry over the two-plate capacitance
torquemeter. First the system is more easy to assemble and disassemble, and secondly
the design offers more flexibility in changing the sensitivity of the torquemeter.
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Figure 2.4: a) The two-plate torquemeter consists of a lower capacitance plate (1) and an
upper plate with superconducting sample (2). They are separated from each other by glass
spacers (3). The plates are mounted on the printplate with teflon spacers (4) and a clamping
screw (5). b) Schematic view of the design with two connectors to both capacitance plates
(A and B), shielding (Sh) and connections for the calibration coil.

This is the reason why we mostly worked with the three-plate torquemeter design. A
third advantage is that the system is in mechanical and electrical equilibrium when
no torque is exerted, whereas in the other torquemeter the upper plate bends slightly
due to the weight of the sample.

The two-plate geometry is particularly useful when doing rotation measurements,
since the influence of gravitation can be reduced by mounting an equally heavy coun-
terbalance, for example a bare substrate, on the second plate. When rotating the
three-plate torquemeter, a sinusoidal background signal reveals the influence of grav-
ity. A second disadvantage of the three-plate torquemeter is, that eddy currents give
a small background signal. The contribution of eddy currents to the torque is negli-
gible at low temperatures, but it becomes important close to the irreversibility line,
where the irreversible magnetic moment of the sample vanishes. One can substract
the background signal by measuring a hysteresis loop at T' > T,, where eddy currents
form the only contribution to the torque.

The torquemeter is calibrated by glueing a copper-wired coil of known dimensions
onto the plate (see figure 2.5), and measuring the torque exerted by the coil as a
function of applied current, or, alternatively, by making a hysteresis loop with fixed
current through the coil. Typically the copper coil consists of 10 windings with a
diameter of D &~ 9 mm.
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Figure 2.5: a) The three-plate torquemeter, mounted on the variable temperature insert.
The movable plate with the U-cuts (1) is screwed on the printplate with small bolts and
spacers, about 0.4 mm above the two fixed capacitance plates (2 points to the connectors to
those). The movable plate carries the superconducting sample (3) and the calibration coil (4).
The sample can be rotated via wires (5) that are connected with glass rods (not visible) to
the stepper motor on top of the insert (not visible). The temperature is monitored by means
of a RhFe temperature sensor (6). b) Schematic overview of the three-plate design with the
fixed capacitance plates (connected to A and B), and the movable plate with the U-cuts
(connected to Det). Additional connections concern the shielding (Sh) and the calibration
coil (coil).

The printplate is fixed on the rotatable variable temperature insert [30], as is depicted
in figure 2.5. The wheel on which the printplate is screwed, can be rotated over about
180° via a steppermoter on top of the insert, that is connected to the rotating ball by
wires in the wedge-shaped rim of the ball. Glass rods cover the distance between the
top of the insert with the steppermotor (not visible in figure 2.5) and the bottom with
the printplate and sample. Two springs on top of the insert keep the wires and rods
under tension. Most measurements were done at a fixed angle, with the magnetic
field directed at an angle of 10° from the c-axis of the YBayCu3O7_s film. To obtain
an accurate recording of the temperature during a measurement, a RhFe temperature
sensor is mounted close to the sample.
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Figure 2.6: Overview of the measurement setup. It consists of a 7 T-magnet cryostat (1)
with variable temperature insert (2). The magnetic field is controlled with the magnet con-
troller Ps120 (3), the temperature with the temperature controller 1Tc4 (4) and the helium
gas handling system (5). The electrical circuit consists of a function generator HP331204 (6)
with transformer (not visible), capacitance bridge GE1616 (7) and a vector lock-in ampli-
fier SR830 (8) as detector. The data acquisition is controlled by the measurement computer
Nadezjda (9).

2.3.2 The measurement setup

An overview of the setup is given in figure 2.6. We can distinguish two separate parts
of the setup, the cryomagnetic part that controls the temperature and the magnetic
field during a measurement, and the electric circuitry used to measure the torque.

The heart of the cryomagnetic system is formed by a 7 T magnet in a standard low-loss
OXFORD cryostat. The magnet consists of a solenoid NbTi-coil, generating a vertical
magnetic field up to 7 T. The magnet is situated in the main liquid helium bath of the
cryostat and therefore permanently superconducting. A ps120-10 magnet controller
controls the current (up to 100 A) through the magnet, and the sweep rate of the
magnetic field. The magnetic field can be set with a resolution of approximately 0.7
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Figure 2.7: Equivalent electric circuit of the capacitive torque magnetometry setup. The
torque-plates are excited with the function generator and transformer. The shaded area
represents the torquemeter, that effectively consists of one capacitor (Ci, in the two-plate
geometry Co is absent) or two capacitors (Cy and Ca, in the three-plate geometry). A
capacitance bridge is used to compensate for any offset capacitance, so that the lock-in
amplifier measures zero volt in equilibrium (i.e. when no torque is exerted).

mT, and the sweep is done by digital steps of 0.13 mT, with a maximum sweep rate
of 40 mT/s. In order to make very slow continuous sweeps, we connect a KEITHLEY
2400 source meter in combination with home-built a voltage to current converter
parallel to the current leads of the magnet. We fix a certain magnetic field By with
the Ps120 controller, and make hysteresis loops of AB = 74 mT around By with the
external current source. In this way one can reach very low sweep rates in the order
of uT/s.

The temperature is stabilized with an 1TC4 temperature controller. Via a needle
valve we pump helium from the liquid helium bath along the sample chamber. A
PID-controlled heater and a Carbon-glass temperature sensor near the sample set
the desired temperature in equilibrium with the cooling power of the flowing helium.
To reach temperatures below 4.2 K, we open the helium flow valve completely, and
regulate the pump pressure by a external PID-controller. In this way we are able to
measure in the whole temperature range from 7' ~ 1.7 to 300 K.

The electric circuit is schematically depicted in figure 2.7. A HP33120A function
generator in combination with a 15.6 : 1 transformer excites the capacitance plates.
The shaded area represents the three-plate torquemeter, consisting of capacitance Cy
and Cs (in the case of the two-plate design Cj is absent). The signal is detected by
a STANFORD INSTRUMENTS SR830 vector lock-in amplifier. A GENERAL RADIO 1616
capacitance bridge is used to compensate for any offset capacitance or conductance
present in the system, so that the lock-in amplifier reads zero voltage when no torque

is exerted. In this case we obtain maximum sensitivity to the capacitance change
AC.
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Figure 2.8: Resistance versus temperature of a typical YBasCuzO7_s thin film. The su-
perconducting transition temperature T.(R = 0) = 90.6 K. The transition width, determined
by taking the FWHM of dR/dT around the transition, yields AT, = 0.4 K.

2.4 Preparation of YBayCu3O7_s thin films

YBasCu3zO7_s thin films were deposited by means of Pulsed Laser Deposition (PLD)
on (100) SrTiOg substrates. The PLD-system consists of a KrF excimer laser
(QUESTEK IMPULSE 4750GL, with wavelength 248 nm, pulse time 30 ns, frequency 5
Hz)! and a UHV system in combination with projection optics to ensure a stoichio-
metric deposition from the YBasCu3zO7_s target. XRD analysis shows a good overall
crystallinity of all films. The c-axis of the films ¢ = 11.68(3) A is very close to the
single crystal value of 11.677 A, while the (005) rocking curve full width at half max-
imum Awges) < 0.1°. The transition temperature T, was measured resistively using
a four point method. The average transition temperature, obtained by measuring a
large collection of YBayCuzO7_s films, was T, = 90.4 K with a standard deviation

IRecent films were deposited by a second PLD system, with a LAMBDA PHYSIK KrF laser (A =
248 nm, 7 = 25 ns). The labeling of the films used in this thesis, is LAD[number| for the films
produced by the QUESTEK laser, and LP[number] for the films deposited by the LAMBDA PHYSIK laser.
Both deposition systems produced films of equally high quality and no noticeable differences in
microstructural or superconducting properties were observed.
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Figure 2.9: 1.5x1.5 pm? Surface topography of a 140 nm thick YBagCuzO7_s film, ob-
tained by Atomic Force Microscopy. The island structure can be clearly distinguished. The
average island diameter is D = 200 nm. Vertical scale: black-white ~ 40 nm.

of 0.4 K and a transition width AT, < 0.5 K [31]. In figure 2.8 a typical resistance
measurement is shown.

To determine the defect structure and the pinning properties of the same film, we cut
each film into four pieces. For critical current measurements one piece was patterned
by standard UV photolithography into a ring of typically 3-5 mm in diameter and
125-500 pm width. In this geometry we can safely assume a well-defined current dis-
tribution and relaxation rate, which we confirmed by magneto-optical measurements
[32]. The other pieces were used for microstructural analysis, such as AFM, XRD and
wet chemical etching (see chapter 3), and as a backup piece.

The surface morphology of the films is studied by a tapping mode AFM, using a
NANOSCOPE IITIA. In figure 2.9 a typical AFM image is shown of the surface of a
laser ablated YBasCuzO7_s film (film 1AD496). Characteristic for all PLD films is
the 2D island structure, with an island diameter of typically 100 - 500 nm, separated
by deep trenches (up to 20% of the film thickness). By using different substrate
temperatures during deposition between Ty, =~ 700°C and Ty, ~ 850°C we are able
to tune reproducibly the island size of the films between D = 80 nm to D = 500 nm
[33]. In the next chapter we investigate how this affects the defect structure of thin
films. We introduce wet chemical etching as a tool to reveal linear defects, and show,
that by changing the island size, the number of linear defects changes. By relating
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this to the low magnetic field behaviour of the current density, we prove that linear
defects are the most important pinning centers in YBasCuszOr_s thin films [34].
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Chapter 3

Strong vortex pinning by natural
linear defects

In this chapter the origin of the high critical current density in YBasCu3zO7_s thin
films (101 —10'2 Am~2 at T' = 4.2 K) is explained in terms of strong vortex pinning
by linear defects. We introduce wet chemical etching to determine the total number
of linear defects in thin films. The superconducting current density js(B) exhibits
a plateau at low magnetic fields. From measuring many films with various linear
defect density, we find that the size of the plateau, which we denote by B*, is directly
proportional to the density of linear defects ng;q, i.e. B* = 0.7ng;si®o. This proves
that linear defects form the most important pinning centers in YBasCuzO7_s thin
films. Changing the surface roughness of the film has no effect on B*, which strongly
supports the model of linear defect pinning. In many respects vortex pinning by
linear defects in thin films is similar to strong vortex pinning by columnar tracks in
heavy-ion irradiated single crystals. There are, however, three essential differences: i)
typical matching fields are at least one order of magnitude smaller, ii) linear defects are
smaller than columnar tracks and iii) the distribution of natural linear defects is non-
random, whereas columnar tracks are randomly distributed. We give a preliminary
explanation of the observed pinning mechanism in terms of the Bose glass theory!.

IThis chapter is based on the papers by B. Dam, J.M. Huijbregtse, F.C. Klaassen, R.C.F. van der
Geest, G. Doornbos, J.H. Rector, A.M. Testa, S. Freisem, J.C. Martinez, B. Stduble-Piimpin, and
R. Griessen, Origin of high critical currents in YBaaCuzO7_s superconducting thin films, Nature
399, 439 (1999), and F.C. Klaassen, J.M. Huijbregtse, B. Dam, R. van der Geest, G. Doornbos,
J.H. Rector, R. Elberse and R. Griessen, Strong pinning mechanisms in high-Te superconducting
YBaaCuzO7_g thin films, in R. Kossowsky et al. (eds.), Physics and Materials Science of Vortex
States, Fluz Pinning and Dynamics, Kluwer Academic Publishers, 331 (1998).
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3.1 Introduction

In high-T, superconducting YBayCusOr7_s thin films, very high critical currents up to
10'2 Am~2 are observed. This is roughly two orders of magnitude higher than in high
quality single crystals, and comparable to the depairing current j;. These current
densities indicate that a large amount of correlated defects is present in thin films [1].
Such defects provide for strong vortex pinning, whereas in single crystals vortices are
only weakly pinned by randomly distributed point defects. Strong vortex pinning is
an important aspect for high-T, applications, but the nature of the defect responsible
for the observed large current densities in thin films remained unresolved for a long
time. One of the reasons for this is the complex defect structure of YBasCuzO7_s
thin films, having many different defects that can act as a strong pinning source [2].
It is therefore hard to distill one typical defect and establish a quantitative relation
between the defect microstructure and the pinning properties or, more specifically,
the critical current density.

In general we can distinguish three types of defects, namely point defects, such as
large extended precipitates [3] or oxygen vacancies [4], linear defects such as as-grown
screw and edge dislocations [4, 5, 6, 7, 8, 9] or columnar tracks as a result of heavy
ion irradiation [10], and planar defects such as twin boundaries [11], (low angle)
grain boundaries [12], anti-phase boundaries [13] or surface roughness [14, 15]. All
types have been extensively studied, but most studies are based on samples with
an artificially induced defect structure, by using doping or heavy ion irradiation,
or specially chosen (miscut, bicrystal) substrates in order to study various pinning
mechanisms. However, the reason for the near to perfect pinning properties, i.e.
je = jo of high quality as-grown films remained unexplained.

In order to identify the mechanism responsible for strong pinning in as-grown thin
films it is essential to analyse systematically and quantitatively the intrinsic pinning
properties in connection with the defect structure. It was suspected for a long time
that linear defects are the most effective pinning centers in thin YBay;CuzO7_s films.
The reason is that both the radius and shape of a linear defect and a vortex are
comparable. A vortex has a normal core of radius ~ v/2¢, with ¢ the coherence
length. Also within the core of a linear defect the superconducting order parameter is
heavily, if not completely, suppressed. A vortex inside a linear defect does not have to
provide its own condensation energy, and is therefore strongly pinned. The extension
of a linear defect along the c-axis allows a vortex to be pinned over its full length. Note
that the condensation energy involved is quite large £ ~ % poH? - o2n&3d ~ 4 eV for a
film with thickness d = 100 nm. If the vortex and defect are of equal size, pinning is
most effective. For smaller defects, the vortex has to pay some condensation energy
itself, in other words is does not ’fit’ completely inside the defect. For defects much
larger than the vortex, the shielding currents around the vortex have to flow partially
through the non-superconducting core of the defect, thereby causing dissipation.
The importance of pinning by linearly extended defects was observed also in single
crystals. After irradiating single crystals with heavy ions, linear (columnar) tracks
are formed of highly amorphous material, that have very strong pinning properties.
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As a result the critical current increased by several orders of magnitude [16], and is
almost as high as in thin films.

In an early attempt to relate the large critical currents of thin films to the number of
linear defects, growth spirals were taken as a measure for the number of natural linear
defects [5, 6, 17]. However, screw dislocations do not always form growth spirals. For
example in Pulsed Laser Deposited (PLD) YBayCu3O7_s films, which have equally
high critical currents, deposition takes place via 2D growth and dislocations cannot
be discerned by looking at the as-grown surface morphology [18]. Moreover, edge
dislocations which pin vortices equally well [9], do not form any topographic feature
at all, and are therefore not counted. This indicates that by looking at the surface
topology only, one severely underestimates the number of linear defects. This does not
mean that linear defects cannot be important pinning centers in YBayCu3zO7_s thin
films. However, to investigate the influence of linear defects on the pinning properties,
one has to use a different method to obtain an accurate estimate of the total density
of linear defects.

In this chapter we introduce wet chemical etching as a method to determine the
density of all linear defects, irrespective of the type. We show that etching provides
accurate information about the density, distribution and the length of the linear
defects in YBagCuzO7_s thin films. Moreover we demonstrate that linear defects
have a profound influence on the superconducting current density js at low magnetic
fields. A direct quantitative relation between the dislocation density ng;s and the size
of the low field plateau of js proves that linear defects are indeed the most important
pinning centers in YBayCuzO7_s thin films.

3.2 Measuring the total linear defect density by wet
chemical etching

A well-known technique to visualize dislocations is wet chemical etching [19]. Etching
is a nucleation process, where a critical nucleus has to be formed to initiate the
dissolving process. When the surface is flat and defect-free, there is no preferential
position for the etching process to start, and the film will dissolve homogeneously.
When the surface exhibits roughness, step edges at the surface serve as a nucleation
center. As a result the etching process will flatten the surface before dissolving the
film further. However, when there are linear defects present at the surface, the energy
required to form a critical nucleus is lower at the position of the defect, and the
etching process starts preferentially at the position of the defect. Etch pits are formed
which reveal the position of a dislocation. Figure 3.1 shows a typical picture of a
YBasCuzO7_s film, etched in a 1 vol% Br in ethanol solution. By counting the total
number of etchpits we determine the linear defect density. Note that this preferential
etching does not distinguish between edge or screw dislocations. We obtain therefore
the total linear defect density.
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Figure 3.1: 3 x 3 um? AFM picture of a 140 nm thick YBasCuzO7_s film (LAD496), etched
in a 1 vol% Br in ethanol solution. Square etch pits reveal the position of all linear defects.
From this picture we obtain ng;s; = 34 pum~2. Note that the material, which is etched away
forms precipitates on the surface. This makes the surface look dirty.

To prove that wet chemical etching shows both screw and edge dislocations, we depict
in figure 3.2 a AFM image of a sputtered film Y672. Sputtered films exhibit spiral
growth, which results in the formation of very large growth islands (diameter D ~ 1—2
pum). In figure 3.2 film Y67 has been etched for about 20 s in a 1 vol% Br in ethanol
solution, but the island structure is still visible. We know that the end of a growth
spiral must be the outcrop of a screw dislocation. In fact the part of the film shown
consists of a double spiral, and indeed we observe etch pits appearing at both ends
of the double spiral (horizontal arrows in figure 3.2). Additionally other etch pits
are formed that are not related to a growth spiral, and therefore cannot be screw
dislocations. These dislocations (vertical arrows in figure 3.2) must therefore be of
edge nature. We conclude that wet chemical etching shows all dislocations, and is
thus a better method than that used by Hawley et al. [5] and Mannhart et al. [6],
which discerns only screw dislocations.

By repeatedly etching and looking at the surface at the same position on the film we
can follow individual etch pits. From this repeated etching, and also from the symmet-
ric shape of an individual etch pit, we find that the linear defects are directed along

2This film has been made by S. Freisem at Leiden University. Details of the deposition process
can be found in ref. [20].
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Figure 3.2: 0.85 x 1.0 um?> AFM image of a YBapCuzO7_s film (Y67), sputtered on
SrTiO3(100). After etching for 20 s the linear defects can be distinguished together with the
island structure. At either end of the double growth spiral screw dislocations are revealed
by small etch pits (horizontal arrows). Additionally etch pits have appeared, that are not
connected to any growth features (vertical arrows). They correspond to edge dislocations.

the c-axis. Nearly all (> 85 %) linear defects continue down to the film-substrate in-
terface [21]. Only a few etch pits are flat bottomed, i.e. ending inside the film. This
shows that dislocations are formed almost exclusively at the film-substrate interface,
i.e. during the first stages of film growth. An extensive investigation of the mech-
anism of film growth revealed, that dislocations are formed after a crossover from
a pseudomorphic growth of the first few monolayers (film thickness d < 7.3 nm for
SrO-terminated substrates) towards coherent 3D growth islands at larger thicknesses
(above a critical thickness d > 25 nm) [22].

In figure 3.3 we compare the surface morphology of a YBayCusOr7_s film, as-grown
and after etching for 5 s in a 1 vol% Br in ethanol solution. Both AFM images were
taken at the same position of the film, so that we can distinguish the various islands,
and determine the position of the dislocations with respect to the island structure.
We clearly observe that the etch pits are situated in the trenches between the islands.
Especially at the connection point where three growth islands meet, linear defects
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Figure 3.3: 2 x 2 ym? AFM images of a YBazCuzO7_s film, a) as-grown and b) etched for
5 s. Both AFM pictures are taken at the same position on the film. In this way we can map
the position of the etch pits to the original location of the linear defects. The white arrows
show this mapping for three dislocations, but every etch pit can be translated back to the
original position of the linear defect. The position of the etch pits in figure 3.3b) indicates
that the linear defects are located mainly in the trenches connecting the growth islands.

are found. This has two important consequences. First we expect a relation between
the size of the island, or consequently the island density, and the number of linear
defects. Indeed we find that the density of linear defects is directly proportional to
the island density, with on average 0.9 dislocation per growth island [21]. Since we
are able to change the island density by choosing a different substrate temperature
during growth, we can tune the density of linear defects. We thus have a tool to
determine the linear defect density (by wet chemical etching), but also we are able
to make films with any desired dislocation density from ng;q ~ 8 — 100 pm~2 (by
setting the appropriate substrate temperature from Ty, =~ 700°C — 850°C).

A second consequence of the predominant occurrence of dislocations inside the trenches
is, that they are not randomly distributed. The radial distribution function of the
etch pits shows that the distribution of linear defects is non-random, with almost no
defects very close to each other [21]. This means that vortices that are pinned by the
linear defects, form a more or less ordered vortex lattice, which has a configurational
energy not much larger than an ideal Abrikosov lattice. We therefore expect that
this array of linear defects pins vortices even more effectively than columnar tracks
in irradiated crystals, that are randomly distributed.
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3.3 Ciritical current density in films with various
dislocation density

The superconducting current density js of a number of laser ablated films [23] is
measured by means of capacitive torque magnetometry (see chapter 2 and ref. [24]).
For each film we performed two sweeps; one fast sweep from pgH = —1 «—— 7T
with a sweep rate of pgdH/dt = 40 mT/s, and a slow sweep from pugH = —0.3 «—— 1
T with a sweep rate of pgdH/dt =1 —2 mT/s. The first sweep concentrates on the
high field behaviour of the current density, whereas with the slow sweep we acquire
enough data points to focus on the low field behaviour. Both data sets do not overlap
completely due to magnetic relaxation, but between poH = 0.5 and 1 T, the ratio
between the current densities of both sweeps is virtually constant. This corresponds to
a relaxation rate independent of magnetic field, and we can map both measurements
on top of each other®. In this way we obtain complete picture of j,(B) both at low
and high magnetic fields.

In figure 3.4 js(B) is plotted for three films, with dislocation densities ng;s; = 19, 48
and 71 pm~2 for low magnetic fields up to pugH = 0.5 T and temperature T = 4.2
K. The most remarkable feature of js;(B) is a plateau at low magnetic fields. Note
that this plateau is not an artefact of the logarithmic scale, used for yi,H; it persist
in a linear plot (inset of figure 3.4). The plateau extends to larger field values for
films with a larger dislocation density. This is a strong indication that dislocations
are important for vortex pinning at low magnetic fields.

We denote the size of the plateau with a characteristic field B*, which we determine
by fitting js(B) with an empirical expression:

e Js(0)
Js(B) = 1+ Ekjexp(—1/x) -z

—, with = = B/ks (3.1)

In eq. (3.1) k1, k2 and « are fit parameters. The parameter ko scales the magnetic
field, i.e. B* ~ B/ky, and the factor z® in the denominator reflects the power law
behaviour, which is found at high magnetic fields 1y H > B*. The characteristic field
B* is found by taking the crossing of js(0) with the tangent at the inflection point,
as shown in the inset of figure 3.4.

In figure 3.5a the characteristic field is given for a number of YBayCu3zO7_s films with
various dislocation density at T' = 4.2 K. The films from figure 3.4 are denoted by the
solid circles. We find that B* is directly proportional to the dislocation density, with
a slope dB* /dng;s; = 1.4- 10715 = 0.7®,. This proves that linear defects are the most
important pinning centers at low fields, and furthermore that every linear defect can
pin exactly one vortex.

We can describe strong pinning by linear defects within the framework of a Bose glass
phase [25, 26]. At low fields poH < B*, vortices are localized on linear defects, which
results in pinning with maximum efficiency and constant current density of the order
of jo, the depairing current. With increasing field, there are less defects available

3In chapter 5 of this thesis we measure the dynamical relaxation rate, and we show that at low
temperatures the relaxation rate is indeed constant for puoH > 0.5 T.
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Figure 3.4: Normalized superconducting current density js for three films with ng;s; = 20
(LAD323, V), 48 (LAD561, ¢), and 71 wm™2 (LAD493, O). Solid lines are fits to
Js(B) = js(0)/(1 + k1 exp(—1/z)x") with « = B/k2. The size of the plateau scales with the
dislocation density. Inset: The characteristic field B* = 90 mT for LAD493 is determined
from the crossing of the tangent at the inflection point with the plateau.

and also the vortex-vortex interaction increases. At fields pyH 2 B*, newly entering
vortices cannot be accommodated any more by the defects, and the superconducting
current density decreases. From this consideration it follows that the characteristic
field B*, that we observe experimentally, should be exactly the accommodation field,
defined in the Bose glass theory?. Due to vortex-vortex interactions B* is in general
smaller than the matching field By = ng;5Po, the field when the vortex density equals
the linear defect density.

4Note that in the review of Blatter et al. [26], the symbol B,y is used for the accommodation
field, instead of B*.
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Figure 3.5: a) Characteristic field B* for various films at T' = 4.2 K, plotted versus the
dislocation density. We find that B* = 0.7n4:5:®0, showing that linear defects are the most
important pinning source at low magnetic fields. b) The superconducting current density
js(B =0) at T = 4.2 K is roughly constant for the many films we investigated, independent
of ngisi. Solid circles denote the films, plotted in figure 3.4.
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Theoretically B* is determined by balancing the (attractive) vortex-pinning interac-
tion and the (repulsive) vortex-vortex interaction, which leads to [25, 26]:

de,
B* ~ c

2
By ~ 2 [ln <1 + T—Tﬂ naistPo, (3.2)

€o 2£2b(T)

where g, ~ 5 In (1 + 22%5) is the depth of the pinning potential for linear defects, r, is
the radius of a linear defect, &, is the in-plane coherence length, and eg = ®2 /47 p1u\?
a characteristic vortex energy per unit length. From our result B* ~ 0.7ng;s;®o and
eq. (3.2) we find 4e, /eg ~ 0.7, indicating that the radius of the dislocation core and
the coherence length are of the same order of magnitude /&, =~ 0.9. This is in
good agreement with TEM experiments from Gao et al. [27], who found that the core
radius of edge dislocations in thin YBasCuzOr7_s films is typically 7. &~ 1 nm.

The superconducting current density of all the films measured is plotted in figure
3.5b. We find that the magnitude of j;(B = 0) does not depend systematically on
the dislocation density. This is due to the fact, that at low magnetic fields, vortices
are individually pinned and the pinning force depends only on the (single) vortex-pin
potential. This explains why other groups, that have tried to compare the (screw)
dislocation density with the magnitude of the current density [6], have not been
able to establish a quantitative relationship between the pinning properties and the
dislocation density. In a single vortex pinning regime the critical current is simply not
the right quantity to compare with the defect density, which is evident from figure
3.5b.

From figure 3.5 we can also conclude that the self-field jigHgerf ~ %jsd [28,29] (d is the
thickness of the sample) does not influence the measurement of B*. Although the self-
field is of the same order of magnitude as the characteristic field, B* is proportional to
ngis1, and it does not depend on js or the sample dimensions like pgHye r. We conclude
therefore that the plateau of j;(B) is not an artifact connected to the self-field, but
indeed related to the strong pinning of vortices by linear defects. In addition the field
of first penetration, measured for various samples both by torque magnetometry and
magneto-optics figHpen ~ 10 — 25 mT < B* [30]. However, self-fields might become
important at magnetic fields below By.,. This imposes extra experimental difficulties
on determining the characteristic field, and it might explain why the characteristic
field seems to level off at B* =~ 20 mT for films with a low dislocation density ng;s; < 15
,um72.
The characteristic field is strongly temperature dependent, contrary to the matching
field Bg, which is by definition temperature independent. The temperature depen-
dence of B* is plotted in figure 3.6. Note that, since the torque vanishes at zero field,
and because j; ~ 7/B, the data for j,(B) at very low fields become increasingly more
noisy. This makes it hard to determine B*(T), especially at higher temperatures. In
appendix 3A we investigate different methods to analyse the plateau-like features in
Js. From this analysis we find, that fitting with eq. (3.1), as was done in figure 3.4 and
ref. [31], and the criterion js(2B*) = 0.95;5(0) give similar results at T = 4.2 and 10
K. In figure 3.6 we therefore used the more convenient criterion j5(2B*) = 0.955,(0)
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Figure 3.6: Current density js(B) for film LAD493 at various temperatures. From top
to bottom T = 4.2, 20, 30, 40, and 50 K. The characteristic field decreases strongly with
temperature (dashed line). Inset: The characteristic field B*(T'), determined via the criterion
js(2B*) = 0.9555(0) (M, the line is a guide to the eye), decreases faster than expected by
theory B*(T) ~ 1/€*(T). The solid line is theoretical dependence, using eq. (3.2) and
rr = 0.96(0).

to find B*(T) at higher temperatures. B*(T') decreases with temperature due to the
increase of &,,(T) ~ /(1 +t2)/(1 —t?), with t = T/T.. Physically, the increase of
the vortex core radius implies that the vortex does not completely fit in the linear de-
fect, thus reducing the pinning energy &,(T) in eq. (3.2). However, estimating B*(T)
from eq. (3.2), we find that this intrinsic temperature effect is too weak to fully ex-
plain the strong decrease of the characteristic field (inset of figure 3.6). There must
be additional temperature effects, such as thermal activation of vortices, that reduce
B*(T) further. In chapter 5, where we discuss the general features of linear defect pin-
ning in YBagsCu3zOr7_s thin films, we will investigate the temperature dependence of

B* more thoroughly and discuss a possible mechanism to explain the strong decrease
of B*(T).
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3.4 Thin films versus heavy-ion irradiated single
crystals

In many respects the structure of linear defects in thin films resembles the columnar
tracks in heavy-ion irradiated single crystals. Both the irradiation damage in the
columnar tracks, and the strong lattice distortions around a dislocation core cause a
heavy suppression of the superconducting order parameter. Furthermore both have
a similar linear shape and they are directed along the c-axis, although heavy-ion
radiation has also been done under an angle [16], or while rotating the sample (splay,
see for example ref. [32]). It is therefore not surprising that the pinning properties
in both systems show many similarities as well. Clear matching effects are observed
in both systems, and both give rise to very high critical currents (one to two orders
of magnitude larger than in high quality single crystals). There are, however, some
important differences between thin films and irradiated crystals.

The density of dislocations in thin films (Bg ~ 100 mT) is typically one order of mag-
nitude smaller than in irradiated crystals (Bg ~ 1 T). Secondly the distribution of
dislocations is non-random, as they are situated around growth islands. Heavy-ion
irradiation causes columnar tracks, that are randomly distributed. Both differences
indicate that in irradiated crystals vortex-vortex interactions will have a larger influ-
ence at the same reduced magnetic field b = B/Bg. This has important consequences
for i) the manifestation of the matching field, ii) the temperature dependence of B*,
and iii) the behaviour of js(B) at high magnetic fields pyH > Bg. Whereas we ob-
serve in thin films a plateau in js(B) below the characteristic field, the critical current
in single crystals was found to increase exponentially below the accommodation field.
This means that a different criterion should be used to determine B*. In thin films
the size of the plateau is determined either by using an empirical fit of js(B) [31] or
the simple criterion j5(B*)/js(0) = 0.9 [33]. In appendix 3A we found an alternative
method, namely the criterion js(2B*)/js(0) = 0.95, which gave similar results as the
empirical fit. In irradiated single crystals B* was defined as the field that marks the
transition of the field dependence of the critical current from an exponential decrease
towards js;(B) « 1/B. Alternatively, a similar value for B*(T') was derived from the
maximum in dln js/dT |p [34].

In figure 3.7a we compare j;(B/Bg) at high magnetic fields for a thin film and an
irradiated crystal. Both exhibit a power law behaviour, but in thin films we find
js(B) ~ 1/+/B and in irradiated crystals j,(B) ~ 1/B. The latter is a clear feature of
collective pinning, whereas the power law behaviour in thin films js(B) ~ 1/+/B points
towards a shear mechanism of unpinned vortices along the strongly pinned vortices in
the linear defects [35]. Note that for films with many dislocations ng;s = 60 um=2
such as for example LAD493, the power law decrease of the current density resembles
that of the irradiated crystals j;(B) ~ B®, with a = —0.8 to —1.1. Whether there
is collective pinning or shear pinning thus depends on the average distance between
defects®.

5Tn chapter 5 we will investigate this the high field behaviour of js(B) more thoroughly.
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Figure 3.7: a) Comparison of the current density of a thin YBasCusO7_s film (B* = 0.037
T) with a heavy-ion irradiated YBasCusO7_s single crystal (B* = 2.4 T, from ref. [34]). At
high magnetic fields pyH > Be the current density decreases more strongly in irradiated
single crystals (js(B) ~ 1/B) than in thin films (js(B) ~ 1/v/B). b) At low temperatures
the decrease of B*(T) is similar in thin films and irradiated single crystals. However, thin
films do not exhibit a reduction of the depinning temperature Ty, and have a finite B* also
at higher temperatures 7" > 40 K.
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The temperature dependence of B*(T') of thin films is similar to that of irradiated
crystals at low temperatures (figure 3.7b). However the strong decrease of B* in
irradiated crystals around T' = 40 K, is not present in thin films. Instead at higher
temperatures B*(T') levels off somewhat. The exponential decrease of B*(T') at T' =
40 K in irradiated crystals was attributed to an anomalous reduction of the depinning
energy Tg,, marking a crossover from variable range hopping towards a bundle pinning
regime [36]. A reduction of Ty,, however, does not occur in thin films: thermal
fluctuations are found to be important only at higher temperatures T' 2 80 K [37].

3.5 Surface roughness effects

By changing the island size we can tune the number of dislocations, but at the same
time we change the surface roughness. How can we be sure that the observed plateau
is indeed connected to linear defect pinning and not to changes in the surface mor-
phology? The spatial variations could easily lead to pinning, since in the trenches
between two islands the vortex can reduce its length. In a surface pinning model one
would assume that vortices fill up the trenches of an island, until the inter-vortex
distance becomes of the order of the penetration depth A. Then the repulsive interac-
tions between vortices become important, preventing new vortices to be pinned inside
a trench. Qualitatively this gives the same behaviour for the superconducting current
density as pinning by linear defects. When the average distance between vortices in
a trench becomes of the order of the penetration depth A, additional vortices will be
located outside the trench, and the current density will decrease. This leads to the
following matching condition:

20
Bg ~ \ .E) X /Ndisl (3.3)

with D the island diameter. From eq. (3.3) it is clear that surface effects do not
determine the plateau features in j,, since we find B*  n4;s;, which is in contradiction
with eq. (3.3).

Further evidence supporting dislocation pinning, is found by checking directly the
influence of the surface on the matching field. A very simple way to do this is to
etch a film as described in section 3.2. Evidently etching drastically changes the
surface morphology. In figure 3.8 we show AFM pictures of the same film (LAD323,
naist = 20 pm~2, D = 228 nm), that we separated into two parts. One part was
left untreated, and the other part was etched for 70 s in a 1.0 vol% Br in ethanol
solution. From cross section height images we find that the surface in the etched film
exhibits more roughness, with a completely erased island structure and very steep
etchpits. In the untreated film the thickness varies more smoothly. Figure 3.9 shows
the critical current densities of the untreated and etched sample at T'= 4.2 K. There
is no change in matching behaviour between the two samples: B* = 27 mT in the
as-grown sample, compared to B* = 28 mT in the etched film.

In the case of surface roughness pinning vortices are strongly pinned in the trenches
between islands, where the vortex length and, therefore, its condensation energy is
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Figure 3.8: 3 x 3 um? AFM image of a 140 nm YBapCusO7_s film (LAD323), that has
been cut in two parts. a) shows the untreated part and b) the same film, etched for 70 s. The
surface of the etched part exhibits steep etch pits, whereas the as-grown part is characterized
by trenches that are less steep.

reduced. The maximum pinning force per unit length is thus related to the thickness
variations in the film [2]:

dlnd
fp,max =& O (34)

with &; the vortex line energy and d the film thickness. Equating this to the Lorentz
force fr, = j.®o and using g, = (g9/7?) In(\/€), we obtain for the maximum critical
current density:

0N

~ ——on—Ink
AT pgy? z?

Je . %%, for pyH < Bg (3.5)
Analysis of the AFM pictures in figure 3.8, gives rms thickness variations dd/dx = 0.15
and 0d/0x = 0.49 for the as-grown and etched part respectively. Taking A = 140 nm,
k = 100, v* = 25 (which yields &; &~ 0.2¢¢), and d = 150 nm, we obtain for the
maximum critical current density due to surface roughness: j. ~ 1.4 -10° Am~2
for the untreated film and j. ~ 6.3 - 10 Am~2 for the etched film®. We measure
js(B=0) = 1.9-10* Am~2 for the untreated and j;(B=0) = 1.15- 10! Am~2 for the
etched film.

SHere we have assumed that the thickness of the etched film is reduced to d = 100 nm, compared
to the as-grown film.
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20 /B*=27mT

Current density j_ (10" Am?)

0.0 . 1 . 1 . 1 . 1 .
0.0 0.1 0.2 0.3 0.4 0.5

Magnetic field p,H (T)

Figure 3.9: Current density j,(B) for the as-grown (0) and etched part ({) of film LAD323.
Solid lines are fits to eq. (3.1). Since the characteristic field is not affected by the drastic
surface treatment, one can conclude that surface roughness does not play a role in strong
vortex pinning.

The as-grown film has critical currents an order of magnitude higher than expected
on the basis of eq. (3.5). Furthermore the thickness variations dd/0x are bigger in
the etched sample. We thus expect stronger pinning in the case of the etched film
by a factor three, which is in contradiction with the observation that critical current
density is lower in the etched film.

We therefore conclude that in YBagsCu3zO7_s films surface roughness pinning by the
trenches between the islands cannot explain the low field behavior of the critical
currents, because i) the matching field is proportional to ngis; and not to \/mais,
ii) etching does not change the characteristic field, although the island structure is
completely erased, and iii) increased thickness variations do not lead to an increase
in the measured superconducting current density. In chapter 7 we will investigate the
influence of surface treatments and also the influence of film thickness on js further.
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The conclusions of this investigation will support the model of linear defect pinning
even more.

3.6 Conclusions

By investigating the superconducting properties of pulsed laser ablated YBasCu3zO7_s
films in relation with the defect microstructure, we found that linear defects are
the dominant pinning centers at low magnetic fields. First we identified threading
dislocations by means of wet chemical etching. Secondly the superconducting current
density js(B) exhibits a plateau at low magnetic fields up to a characteristic field B*
that is directly proportional to the density of linear defects, i.e. B* = 0.7n4;5P¢.
In addition we found, that surface effects play a minor role in vortex pinning, by
comparing two parts (one etched and one untreated) of the same film, exhibiting a
different surface roughness.

For the first time, that an unambiguous quantitative relationship has been established
between the superconducting properties and the as-grown defect microstructure of
thin YBayCusO7_s films. In many ways pinning by linear defects resembles the
trapping of vortices by columnar tracks in heavy-ion irradiated single crystals. In
both systems clear matching effects are observed. The characteristic field is strongly
temperature dependent, and the temperature dependence of B*(T') is similar for both
thin films and irradiated crystals up to T' = 40 K. At higher temperature B* levels off
in thin films, whereas it decreases rapidly to zero at T = 40 K in irradiated crystals.
At high magnetic fields the current density exhibits a power law decrease, js(B) ~ B,
with o = —1/2 for thin films (shear pinning) and o = —1 for irradiated single crystals
(collective pinning).

Now that we have identified that linear defects are responsible for strong vortex pin-
ning, we can proceed to describe the general features of vortex pinning by linear
defects. The Bose glass theory has been very successful in explaining pinning by
columnar tracks in irradiated single crystals. In the next chapters we treat linear
defect pinning in thin films within the same framework. First we explain the the-
ory behind the Bose glass phase and extend it to be valid for linear defects as well.
In chapter 5 we present a full experimental overview of the features of strong vor-
tex pinning in thin YBasCuzO7_s films, in terms of the current density, dynamical
relaxation and pinning energy.
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APPENDIX 3A: Various methods to determine the
characteristic field B*

Since the matching field Bg is purely a microstructural parameter, connected to the
linear defect density or the density of columnar tracks, one can determine Bg unam-
biguously. In thin films Bg is obtained by counting the number of etchpits [21], and
in irradiated samples from the irradiation dose. The characteristic (or accommoda-
tion) field B*, however, is related to the interaction between the vortex lattice and
the defect lattice. An unambiguous experimental determination of B* is therefore
not straightforward, as it is not a priori clear how B* influences the current density
jo(B).

In thin films B* marks the end of a plateau in the critical current density. The small
value of typical characteristic fields, in the order of a few tens of mT, with a maximum
of B* ~ 100 mT imposes experimental difficulties on the accurate measurement of
B*. Moreover, with increasing temperature B* decreases strongly, which makes the
determination of B* even more troublesome.

In this appendix we compare three methods to determine B* on various YBasCuzO7_s
films. Up to now we used exclusively an empirical fit

Js(B) = js(0)/ (1 + ky exp(—k2/B) - (B/k2)") (A3.1)

with k1, ko and « fit parameters, as explained in section 3.3. We find B* from the
crossing of the tangent at the inflection point and the low field plateau on a lin-lin
plot (as shown in the inset of figure 3.4). This is the most relevant method, as it
catches the essential physics of a constant current density for pgH < B*, but it is
not the most convenient way to find B*. As a second method we use the same fit of
js(B), but we determine B* by taking the crossing of the plateau and the tangent at
the inflection point of the log-lin plot, i.e. of js versus In B. In this case the horizontal
axis is extended which makes the matching behaviour more pronounced. Thirdly
we determine B* by the simple criterion js(B*)/js(0) = 0.95, as in Mezzetti et al.
[38]. From the comparison we hope to find a second method, or a useful relationship
between various methods, to have at least two independent methods to determine B*.
The results on the determination of B* on various films are shown in figure 3.10 for
T = 4.2 K. We find that looking at the crossing in a log-lin graph and the simple 0.95-
criterion give too large values for B* compared to the original lin-lin fits, used in ref.
[31]. Moreover B*, determined from the log-lin plots, increases faster than linearly for
films with many dislocations. However, using the 0.95-criterion and taking the half of
B*(0.95), i.e. using the criterion j,(28*)/j5s(0) = 0.95, we find a nice agreement with
our original lin-lin fits, both at T'= 4.2 and T' = 10 K (inset of figure 3.10). We thus
have obtained a quick and accurate alternative method of finding B*, which we can
compare with the linear fits at low temperatures. Secondly the new method allows
us to find B*(T) also at high temperatures to satisfactory accuracy.
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Figure 3.10: Comparison of various methods to determine B* experimentally. T = 4.2
K. —M— fit according to eq. (3.1) on a lin-lin plot, A idem, but B* determined from the
crossing of the plateau and the tangent at the inflection point on a log-lin plot, o simple
criterion js(B*)/js(0) = 0.95, —0— idem with js(2B*)/js(0) = 0.95. Inset: as the main
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Chapter 4

Bose glass theory for pinning by
natural linear defects

We present the theoretical framework to describe strong pinning by linear defects.
Strong pinning by linear defects is usually described in terms of a Bose glass phase [1].
However, many results of the Bose glass theory are valid only when the linear defects
are either much larger or much smaller than the vortex core. We extend the Bose glass
theory to include also linear defects that are approximately equal in size with respect
to the vortex. General expressions for the vortex pinning potential e.(R) and for its
renormalization due to thermal fluctuations are derived. The temperature dependence
of the true critical current density can be fitted with j.(T) ~ 1/ (/\2 (T)€"(T)), with
v = 1 — 3 a fit parameter depending on the ratio between the linear defect radius
r, and the vortex core radius v/2¢. The renormalization function of the pinning
potential f(kgT/ Tgp), with Tgp the depinning energy, becomes linear in temperature
f(kpT/T. o) =~ 1=k BT/Tgp at low temperatures. We show, using typical parameters
for YBasCuzO7_s thin films, how the various temperature effects influence the pinning
potential &,(R, T) and the critical current density j. (T)!.

IThis chapter is based on the theoretical section of the paper by F.C. Klaassen, G. Doornbos,
J.M. Huijbregtse, R.C.F. van der Geest, B. Dam, and R. Griessen, Vortex pinning by natural linear
defects in thin films of YBa2CuzO7_s, Phys. Rev. B. 64, 184523 (2001)
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4.1 Introduction

A general theory describing vortex pinning by many point defects was established
already long before the discovery of high-T, superconductors [2, 3]. In this so-called
theory of weak collective pinning a single vortex is pinned by many pinning centers,
that are randomly distributed and have a random pinning force. The vortex tries to
increase its total pinning energy ~ > fpin by taking advantage of as many pinning
centers as possible, while on the other hand a vortex wants to minimize its elastic
energy by remaining straight. As a result of this competition between pinning energy
e, and elastic energy ¢;, the vortex breaks up in correlated pieces of length L., the
correlation length.

This picture works very well in describing the situation in single crystals of high-T
superconductors, but it is not appropriate for strong pinning in thin films, where
vortices are pinned over their full length by extended defects. Particularly, it cannot
explain the plateau like features in j.(B) observed in thin films at low magnetic fields,
nor the strong magnetic field dependence of j.(B) at high magnetic fields [4].

A second important phenomenon not described in the theory of weak collective pin-
ning, is the thermal activation of vortices. In high-T, superconductors vortex motion
due to thermal activation is particularly important, because of the short coherence
length and the high transition temperature. This results in a large relaxation rate, ex-
tending to logarithmic timescales, and a strongly current dependent activation barrier
U@G) ~ Ue[(je/3)" — 1], with U, the pinning energy, j. the critical current density,
and j the applied current density [5]. This behaviour of U(j) is fundamentally dif-
ferent from the classical Kim-Anderson activation energy U(j) ~ U.[1 —j/j.] [6],
since it results in a diverging activation barrier for small currents j — 0, whereas
the Kim-Andersen creep barrier stays finite for arbitrary small currents. This typ-
ical creep behaviour for high-T, compounds, implying a vanishing linear resistivity
p(j — 0) — 0, has triggered the idea of glassy-like behaviour in the mixed phase
(hence the exponent p is called the glass exponent) [7]. At the so-called glass line
a phase transition takes place to a vortex liquid phase with a non-vanishing linear
resistivity. Experimental evidence for the existence of a vortex glass, obeying the
predicted scaling laws, was first observed in thin films [8], but soon also in single
crystals [9]. Since then extensive work has been devoted to understanding the scal-
ing behaviour associated with the vortex glass phase, and to the nature of the phase
transition from vortex glass to vortex liquid [10].

Whereas the vortex glass phase is directly associated with pinning by point-like dis-
order, in the case of correlated, or extended defects, the nature of the vortex phase
is different. Whereas point-like disorder stimulates vortex wandering and entangle-
ment, correlated disorder promotes localization due to the extended nature of the
defect. Nelson and Vinokur, following similar considerations on the superfluid to
insulator transition in “He [11], observed that the localization of vortices, pinned
by extended defects, is analogous to the binding of bosonic particles in a potential
minimum [12]. In fact the Hamiltonian describing the binding and the elementary ex-
citations (hopping) of 2D bosons in a random static potential can be mapped onto the
vortex system. Therefore this vortex phase is called a Bose glass. Both vortex and
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Bose glass show the same scaling behaviour at the glass transition. However, when
the magnetic field is tilted away from c-axis, the vortex glass line shows a smooth,
parabolic angular dependence, whereas the Bose glass phase is heavily suppressed,
and the Bose glass line exhibits a profound cusp [1]. This is a direct consequence
of the correlated nature of extended defects, that pin vortices in a specific direction
(usually along the c-axis). Point-like disorder incoherently pins vortices in random
directions, and is therefore not sensitive to tipping away the magnetic field off the
c-axis. The predicted angular dependence of the Bose glass line has indeed been ob-
served in single crystals with columnar tracks [13] and with a high density of twin
planes [14, 15].

As the Hamiltonian of the 2D boson system can be rewritten into vortex language, a
simple mapping of the relevant quantities was constructed to interpret the 2D boson
characteristics in terms of strong vortex pinning: A — T, a — 2by, m — ¢&; and
Uy — &, [1]. We can understand this mapping in the following way: vortex pinning
involves the competition between elastic energy and pinning energy. In this sense
the pinning energy ¢, is related to the potential minimum for the boson Uy, and
the elastic energy ¢; corresponds to the inertia of the vortex, or, equivalently, to the
mass m of the boson. The width of the trapping potential a in the boson system is
transferred to the extension of the pinning potential by = max(r, v/2€) (r, is the linear
defect radius and \/55 the vortex core radius). Finally the thermal fluctuations T of
the vortex system represent the quantum scalar of the boson system fi. The boson-
vortex mapping concerns both i) the free energy of both systems, and the elementary
excitations from one defect (potential minimum) to another.

The Bose glass theory [1], derived for extended (linear or planar) defects, has suc-
cessfully described many results of the strong pinning mechanism in irradiated single
crystals [16]. As there is no essential difference between natural linear defects and
columnar tracks as a result of heavy-ion irradiation [17], we will use the same theory
to describe pinning by natural linear defects in thin films. An essential parameter in
our description is the ratio = = r,./ V/2¢ between the radius of a linear defect and the
vortex core. In thin films both quantities are comparable in size, which changes the
description appreciably. Note that our description is an extension of the Bose glass
theory: using the same basic ideas, we generalize the results of the Bose glass theory
to become valid for all defect sizes.

4.2 Basic elements from the Bose glass theory

The irradiation of single crystals or films with heavy ions creates columnar tracks
where the crystal structure is heavily distorted, causing a suppression of the super-
conducting order parameter. Similarly the core of a dislocation in thin films is charac-
terized by strong deformations of the crystal lattice and a corresponding suppression
of the order parameter. Mkrtchyan and Shmidt [18] calculated the pinning proper-
ties of a cylindrical hole in a superconductor, which provides an accurate description
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for large linear defects 1 < z < .2 For small defects Blatter et al. [3] calculated the
pinning potential from the suppression of the order parameter inside a defect. In this
section we describe the main aspects of the Bose glass theory that are relevant for
strong vortex pinning in thin films. We mainly follow the description used by Blat-
ter et al. [19], which is completely analogous to the original paper by Nelson and
Vinokur [1].3

4.2.1 Pinning potential and critical current

The starting point in the Bose glass theory is, that at low magnetic fields a single
vortex is strongly pinned by a linear (columnar) defect. The vortices can freely
accommodate to the lattice of pinning sites until the shear energy exceeds the pinning
energy per unit length €,. Then a crossover to a collective pinning regime occurs at
the crossover or accommodation field B* ~ 4 (/) By, with g9 = ®2/4mpuo)\* a
characteristic vortex energy per unit length and Be = ng;s P is the matching field,
the field where the vortex density exactly equals the defect density.

In the limit of very large, £ > 1, and very small defects, x < 1, the pinning potential
per unit length yields [19]:

2
er(R) = %0 In (1 - %) for x> 1 (4.1)
2
€o T
er(R) = _EW for v <« 1 (4.2)

with R the distance of the vortex from the center of the pinning site. Since the pinning
potential diverges in eq. (4.1) at R = r,., a cutoff of the pinning potential is used for
small R inside the defect:

er(R <) = —go In(r, /V/2€) (4.3)

The critical current density j. is determined by the balance between the Lorentz force
per unit length f;, = j.®o and the maximum pinning force —de,./dR |max- For large
defects the pinning force on a vortex at R = r, 4+ 1/2¢ is used to determine j., giving
fpin = €-/v/2€ [19]. The critical current density is now:

2The results of Mkrtchyan and Shmidt are strictly valid only for small length scales compared to
the penetration depth (r, < A, or x < k). As the Ginzburg Landau parameter « is large for high-T,
compounds k & 100, this condition is always satisfied in our system, and we omit it for convenience.

3The paper by Nelson and Vinokur [1] and the review by Blatter et al. [3] use different and
sometimes even confusing symbols. The analogy in notation between ref. [1] and ref. [3]is: co — 7,
To — Tre, Tv — Tap, Tap — Tqy, and T — T;p. Our notation follows that of Blatter et al., with
one exception that the accommodation field or characteristic field is denoted by B* (like in refs.
[1, 4, 17]) instead of Byp.
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Je = 1370 >~ Jo for x> 1 (4.4)
272 [ e\’
Je = —g4 (m) Jo forx <1 (4.5)

In real samples the measured critical current density is usually smaller, because the
defects do not have a completely suppressed order parameter, contrary to real cylin-
drical holes. For columnar tracks this difference is accounted for by including an extra
factor n ~ 0.1 — 0.2, denoting the pinning efficiency [20]. The physical meaning of 7
is somewhat ill-defined; 7 incorporates effects of a non-ideal pinning center, the re-
duced size of the defect compared to the vortex, and also it includes errors coming
from the approximations and assumptions in the Bose Glass theory [21]. The pin-
ning efficiency 7 thus serves more as a convenient empirical factor than a physical
quantity, taking care of any numerical inconsistencies between the ”ideal” theoretical
system and the actual experimental situation.

Note that the results of eqs. (4.1) to (4.5) are valid for limiting cases only, i.e. either
for x > 1 or ¢ < 1. As we saw in the previous chapter, the vortex core and the
dislocation core in thin films are comparable in size. Even in irradiated crystals the
size of a columnar track has a radius r, < 5 nm, i.e. = ~ 3, which is not in the
limit of Mkrtchyan and Shmidt. We conclude that for describing linear defects in
thin films and also columnar tracks in irradiated single crystals, we need to derive an
interpolation between the results of the Bose glass theory. The results of Mkrtchyan
and Shmidt are, however, useful for films with antidots, that have a typical radius
rr >~ 0.1 —0.2 pm, i.e. > 1. They explain the experimentally observed matching
effects in antidot films and predict how many vortices can be pinned by a single
antidot [22, 23, 24].

4.2.2 Crossovers with increasing temperature

As the coherence length £(T') increases with increasing temperature, the ratio z(T) ~
1/¢(T) decreases. Various crossovers occur in pinning behaviour when increasing
the temperature from zero to T.. Because we describe linear defect pinning in
YBayCusOr_s, we take T, = 90 K in all calculations throughout this chapter. Start-
ing with a linear defect somewhat larger than the vortex (x 2 1) at T = 0, we meet
the following crossovers; at a temperature 7' = T, the defect size and vortex core ra-
dius are equal, i.e. 7. = v/2¢(Ty¢) (z(T¢) = 1). The crossover temperature T¢ thus
describes the crossover between pinning by large defects and pinning by small defects
(with respect to the vortex size). At the depinning temperature Ty,, thermal fluctua-
tions of the vortex are comparable to the depth of pinning potential. In this situation
the fluctuations are so strong that the vortex can spontaneously depin from its defect.
Beyond T}, the critical current decreases exponentially. Finally at the delocalization
temperature Ty; the thermal fluctuations become of the order of the average defect
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Depth of the pinning potential (in units of ¢ )

Ratio defect / vortex x =r /v2¢

Figure 4.1: The depth of the vortex pinning potential can be described by a convenient
interpolation formula e,(0) ~ %eo(1+2?) (dashed line), interpolating between the theoretical
results for small defects (¢,(0) ~ 3eo - #*) and large defects (¢,(0) ~ €olnz) (solid lines).
Note that the expressions for large x are valid for 1 < x < k. At very large x < k the depth
of the pinning potential saturates around &,(0) ~ £o In .

distance between the linear defects d,., i.e. (u*(T)),, =~ d7. The vortex cannot be
considered localized on a single defect, but instead is collectively pinned by all linear
defects within a certain correlated area of size ;o >~ d.(T'/ le)2.

In general T =0 < Tp¢e < Tgp < Ty < Te = 90 K. For small defects with z(0) < 1
we have T, = 0 K, and we are always in the small defect limit. Taking r, = 3
nm = 2¢(0) which is a reasonable estimate for screw dislocations [4], we find for
the crossover temperature T;.¢ ~ 0.587. = 52 K. The depinning and delocatization
temperature have to be determined self-consistently as the depinning energy, scaling
the thermal fluctuations, T dp = boy/Ei€r, Is itself temperature dependent. Comparing
the fluctuation length with the defect size r, and average defect distance d,., we obtain
the following estimates for Ty, and Ty, respectively:
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2
Ty Qdp,di

4£ab(0) \/G_(l

Taking r. = 2£(0), d, = 140 nm, and the Ginzburg number G; = 0.01, we obtain
Typ ~ 0.831. = 75 K and Ty ~ 0.97T, = 87 K for thin YBaysCu3zO7_s films. The
delocalization temperature is very close to T, which is not surprising, as the average
defect distance is very large. We will therefore not consider delocalization, but focus
on the crossover in defect size at T}¢, and on the influence of thermal fluctuations on
the depinning of vortices.

Tap, Tur ~ V—ich, with v = and agp =1, ag = (4.6)

lnb—é

4.3 The pinning potential ¢,(R) for z ~ 1

As we have explained, the solutions for the pinning potential, derived within the Bose
glass theory, are not applicable, when the vortex core size and the defect radius are
comparable. The expressions egs. (4.1) to (4.3) connect only for R — oo, i.e. when
the vortex is far away from the linear defect. When the vortex is pinned inside the
defect, i.e. for R < r,., both equations deviate strongly in the limit x — 1. In fact
the proposed cut off in eq. (4.3) implies that the pinning potential €,.(R) vanishes for
x | 1, which is clearly unphysical.

To interpolate between both limits for x, a convenient interpolation formula for the
depth of the pinning potential has been introduced [1]:

2
Ty

2¢2

Eq. (4.7) connects the pinning potential in both limits, as depicted in figure 4.1,
however only for R = 0. Figure 4.1 indicates, that eqs. (4.2) and (4.3) give a
reasonable estimate for ,.(R = 0) for z < 0.5 and « = 3. This suggests that the
results of the Bose glass theory are applicable within these ranges of x, also at R # 0.
The typical size of edge and screw dislocations is r,. &~ 1—3 nm, i.e. & ~ 0.5—1.5, which
lies outside the range for which eqgs. (4.1) to (4.5) are reasonably accurate. In order
to make a quantitative comparison between theory and experiment, a more general
derivation for the pinning potential is thus required. Even for the larger columnar
tracks, we find that < 3 and the limiting cases of the Bose glass theory are not very
accurate. Note, that the coherence length £(T') increases with temperature. When at
zero temperature x = r,./ V2§ (0) > 1, there is always a crossover in behaviour from
x> 1tox <1, namely at T' = T}.. This indicates that a general expression, valid
for x ~ 1, is always required to describe the temperature dependence of ¢,.(R,T).

To obtain the pinning potential for all defect sizes we calculate how much the order
parameter is reduced at the position of the defect. For small defects a similar deriva-
tion leads to eq. (4.2), where it is assumed that |¥(R)|* = |¥(0)|* for all R inside the
defect [19]. This is a good approximation when the linear defect is much smaller than
the vortex. However, when both vortex and defect are comparable in size, the su-

£, (0) ~ —%Oln {1 +

] =~ In[1+2% (4.7)
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perconducting order parameter \\I/(R)|2 varies significantly inside the defect, and we
should integrate the reduction of the order parameter 1 — |¥(R) \2 over the full defect.
For a vortex having its center at a position R from the center of the defect, situated
in the origin of the coordinate system, the pinning potential is:

sT(R):—%MOHf /277 / [1— [ (] f—m)ﬂ rdrdd, (4.8)
0 0

N2
with ‘\IJ (| 7—R |) ’ the size of the superconducting order parameter at a point (r,9).

Taking for the vortex core W(R') = f(R')explig], with f(R') = R'/(R? + 2¢%)1/2
[25], we obtain (see appendix 4A for a derivation):

1V (r? R +262)]  aresinh

2 |R| 2¢2

1\/55 R2+2§ H
2 |R] 2¢?

er(R)=— 870 {arcsinh

The depth of the pinning potential at R = 0 is given by (see appendix 4A):
£(0) =~ In [1+2?] (4.10)

Note that eq. (4.10) is exactly the interpolation formula eq. (4.7), proposed by Nelson
and Vinokur [1], showing that it is not only a convenient expression interpolating
between two limiting cases, but physically describes the minimum of the pinning
potential of linear defects for all z.
In figure 4.2 the pinning potentials according to eq. (4.9) are drawn together with
eqs. (4.1) and (4.2), for r, = 3¢, 7, = 26, r, = /2¢ and 7, = £ In the limit of
large R eq. (4.9) approaches the theoretical results of Mkrtchyan and Shmidt, and of
Nelson and Vinokur, but for small R, i.e. when the vortex is inside the defect, strong
deviations occur. The depth of the potential eq. (4.10) is smaller than in egs. (4.1)
and (4.2) when r, &~ £ This corrects for the unphysical divergence of the pinning
potential in eq. (4.1) at R = r,.. Also the quadratic increase of €,.(0) with x for small
defects (eq. (4.2)) is clearly too strong when x 7 1.
The analytical expression eq. (4.9) is not convenient for calculating, for example, the
critical current. We therefore seek a more convenient form. The Taylor expansion of
eq. (4.9) is
2 2(,.2 2
GR)— e (Ro0) 42 _pe (A

R*+O(RY), (411

with &,.(R = 0) given by eq. (4.10). This Taylor expansion is especially useful when
calculating the effect of thermal fluctuations (section 4.4.2). Unfortunately it cannot
be used to estimate of the maximum pinning force fp max = —de,/dR |max. Note, that
the 4th order term changes sign and vanishes for r,. = 2£. For large defects r,. > 2¢
eq. (4.11) does not have an inflection point, and for small defect sizes the inflection
point of eq. (4.9) and of the Taylor expansion give strongly deviating results.
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Pinning potential ¢ (R) (in units of ¢,)

Distance R (in units of v2g)

Figure 4.2: Pinning potential €,(R) for (from bottom to top) 7. = 3¢, 2€, v/2¢ and &,
together with the theoretical limits of the Bose glass theory (dashed lines for large defects
z > 1, and dotted lines for small defects x < 1). The expressions, derived in the limit of
small or large defects are appropriate at large distances, R > r,. However, when the vortex
is inside the defect, strong deviations occur with the general pinning potential e,(R), derived
in this chapter.
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Therefore we have to go back to the original function and calculate the maximum
pinning force numerically. In figure 4.3 we have plotted the maximum pinning force
versus the defect size, determined numerically from eq. (4.9). As it is quite cumber-
some to determine the critical current density, including its temperature dependence,
numerically, we like to find an easy analytical solution that approaches the numer-
ical results reasonably well. We propose that the pinning force is maximum, when
the center of the vortex is exactly at the edge of the linear defect, i.e. when R = r,.
Physically this seems reasonable since the vortex is exactly on the edge of i) being
dragged into the defect (pinning), and of ii) flying off from the defect (depinning).
The line for f, = —de,/dR |r=r, is plotted in figure 4.3 as well (dashed line) together
with the relative error from the numerically calculated fj max (inset of figure 4.3). The
approximation is quite good, with a relative error A fiax/ fmax < 10% for 2 > 0.5.
This leads to the following expression for the maximum pinning force, for not too
small defect sizes:

de, (R € 2 rf
fp,max N CU<% ) |R:TT: % 672 —1 (412)
m\&/(2r2 +€7)

For smaller defect sizes one can use Blatter’s estimate from eq. (4.2):
2

fpmax = f6—\/\/§§50 (g—%) (dotted line in figure 4.3).
The egs. (4.11) and (4.12), derived in this section, provide us with a relatively simple
framework to calculate the temperature dependence of the critical current density.
Note, that our derivation is also useful for columnar tracks, that have a size not much
larger than the vortex core, at least at higher temperatures. The determination of
fp.max gives the intrinsic temperature dependence of j.(T'), the Taylor expansion is
particularly useful to calculate the effect of thermal fluctuations. Both phenomena
are treated in more detail in the next section.

4.4 The influence of temperature on the critical
current density

There are two effects that determine the temperature dependence of j.(T). First
there is an intrinsic temperature dependence, due to the parameters A\(T") and &(7T)).
With increasing temperatures the pinning potential becomes more shallow. This is
not an thermal effect in the sense that it is connected to the thermal movement
of the vortex, but it is a direct consequence of the temperature dependence of the
Ginzburg Landau parameters A\(T') and &(7). In different words, the ”"strength” of
superconductivity itself decreases with temperature (more physically one can say that
the thermodynamical field H., or the superconducting order parameter |\I/\2, decreases
with increasing temperature). The second effect is directly connected to the vortex
movements: it is the effect of thermal fluctuations.
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Figure 4.3: Maximum pinning force fp max = —der/dR |max versus the defect size for linear

defects (solid line). The dashed line is an approximation, assuming fp max = fp,R=r,., i.¢. at
the border of a linear defect. The dotted line represents the small defect limit from Blatter
et al. [3]. Inset: The relative error between fp max and the approximation fp r=r,. shows
that our approximation is accurate for > 0.5. For smaller defect sizes we can use the
expressions, derived by Blatter et al. [3]

Note, that there is a third temperature effect as well, namely thermal activation
of vortices. This activation causes relaxation, and is responsible for the difference
between the experimentally measured j, and the true critical current density j.. As
we consider only the true critical current in this chapter, we do not go into the details
of thermal activation or relaxation, which are extensively investigated in chapter 5.

4.4.1 Intrinsic temperature effects

The temperature dependence of the Ginzburg Landau parameters A\(T) and &(T)
immediately affects the critical current. Both the energy scale eo(T) ~ 1/A*(T) and
the depairing current jo ~ 1/ (/\2(T)§ (T)) decrease with increasing temperature. For
large and small linear defects we can summarize the temperature dependence of j.(T')
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Critical current density j (T) (normalized)

0 ' 20 ' 40 ' 60 ' 80
Temperature T (K)

Figure 4.4: Intrinsic temperature dependence of the critical current density j.(7") for
ry = 4¢ (dashed line), r» = 2¢, (dotted line) r. = & (short dashed line), normalized to
T = 0. The curves lie in between the limits for small (z < 1) and large defects (z > 1)
(solid lines), but have qualitatively a similar temperature dependence.

in the Bose Glass theory as (egs. (4.4) and (4.5)):

Je(T) ~ 1/ (N*(T) - (1)), (4.13)

with v = 1 and v = 3 for large and small defects, respectively. For the general pinning
potential, eq. (4.9), we find the maximum pinning force from eq. (4.12), which leads
to:

2 2
g 1 [+ _3VB [ A€ D)) oy

S ¢
20T\ \Jorz 4 g2 S \ry2zeem

Je(T)

(4.14)
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Critical current density j (T) (normalized)

0.0 L 1 L 1 L 1 L TSEs
0 20 40 60 80

Temperature T (K)

Figure 4.5: The intrinsic temperature dependence of j.(T) can be fitted to
§e(T) = je(0)/ (N*(T)€"(T)) with v a fit parameter depending on the defect radius. Dashed
lines represent the curves from figure 4.4 (from top to bottom r, = 4¢, 2¢, and &) and solid
lines are the fits. Values for v are given for some defect sizes.

In figure 4.4 the normalized critical current density is plotted for r,. = &, 2£, and
4¢ (x = 0.7, 1.4, and 2.8). The limits for small and large defects are plotted as
well. We used the empirical temperature dependences A\(T) = A(0)/+/(1 — t*) and
&(T) = £00)/(1+1t2)/(1 —t2), with t = T/T,, although d-wave superconductors,
such as the high-T, compounds, have a different dependence of A(T). High qual-
ity crystals and thin films show a linear temperature dependence of 1/A*(T) at low
temperatures [26, 27], but also quadratic temperature dependences of 1/A*(T) have
been observed [28, 29]. There is quite some variation in the temperature dependences
measured, and we do not a priori know how A(T) behaves in our samples. Also the
temperature dependence of the coherence length is very hard to determine experimen-
tally. Therefore we took a practical approach, using the empirical expressions from
the two-fluid model and the Ginzburg Landau theory. However one should keep in
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mind that in general the penetration depth for YBas;Cu3O7_s depends more strongly
on temperature than assumed in our calculations

From figure 4.4 we observe that the temperature dependence for z =~ 1 is qualitatively
quite similar to that of the limiting cases. This suggests that we may fit the temper-
ature dependence of eq. (4.14) to j.(T) ~ 1/ ()\Q(T) -€"(T)), with v a fit parameter
ranging from v = 1 to v = 3 for large and small defects, respectively. In figure 4.5
we have fitted j.(T) to eq. (4.13), with v as a fit parameter. The fits approach the
calculated values remarkably well! In other words eq. (4.13) can be used as an ap-
proximation of eq. (4.14) for all defect sizes, describing a smooth crossover from very
large (z > 1, v = 1) to very small defects (x < 1, v = 3). In this way we obtained a
simple and convenient fit for j.(7') from the general pinning potential eq. (4.9).

4.4.2 Thermal fluctuations

The second effect influencing j.(T) are thermal fluctuations. Due to the confinement
of the vortices onto their pinning sites, the loss of entropy reduces the effective pinning
depth of the pinning potential. The pinning potential has to be renormalized by an
appropriate function f(kgT/ Tgp) to account for the influence of thermal fluctuations.

The renormalization function f (kBT/Tgp) is calculated using the analogy between
the vortex system and the 2D boson system. We determine the energy eigenvalues of
a boson, trapped in a potential well of the same form as the vortex pinning potential.
The ground state energy level of the boson system is mapped back onto the vortex
system, using the conversion as explained in the introduction of this chapter. In this
way we obtain directly the renormalized pinning potential.

In the simplest form the pinning potential can be approximated by taking a cylindrical
well of depth &,* and extension by = max(r, v/2¢) [19]. From transcribing into the
vortex language the eigenvalues Ep ~ Uy — c h?/2ma? (see for example ref. [30]), of a
particle of mass m, trapped in a well of depth Uy and extension a (c is a constant of
order unity), one obtains for the influence of thermal fluctuations at low temperatures:

er(T) ~ 2, {1 - (kBT/Tgp>2] , (4.15)

where kp is the Boltzmann constant, and Té’p = bg+/€i€, is the depinning energy.
Note that the depinning energy is temperature dependent itself, Tgp(T) ~ 1/23(T),
and we have Tgp(po) = kpTyp, with Ty, the depinning temperature.

To use a cylindrical well as the pinning potential would be appropriate for very large
defects, eq. (4.1) with the cutoff of eq. (4.3), but the actual pinning potential for
x ~ 1 is different. To calculate the effect of thermal fluctuations more accurately we

4In this section &, is used to denote the pinning potential without thermal fluctuations, whereas
er(T) is the renormalized pinning potential, i.e. with thermal fluctuations. Note, that &, itself
depends on temperature via A(T") and £(T"). This notation is analogous to the one used by Blatter
et al. (ref. [3]).
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Figure 4.6: Renormalization function f(kBT/Tgp), obtained from numerical calculations,
with T,(0) = 560 K (M) and 73,(0) = 145 K (O). The solid lines represent the harmonic
oscillator approximation f(kpT/Ty,) = 1-kpT/T,, which is obviously more accurate than
the renormalization function, derived in the Bose glass theory f(kgT/T5,) = 1— (ksT/Ty,)?
(dashed lines). Note that the depinning energy is temperature dependent 7, (T') ~ 1/A*(T).

use the Taylor expansion of eq. (4.9) to lowest order, i.c.

~ ~ €0 7‘2 2
Er(RaT)QJ“ET(R:OvT)_F_ >

p)
2 (rz + 252)
which is a harmonic oscillator potential. From the eigenvalues of the harmonic oscil-

lator in two dimensions and the correct boson-vortex mapping (see appendix 4B for
a derivation), we obtain:

(4.16)

er(R,T) ~ (R, T) (1 - kBT/Tgp> at low T (4.17)
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The thermal fluctuation factor is now linear in 7', indicating that thermal fluctuations
have a stronger effect on the pinning potential than was assumed up to now. In
figure 4.6 the renormalization function is plotted, calculated numerically® from the
pinning potential eq. (4.9). Also the approximations by Blatter et al. [19] and
the harmonic oscillator model are plotted. We used two estimates for the depinning
energy. First Tgp(O) = 145 K, corresponding to a depinning temperature Ty, = 75
K, as estimated in section 4.2.2. The other estimate is obtained by taking typical
parameters for YBagCuzO7_s thin films: ¢, = &, = 0.2¢¢ and by = r, = 2£(0), giving
Ty (0) = bo\/E&; ~ 560 K. This corresponds to Ty, = 84 K. The approximation with
a harmonic oscillator potential reflects the temperature dependence of f (kBT/Tgp)

remarkably well. Note that with a large depinning energy, such as TJP(O) = 560 K
> T,., thermal fluctuations only have a small effect at low temperatures. At higher
temperatures, however, Tgp(T) ~ 1/A*(T) is reduced appreciably, and the effect of
thermal fluctuations becomes very large.

4.5 Conclusions

In this chapter we extended the results of the Bose glass theory and derived a modified
pinning potential, that is also applicable when the vortex core and the defect radius
are equal in size, i.e. when z ~ 1. In this way we obtained a general expression
for e,(R), valid for all defect sizes. This is especially important, when investigating
the temperature dependence of the critical current density, because with increasing
temperature the defect-to-vortex ratio experiences a crossover from z > 1 to = < 1.
The temperature dependence of j.(T) is determined by an intrinsic contribution and
by a renormalization factor due to thermal fluctuations. The former can be fitted to
Jje(T) =1/ (/\Q(T) -€"(T)), with v ~ 1 — 3 a fit parameter depending on the defect
size. The effect of thermal fluctuations is modified with respect to the original Bose
glass result, from f(kpT/T}) ~ 1 — (kgT/T})? to f(kpT/Ty) ~ 1 — (kgT/T},),
indicating a stronger effect of thermal fluctuations on the pinning potential and critical
current. In figure 4.7 we have summarized both temperature effects, for the pinning
potential e,.(R,T) and for the critical current density j.(T'). In the top figures the
pinning potential is plotted for various temperatures, with r, = 2£(0) (z = v/2) and
Tgp(O) = 560 and 145 K. The pinning potential broadens and its depth decreases due
to the increase of £(T') and A\(T). The renormalization is stronger for a lower depinning
energy, as depicted in figure 4.6, but f (kBT/Tgp) does not change the qualitative
behaviour of €,(R,T). In the lower figures the effect on the critical current density is
plotted for large and small defects. Again the overall behaviour is mainly determined
by intrinsic temperature effects. The corrections due to thermal fluctuations are
reasonably small in the case of a large depinning energy (closed symbols in figure 4.7c
and d), but can be significant when Tgp ~ kpT.

However, there is an important qualitative impact of thermal fluctuations.

5The eigenvalues were calculated using a quantum physics software package, Q-PHYS-LAB 1.5.
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Pinning potential (R) (in units of ¢)

Critical current density j (T) (normalized)

C) Temperature T (K) d) Temperature T (K)

Figure 4.7: Overview of the influence of temperature on the pinning potential (upper
graphs) and the critical current (lower graphs). a) Renormalized pinning potential e,(T")
of a linear defect with r, = 2£(0) at (from bottom to top) T' = 0, 10, 20, 30, 40, 50, 60, and 70
K. T. =90 K and f’;p(O) = 560 K. The dashed lines depict the size r, of the linear defect,
the solid vertical lines the size of the vortex core v/2¢(T). b) Idem, but with T,(0) = 145
K. ¢) Temperature dependence of the critical current density for large defects (z > 1). The
solid line denotes the intrinsic temperature dependence, —M— include the renormalization
due to thermal fluctuations, with Tgp(o) = 560 K, —O— with TJP(O) = 145 K. d) Idem, for
small defects (z < 1).
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Because the renormalization function decreases linearly in temperature, the derivative
at low temperatures is nonzero, i.e. dj./dT |7—o= —kB/Tgp(O) # 0, whereas all other
temperature influences have a zero slope at low temperatures. Some models, such
as the Generalized Inversion Scheme [31], used to calculate the true critical current
Je(B,T) from the measured current js(B,T) and relaxation Q(B,T), make use of
the assumption that the temperature derivative of various quantities, such as the
critical current density or pinning energy, vanishes for 7' — 0. These models have
to be modified, although for large depinning energies, the effect of the linear term in
f(kpT/T},)) is probably small.

Having established an accurate framework for treating the properties of vortices,
pinned by linear defects, we investigate in the next chapter the behaviour of the
critical current, characteristic field and pinning energy experimentally and try to
explain the pinning properties of YBasCu3zOr7_s thin films with the extended Bose
glass theory.
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APPENDIX 4A: Calculation of the vortex-pinning
potential

To find the pinning potential we integrate eq. (4.9) over the full defect
1 ) T 2 2
&1 (R) = — 5o H: [1 — | U(R)| ] rdrdd, (A4.1)
o Jo
with R = ‘F— ﬁ‘ =712 4+ R?> — 2rRcos?. Here the origin is put at the center of
the linear defect, R is the distance from the center of the vortex to the center of the

defect, and R’ is the distance from the vortex to the point (r,9) (see figure 4.8). With
|W(R))* = R?/(R™ + 2¢%) we obtain:

T 27
en(R) = —0 / / rdrdy _ (A4.2)
2 Jo Jo 72+ R%2—2rRcos? + 2£

Integrating over ¢ yields:

e (R) = e / ' rdr (A4.3)
0 \/ (r2 + R2 426 + 2rR) (r2 + R? + 26> — 2rR)
which can be written as:
er(R) = —&g / ' rdr . (Ad.4)
0 (2 — B2 426%)° 1 8R2
(r.9) .
R R=r-R
-
\
(0,0) R (R0)

Figure 4.8: Geometrical situation for calculating the vortex pinning potential €,(R). The
linear defect with radius 7, is at the origin of the coordinate system. The center of the
vortex is at position (R,0). To obtain the pinning potential, we integrate the reduction of
the order parameter at (r,d) over the full defect, i.e. from r =0 — r, and 9 = 0 — 2.
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From integrating eq. (A4.4) we obtain:

e |1(rP—R*2+2¢%) "
& (R) = -5 arcsinh [EW O (A4.5)
and
= |1 (rE= R*+2¢7) 1 (=R?+2¢%)
€7~(R) = _? {aerlnh [iw — arcsinh §W (A46)

The depth of the pinning potential £,.(0) can be calculated straightforwardly from eq.
(A4.2) by putting in R = 0. The result is:

£ (0) = —5—20 In {1 + %] (A4.7)
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APPENDIX 4B: The effect of thermal fluctuations on
the pinning potential

To calculate the effect of thermal fluctuations on the pinning potential we use the
same line of derivation as in ref. [19]. Instead of using a square well potential, we use
the Taylor expansion of the pinning potential, eq. (4.11), to lowest order:

eory

(r2 +2¢%)"
(B4.1)

1
er(R) %ET(R:O)—FE—QO 7 R? = 2(0) + Sk R?, with k =

The first term of eq. (B4.1) gives the depth of the potential and the second term
is a harmonic oscillator potential. The binding energy of a particle trapped in this
harmonic oscillator potential in two dimensions is given by:

k
Ep = Uy + hw, with w = | — (B4.2)
m

Eq. (B4.2) is translated back to the vortex picture according to the usual mapping
h— T, m — e, Uy — &/(0), Tgp = bo\/€i€r, and k from by eq. (B4.1). We
obtain for the effective depth of the pinning potential at low temperatures (note that
£,(0) = —3eoIn [1 + r?/2£2] is negative):

P RN WO '
5T(T)—5T(T—O)<1 7T£p>, thy—\/m.(leﬂ). (B4.3)

The prefactor v =~ 0.85 for > 1 is only weakly dependent on 22 and we put v = 1
for convenience. Also we have omitted the Boltzmann constant k. Compared to
the square well potential the effect of thermal fluctuations changes from f(T'/ Tgp) =

2
1-— (T/T5p> to f(T/Tgp) =1- T/Tgp. As a result the effective depth of the pinning
potential decreases faster with temperature than it was assumed up to now. This
immediately affects the temperature dependence of the critical current density j.(T).
It is obvious that the harmonic oscillator approximation is valid in a limited range
T Tgp only. At high temperatures T > Tgp, when the pinning potential is shallow,

Blatter et al. calculated that f(T'/ Tgp) =exp(—T/ ngp) [19], at intermediate temper-

atures T < T d4p We use numerical calculations to obtain an exact result for f (T/Z/N’ C’l"p),
and to check the accuracy of our calculations.
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Chapter 5

Vortex pinning in thin YBayCu3zO7_g
films

In this chapter the general behaviour of the superconducting current density js(B,T)
and the dynamical relaxation rate Q(B,T) of YBazCu3zO7_s thin films is presented.
Both exhibit a number of features typical for strong pinning of vortices by growth in-
duced linear defects. At low magnetic fields j5(B) and Q(B) are constant up to a
characteristic field B*, that is directly proportional to the linear defect density nq;s of
the film. The pinning energy U.(B=0) ~ 600 K can be explained by half-loop excita-
tions determining the thermal activation of vortices at low magnetic fields. Using the
vortex pinning potential e.(R,T), derived in chapter 4 and its renormalization due
to thermal fluctuations, we explain the temperature dependence of the true critical
current density j.(0,7) and of U.(0,T) at low magnetic fields. Moreover we find that
the core radius of the linear defects r,, 21 —2-¢,,(0), the in-plane coherence length.
At high magnetic fields poH > B* the current density experiences a power law be-
haviour js(B) ~ B?%, with a &~ —0.58 for films with low ng;s and o ~ —0.8 to —1.1
for films with high ng4;s;. The pinning energy in this regime, U.(highB) ~ 60 — 200
K is independent of magnetic field, but depends on the dislocation density. This im-
plies that vortex pinning is still largely determined by the linear defects, even when
the vortex density is much larger than the linear defect density.

Our results show, that natural linear defects in thin films form an analogous system
to columnar tracks in irradiated samples. Therefore the Bose glass theory, that has
successfully described many properties of pinning by columnar tracks, can be applied
also to thin films. Vice versa a better understanding of pinning in thin films is also
useful to put the properties of irradiated samples in a broader perspective!.

IThis chapter forms, together with the previous chapter, an extended version of the paper by F.C.
Klaassen, G. Doornbos, J.M. Huijbregtse, R.C.F. van der Geest, B. Dam, and R. Griessen, Vortex
pinning by natural linear defects in thin films of YBaaCuzO7_s, Phys. Rev. B. 64, 184523 (2001).
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5.1 Introduction

In the previous two chapters we have shown, i) that natural linear defects are re-
sponsible for the observed high critical currents in thin films of YBayCuzO7_s and ii)
that linear defects can be described in terms of the Bose glass theory [1, 2], provided
that we take into account that the vortex and the dislocation core are comparable in
size. The importance of linear defects in thin films was already suspected by many
other groups [3, 4, 5, 6, 7, 8], but little attempts have been made to describe vortex
pinning in as-grown thin films in terms of strong pinning. Strong pinning theories,
such as the Bose glass theory, have been extensively applied to irradiated single crys-
tals [9], irradiated thin films [10, 11] or antidot films [12, 13], but surprisingly not to
thin YBayCuzO7_s films, that still show the largest critical currents of all (up to 10'2
Am~2 ~ jg, the depairing current).

An alternative strong pinning model, different from the Bose glass theory, has been
proposed by Mezzetti et al. [14]. They relate vortex pinning in thin YBapsCuzO7_s
films to the island structure of the films. It is assumed that the islands are separated
by planar defects, situated in the trenches between the islands. Planar defects, for
example low angle grain boundaries or (hidden) weak links, can have strong pinning
properties. An important aspect of pinning by planar defects, is the anisotropy of
the critical current, being large perpendicular to the defect, and much smaller (up
to two orders of magnitude) along the plane of the defect [15]. Effectively low angle
grain boundaries are described as a network of Josephson junctions, where the critical
current of each junction is given by a Fraunhofer-like expression [16, 17]. Mezzetti et
al. [14] assume that their film consists of such a network of long Josephson junctions
with a certain length variation, and they fit the measured magnetic field dependence of
the critical current density js(B) to a statistical length distribution of long Josephson
junctions. Their approach fits the experimentally observed current density js(B) well
at intermediate temperatures. Unfortunately, Mezzetti et al. do not show if such a
network of planar defects in thin YBasCuzOr_s films actually exist. Moreover they
do not discuss whether the fit parameters, yielding the average length and standard
deviation of the network of Josephson junctions, are reasonable with respect to the
expected network of planar defects. However, in view of their model, we take a
careful look at the island structure of our films, and discuss whether these islands are
separated by strongly pinning grain boundaries.

Already in chapter 3 we gave some general features of the current density and char-
acteristic field, and compared them with vortex pinning by columnar tracks. We
showed that many aspects are well explained in terms of the Bose glass theory. In
this chapter we present a systematic study on the behaviour of the superconduct-
ing current density js(B,T) and the magnetic relaxation Q(B,T) in YBayCuzO7_s
films. We demonstrate the existence of a matching effect in the dynamical relaxation
rate, similar to that in js(B). The magnitude of the zero field pinning energy we
measured, U.(B=0) ~ 600 K, suggests that half-loop excitations are the elementary
vortex excitations in thin films at low magnetic fields. We show that the observed
temperature dependence of true critical current density j.(B=0,T) (where j.(0,T)
is derived from the measured js(0,7") and Q(0,T), assuming linear defect pinning)



Section 5.2 Experimental 75

and U.(T) are in good agreement with the theoretical expressions, derived in chapter
4. This shows that the Bose glass theory describes vortex pinning at low magnetic
fields in thin YBasCuzO;_s films. Moreover, it appears that far above B* the criti-
cal current is still determined by (collective) strong pinning due to linear defects. We
focus on the behaviour at low temperatures T < 70 K, since at higher temperatures
the true critical current density j. cannot be easily related to the measured super-
conducting current density js. Moreover, at temperatures close to T, the vortex glass
transition and the melting transition have already been investigated extensively by
many groups [18, 19].

The chapter is organized as follows. In section 5.2 we describe briefly the properties
of the YBasCu3zO7_;s films, used in this chapter and the experimental technique to
measure js(B,T) and Q(B,T). Next we present the experimental results, in terms of
the current density js, the relaxation rate @) and the pinning energy U.. Section 5.4 is
devoted to a discussion, mainly in terms of the extended Bose glass theory, described
in chapter 4. Finally we summarize our results and give an overview of the remaining
questions.

5.2 Experimental

5.2.1 Sample preparation

YBasCuzO7_s thin films were deposited by means of Pulsed Laser Deposition (PLD)
on (100) SrTiO3 substrates [20]. The films are all c-axis oriented and have a thickness
of d =~ 140 nm. XRD analysis shows a good overall crystallinity of all films, with the
c-axis of the films ¢ = 11.68(3) A being very close to the single crystal value of 11.677
A, while the (005) rocking-curve full width at half maximum Awos) S 0.1°. The
average transition temperature T, measured resistively using a four point method, T
= 90.4 K with a standard deviation of 0.4 K and a typical transition width AT, < 0.5
K [21]. By using different substrate temperatures during deposition between T,p ~
700°C and Ty ~ 850°C we are able to tune reproducibly the island size of the
films between D = 80 nm to D = 500 nm, and consequently the dislocation density
[22]. To perform critical current measurements on the films, they are all patterned by
standard UV photolithography into rings of typically 3-5 mm in diameter and 125-500
pm width. In this geometry we can safely assume a well-defined current distribution
and relaxation rate, which we confirmed by magneto-optical measurements [23].

For comparison we measured a 70 nm thin film (film LAD493) and a film (film Y67),
prepared by means of DC sputtering. This film was sputtered at T = 840°C and
3 mbar oxygen pressure with a substrate-target distance of 2 cm. After deposition
the film was post-annealed for 1 hour at 650°C in 10® mbar Os in order to optimize
the superconducting properties. In this way, films containing large growth spirals are
obtained, resulting in island sizes with diameter D = 2 pm [24].

In table 5.1 an overview is given of the structural details of the films described in this
chapter.
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film deposition d (nm) | T, (K) | AT. (K) | ngiss (um=2) | d, (nm)

Y67 DC sputtering 192 90.6 0.6 7 378
LADG70 PLD 110 90.4 0.6 28 189
LAD496 PLD 140 90.6 0.3 34 171
LAD203 PLD 140 91 - 57 132
LAD493 PLD 70 89.7 0.4 72 118
LAD554 PLD 140 - - 90 105

Table 5.1 General properties of pulsed laser deposited (PLD) and sputtered YBasCusOr_s
films on SrTiO3 investigated in this work. d is the film thickness, T. the transition temper-
ature (not measured for all fillms), AT, the width of the transition, ngisi the dislocation
density and d, the average defect spacing.

5.2.2 Defect structure

The surface morphology of the films is studied by a tapping mode AFM. Characteristic
for all laser-ablated films is the island structure, with an island diameter of typically
D = 100 — 500 nm. The islands are separated by deep trenches with a depth up
to 20% of the film thickness. By means of wet chemical etching in a 1.0 vol% Br in
ethanol solution we obtain the linear defect density ng;s; from the density of etch pits.
Most linear defects are found to be situated in the trenches, which results in a linear
relationship between the island density and the linear defect density, with on average
one linear defect per island [22].

Previously, we found indications for an anti-phase boundary network, due to the c-
axis mismatch between YBasCuzO7_s and the SrTiO3 substrate [25, 26]. However,
recent TEM observations on our films show, that anti-phase boundaries are not a
general feature in thin films, whereas the island morphology is. Moreover, we find no
grain boundaries or weak links separating the islands [27]. Instead our films consist of
large well-connected islands, and the dislocations found by TEM appear to be screw
dislocations. We conclude that the trenches between the growth islands only reflect a
reduction of the film thickness and that there is no network of planar defects related
to them. Note, that the typical defect distance d, =~ 200 nm is much larger than the
defect radius 7, ~ 1 — 3 nm, which makes it impossible to view these dislocations
to be correlated in such a way that they form a planar defect. In low angle grain
boundaries the array of dislocations is much denser. For example, in the 4° grain
boundary YBayCuzO07_s film, investigated by Diaz et al. [8], the distance between
adjacent edge dislocations d, ~ 5.6 nm < r,., which means that the defect core sizes
are almost overlapping. Even if all dislocations in our film would be aligned, we
find (using the Shockley-Read formula d, = |b| /(2sin(¥/2)), with |b| = 0.4 nm the
magnitude of the Burgers vector, and d,, = 200 nm), that the grain boundary angle
¥ = 0.1°. This is clearly too small to give any noticeable grain boundary effect, for
which the minimum angle would be ¥ 2 ¥y ~ 3 — 5° [28, 29]. Hence, we may safely
assume that in our films we are dealing with pinning at individual linear defects.
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Therefore, the model of Mezzetti et al. [14] is not applicable to the films we measured.
Note, that Mezzetti et al. report typical current densities j, ~ 10 Am™2, one
order of magnitude lower than in our films. This might reflect the presence of grain
boundaries or weak links, although, as mentioned already in the introduction, they
give no structural evidence for the existence of a grain boundary network.

For sputtered films the one to one correspondence between island density and defect
density does not hold. The islands are very large and do not show deep trenches.
Instead growth spirals are observed, that can be associated with screw dislocations.
After etching additional dislocations (mostly edge dislocations) show up, which makes
the dislocation density relatively large compared to the island size. Nevertheless, also
in sputtered films the matching effect is related to the total measured linear defect
density ngis (ref. [30] and chapter 3). This proves once more that the linear defect
density, and not the island size, determines the size of the low-field plateau in the
current density.

5.2.3 Measurement of the current density and the relaxation

The superconducting current density is measured by means of capacitive torque mag-
netometry [31]. In a magnetic field uoﬁ that is being swept with a sweep rate
podH/dt, a superconducting sample experiences a torque

7 = 1 (M x ﬁ) (5.1)

which is the result of induced supercurrents flowing in the sample. From the irre-
versible torque 7, = (74 — 7-)/2, with 7 and 7_ the ascending and descending
branch of a magnetic hysteresis loop respectively, we directly obtain the irreversible
magnetic moment M;y, = Tjpr/(pgH sin®). Since the current density j, is confined
to the film plane, it is proportional to M;,., depending only on a geometrical factor.
Using the Bean critical state model [32], we obtain for ring-shaped samples:

My = (7/3)d(rg — 17)js (5.2)
with d the sample thickness and r, and r; the outer and inner radius of the ring,
respectively. Note, that we assure that the sample is fully penetrated, by performing
sweeps over a much larger range than the penetration field. In this situation the
current density is directly reflecting the pinning strength.

The setup consists of a 7 T magnet in a Oxford cryostat that enables us to measure
over a temperature range from 1.7 to 300 K. The magnetic field is applied at an angle
of 10° from the c-axis. As this angle is well within the trapping angle for columnar
tracks, we can safely assume that the vortices are parallel to the c-axis. Moreover, as
shown by Brandt [33], vortices are straight and perpendicular to the surface over a
length [ ~ A, indicating that even without linear defects vortices would be aligned with
the c-axis over almost the full film thickness. Vortex kink creation at the surface, as

proposed by Indenbom et al. [34], does therefore not occur in thin films with thickness
ds<
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Douwes et al. [5] showed by comparing transport measurements with torque magne-
tometry, that the applied magnetic field can be scaled to an effective field along the
c-axis poHeryr = poHappi cosV, for angles at least up to ¥ = 30°. In our measure-
ments, with cos? = 0.985, we set thus poHers = ptgHappi-

Note, that the measured superconducting current density js is in general not the
true critical current density j., i.e. the current density for which the pinning force
and Lorentz force are equal. The difference is caused by the relaxation of the vortex
lattice due to thermally activated vortex hopping [35] or quantum creep [36]. In
YBasCuzOr_s films the relaxation rate is typically a few percent at low magnetic
fields and temperatures. We measure the dynamical relaxation rate

. dlnj,
@= dln (dB/dt) (5:3)
by making small hysteresis loops around a certain field, with ever decreasing sweep
rates from podH/dt = 40 mT/s down to 1.25 mT/s, and by plotting the hysteresis
against the sweep rate on a double logarithmic plot. Due to the ring shape of our
sample, we obtain a well-defined, uniform relaxation rate. From measuring the super-
conducting current density js;(B,T) and the dynamical relaxation rate Q(B,T), one
obtains in principle all experimental information to determine the behaviour of the
critical current density j.(B,T) and the pinning energy U.(B,T). However, to con-
struct j. and U, from the experimental data one has to use either an inversion model,
such as the Generalized Inversion Scheme [37], or one has to make assumptions about
the vortex pinning mechanism. Since we know that linear defects are the dominant
pinning sites at low magnetic fields, we will use the Bose glass model to construct

Je(B=0,T) and U.(B=0,T) from our experimental data.
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5.3 Results

5.3.1 General properties of the superconducting current
density j,

The general behaviour of the superconducting current density jsin thin films of
YBayCusO7_s has a number of distinct features. The most remarkable property
is, that at low magnetic fields, the current density js(B) exhibits a plateau. Note
that this plateau is not an artefact of the logarithmic scale, used for p,H; it persists
in a linear plot. In figure 5.1 and figure 5.2 we plot js(B,T) as a function of mag-
netic field and temperature respectively, for two films with low and high dislocation
density. Comparing many films we typically find that at T = 4.2 K, js(B =0) =~ 2
to 6- 10" Am~2, while at T = 77.5 K, j, = 2 — 4 -10'© Am~—2. These high criti-
cal current values confirm, that the films are of excellent quality, like the materials
parameters (cf. section 5.2.1) already suggested.

We find that the characteristic field B* is directly proportional to the linear defect
density as determined by wet chemical etching, B* & 0.7n4;5;®9, which implies that
linear defects are the most important pinning centers in YBasCuzO7_s thin films.
At higher magnetic fields we observe a transition to a power law behaviour for films
with a low dislocation density js(B) ~ B®, with @ ~ —0.58. This is close to
Js(B) ~ 1/4/B. Typically such a field dependence is described by plastic pinning
[1], or a flux line shear model where the unpinned vortices are moving by shear forces
through the lattice of strongly pinned vortices [38]. The power law behaviour sets in
at poH ~ 0.5 T and extends to 7 T at low temperatures. At higher temperatures a
faster decrease of js(B) develops, that is accompanied by an exponential increase of
the relaxation rate @ (see figure 5.6 and the next section). This does not necessarily
mean that there is a crossover to another pinning mechanism. Merely a direct qual-
itative relation between js and the true critical current density j. is lost, due to the
exponentially increasing relaxation rate. Therefore we cannot make any statements
about the pinning mechanism without determining j.(B,T') explicitly.

Eventually also in films with a large defect density a power law behaviour is reached.
However, as shown in figure 5.3, for films with high ng;s, a(T") decreases with tem-
perature to @ ~ —1.1 at T' = 50 K, whereas a(T) ~ —0.58 constant for all T' for
the films with low ng;5;. The crossover in behaviour at high magnetic fields occurs
when the dislocation density ng;s =~ 60 ,um*Q. The reason for this crossover is pos-
sibly related to the distance between the linear defects in the film. For film LAD203
(ngisi = 57 pm~2), the distance between defects is d,, = 150 nm ~ ), whereas for
LAD554 and LAD493, that have many dislocations, d, ~ 100 nm < A. Since j; ~ 1/B
is the typical behaviour for a collective pinning of the dislocation lattice, our result
implies that the pinning mechanism changes from a shear (o = —%) to a collective
pinning regime (o« = —1). Note that also in irradiated single crystals (with d, < )
collective pinning with js ~ 1/B is observed above B* [39]. In section 5.4.3 we will
address the high field behaviour of j; more thoroughly.
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Figure 5.1: Superconducting current density js(B) for two films with different dislocation
density; a) LAD496 with ngs; = 34 pm~2 and b) LAD493 with ng;s; = 72 pm~2. From top
to bottom T = 4.2, 10, 20, 30, 40, 50, 60, 70 and 80 K (only LAD493). The arrows indicate
the characteristic field at "= 4.2 K.
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a =dinj/din B

Temperature T (K)

Figure 5.3: Exponents a = —dlnjs;/dln B at high magnetic fields for films LAD493 (M),
LAD554 (O), LAD203 (o), LAD496 (o) and Y67 (V). For films with a low dislocation density
a =~ —0.58, constant with temperature, whereas for films with many dislocations « is more
negative and decreases with temperature. Note, that the vertical axis is negative. Lines are
guides to the eye.

5.3.2 General properties of the dynamical relaxation rate ()

After describing the general properties of js, we turn to the dynamical relaxation
rate. First we investigate the behaviour of @) at low fields pgH < B*, where jg
exhibits a plateau. To measure the relaxation @ at these fields, we have to use very
low sweep rates to acquire sufficient data points. Moreover, the torque disappears at
vanishing magnetic field. We use an external current source in combination with the
magnet power supply to obtain sweep rates down to 90 T /s. In figure 5.4 the current
density at four different sweep rates is plotted for film LAD203 (from Doornbos, ref
[40]). As js exhibits a plateau at every sweep rate, so does the relaxation rate Q(B)
at fields below B*. We thus observe in the relaxation the same matching effect as
in js. The plateau in @ is also observed at higher temperatures (inset of figure 5.4)
and like B*(T') from the current measurement (figure 3.6 on page 37), the size of
the plateau decreases with increasing temperature. If we increase the magnetic field
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Figure 5.4: Current density js(B) at low magnetic fields for various sweep rates (film
LAD203), T =10 K. js(B) becomes constant at B*, which is independent of the sweep rate
used. From top to bottom; dB/dt = 735, 368, 184 and 92 uT/s. Inset: Q(B) for LAD203
at T = 10, 40 and 60 K. The decrease of B* with temperature is clearly observed (dashed
line).

beyond the characteristic field B*, Q(B) increases steeply (see figure 5.5), especially
at low temperatures. The relaxation rate rises until pgH ~ 0.5 T, and becomes
roughly constant for high magnetic fields at low temperatures.

The sharp increase of the relaxation just above B* can be understood as a consequence
of the crossover from strong pinning by dislocations towards another (weaker) pinning
regime. It is comparable to the crossover observed in js(B) from a plateau at low
fields to a power law decrease at high magnetic fields. When the current density
decreases as a power law js(B) ~ B%, with a < 0, Q(B) is constant again. The
behaviour of Q(B) is thus closely related to the behaviour of j4(B).

There is an interesting difference in Q(B,T) of films with low and high dislocation
density; in films with a low dislocation density Q(T) is constant at intermediate
temperatures 20 < T < 50 K (figure 5.6a). This plateau has been observed before
and seems to be a common feature for YBagCuzO7_s [41]. However in films with
high ng;s1, @ increases monotonically with T' (figure 5.6b).
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At low temperatures T' < 10 K a transition from thermally activated creep to quantum
creep takes place and @Q(T') becomes independent of temperature [42]. Especially
in figure 5.6a for the lowest field values, B = 0.1, 0.3 T, one clearly distinguishes
that Q(T') starts to flatten. We do not discuss the effect of quantum creep, since
it is described extensively elsewhere [43], but for describing thermally activated flux
motion, we have to discard data for 7' < 10 K.
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Figure 5.6: Dynamical relaxation rate Q(T") for a) Y67 and b) LAD554. From bottom to
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only LAD554) and 6.0 T (4).



86 Chapter 5 Vortex pinning in thin YBayCuszO7_s films

5.3.3 Determination of the pinning energy U,

The pinning energy U, can be determined directly from the dynamical relaxation
rate. For thermally activated flux creep, the probability for a vortex to jump from
one pinning configuration to another is P ox e~V@:B.T)/ksT  The activation energy is

given by [44]:

U i\

v =2 ((£) -1) =cur. (5.4
Js

where p is a model dependent parameter, kg the Boltzmann constant and C' a factor
that incorporates the attempt frequency of the vortex to jump over a potential bar-
rier and the geometry of the sample. C depends logarithmically on the sweep rate
dB/dt. After extracting js from eq. (5.4) and differentiating to dB/dt one obtains
the following relationship for U.:

T U,

Q ks
Equation (5.5) provides us with a direct measure of U,, if we plot T/Q vs. T and
extrapolate to T' = 0. Note that we have to neglect the data below T' < 10 K, because
of quantum creep. Figure 5.7 shows a plot of T/Q of the films Y67 and LAD554
(ngist = 7 and ngis = 90 pum~=2). Indeed at the lowest temperatures (T = 4.2 and
7 K) T/Q bends down towards T' = 0, which corresponds to a constant relaxation
rate Q(T) due to quantum creep. At intermediate temperatures the relaxation rate is
more or less constant and T'/@ rises linearly. At higher temperatures however, thermal
fluctuations become stronger and (@ increases exponentially, which results in a sharp
decrease of T/Q. An interesting feature is observed in figure 5.7a; at low magnetic
fields pgH < 0.5 T, an upturn develops. This feature is directly connected to the
decrease of the relaxation rate, being constant at high magnetic fields and exhibiting
a sharp decrease for ugH < 0.5 T at low temperatures (figure 5.5). Especially in
film Y67 the upturn is very clear but, although less pronounced, it is also observed
in other films. At high magnetic fields the lines of T//Q fall almost on top of each
other (Q(B) is virtually constant at high magnetic fields), indicating that the pinning
energy U, is only weakly field dependent.
In figure 5.8 we plotted the pinning energy versus the magnetic field. We can distin-
guish the same field regimes as for the relaxation. At low magnetic fields U, extrap-
olates to a value of U, ~ 600 K. At high magnetic fields U.(B) is roughly constant
with U. =~ 60 — 200 K. The plateau in U.(B) scales with the square root of the dis-
location density (inset of figure 5.8), which shows that the dislocation lattice is still
important at high magnetic fields, when the vortices outnumber the strong pinning
centers by far. Note that a similar field dependence of U.(B) in YBasCusO7_s films
was observed before by Douwes and Kes [6].

+uCT (5.5)
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Figure 5.7: T/Q vs T plots for two films; a) Y67 and b) LAD554 at B = 0.1 (M, only Y67),
0.3 (0), 0.5 (a), 1.0 (), 2.0 (¥), 3.0 (V, only LAD554), 4.0 (¢), 5.0 (, only LAD554) and
6.0 T (e). Lines are guides to the eye. Extrapolation of T'/Q to T' = 0, gives the pinning
energy U.. At high magnetic fields the pinning energy becomes independent of magnetic
field. At low magnetic fields an upturn appears, that is specifically clear in Y67, resulting in
an increase of U.(B). At low temperatures 7' < 10 K the curves bend down to zero due to
quantum creep.
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One might be tempted to conclude that U.(B = 0) = 600 K is the pinning energy of a
single vortex, pinned by a linear defect. However, a simple calculation of the pinning
energy Up, obtained by equating U, to the Lorentz force j,®od times the range of the
pinning potential (~ &), yields U, ~ 10* K, which is at least one order of magnitude
higher than observed experimentally. The discrepancy between the experimental and
theoretical pinning energies seems at first sight paradoxical, but one should realize
that U, is related to @) and thus to the elementary excitations of a vortex. The critical
current density on the other hand is related to the depinning of a complete vortex
from its defect, and therefore to the condensation energy ¢ that is much larger. In
section 5.4.5 we will investigate what kind of excitation is responsible for the observed
pinning energy U..
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Figure 5.8: Pinning energies U, for various films; Y67 (V¥), LAD670 (A), LAD203 (e), and
LAD554 (O). At high fields U, exhibits a plateau, whereas at low magnetic fields, it rises
steeply to U.(B = 0) ~ 600 K. Lines are guides to the eye for Y67 and LAD554. Inset: The
plateau of U, at high magnetic fields scales with the square root of the dislocation density
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5.4 Discussion

5.4.1 Current density at low magnetic fields

At low temperatures and for large defects the critical current j. ~ i \/% Jo is comparable
to the depairing current. In thin films and in irradiated crystals the current density
is typically reduced compared to the depairing current jg, because neither the linear
defect size in films nor the typical radius of columnar tracks is in the limit of = > 1.
In chapter 4 we derived:

B[ em D) jo(T). (5.6)

8 \rforzre2m) ™

It is convenient to put all current reducing effects into one parameter n = j./Jo,
denoting the pinning efficiency, like in ref. [45]. Experimentally we find, with j. ~
js ~ 5101 Am~2 and jo ~ 4-10'2 Am~2, that n = 0.13, which is comparable to the
values obtained for columnar tracks, n = 0.17 [39]. The maximum pinning efficiency
can be calculated from eq. (5.6), and yields n = 0.22 for thin films (taking r, ~ 2£(0)),
and 7 =~ 0.32 for irradiated crystals (taking 7, = 4£(0)), see figure 4.3 in chapter 4.
These maximum pinning efficiencies are close to the experimental values, which shows
that the superconducting order parameter is almost completely suppressed inside the
defect.

Upon heavy-ion irradiation of thin films an increase of the critical current density
was observed compared to unirradiated films. The increase ranges typically from a
few tens of percents [10] to a factor 2 [11, 14], which can be directly explained by
the larger size of the columnar tracks compared to natural linear defects. From eq.
(5.6) we find that for r, ~ £(0) the critical current density is roughly proportional
to r.. An increase of j. by a factor 2 would imply that the columnar defects are
about twice as large as natural linear defects, which is indeed the case. Schuster et
al. [46] found that the relative increase of j. in thin YBayCuzO7_s films before and
after irradiation depends on the type of ion used. Heavy-ion irradiation by Pb-ions
was most effective and showed an increase of j. by a factor 5. This difference cannot
be fully explained by the larger size of columnar defects, but the differences between
intrinsic current densities measured in various films can be significant (see figure 3.5b
on page 35). Moreover the maximum current, measured by Schuster et al. [46] in a
Pb-irradiated film, j. = 6.7-10'" Am~2 is about 30% larger than in our film LAD554.
This implies that . ~ 4 nm for Pb-irradiated columnar defects, which is quite a
reasonable estimate.

Other reports on irradiated thin films focus on the angular dependence of the pin-
ning force, showing a peak in the irradiation direction [47, 48], or investigating Bose
glass scaling in irradiated thin films [49, 50]. Unfortunately irradiation doses and,
consequently, the magnetic fields considered, are usually much larger than the typical
matching fields of natural linear defects (Bg ~ 100 mT), which makes comparison to

Je(T)
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our films difficult. To observe Bose glass scaling by natural linear defects, one would
have to measure at very low fields. Note that Roas et al. [51] did observe a peak
in the critical current density along the c-axis in as-grown YBasCuzO7_s thin films,
that could well be caused by linear defects.

To compare the measured superconducting current density js(7') with the true criti-
cal current density j.(T'), whose temperature dependence was derived by theory, we
need to compensate for relaxation effects. The relation between j;(B = 0,T) and
je(B =0,T), derived from eqs. (5.4) and (5.5) is:

2= (1- Q)" (5.7)

Je
From the plots of T//Q versus T in figure 5.7 we find the product uC' at low magnetic
fields. The activation constant C' ~ 15—19,? which results in u ~ 1. The ratio js/j. is
only weakly temperature dependent at intermediate temperatures 10 K < 7" < 50 K.
This is not surprising, because Q(T') is roughly constant at intermediate temperatures
(see figure 5.6a and ref. [41]). Furthermore j;/j. does not depend sensitively on pu,
which enables us to treat pinning models for the critical current density at B = 0,
provided that we correct the measured current density js via eq. (5.7).
In figure 5.9 the measured js(7) is plotted for films Y67 and LAD554, together with
Je(T'), calculated using eq. (5.7) with ¢ = 1 and C' = 15 for Y67, and C = 19
for LAD554. Also included is the expected temperature dependence according to
3e(T) ~ 1/ (N(T)€"(T)), with v = 1, 2 and v = 3. For the temperature dependences
we used \(T) = A(0)/+/(1 — t*) and &(T) = £(0)/[(1 +¢2)/(1 — t?)], with t = T/T..
We find good agreement with the measured current densities with v = 3 for Y67 and
v = 2 for LAD554. Secondly we find that thermal fluctuations have a small effect on
Je(T'), which was expected, since Tgp ~ 560 K > T'. From the values obtained for v we
tentatively conclude that the linear defects in Y67 are smaller in average than those
in film LAD554. Indeed from AFM measurements we deduce, that the sputtered film
Y67 contains twice as much edge dislocations as screw dislocations (cf. figure 3.2 on
page 31), whereas in the laser ablated films, like LAD554, TEM observations revealed
mostly screw dislocations. Since the Burgers vector of screw dislocations is directed
along the c-axis, it is 3 times larger than for edge dislocations. We therefore expect
that the defect core size, typically a few Burgers vectors, is larger in film LAD554.
TEM observations from Gao et al. [52] indicate that 7. ~ 1.0 nm =~ 2.5|b| for an
edge dislocation in a YBasCu3zO7_s thin film. For screw dislocations we then expect
r. ~ 3.0 nm ~ 2£(0). A rough estimate for the average defect size in film Y67 yields
7r & 1.3 nm = 0.9£(0), whereas in film LAD554 we would get r, = 3.0 nm == 2£(0).
Filling in r, = 0.9¢(0) and r,, = 2£(0) in the general equation for j.(T), eq. (5.6), and
determining v by fitting with j.(T) ~ 1/ ()\2(T)§”(T)), we find v = 2.0 and v = 2.8
respectively, which is in excellent agreement with the values from figure 5.9.

2The value for C can be determined independently as it is given by C = — Tlim0 % ‘3111?1313 . In this

way the values C' = 15 and C' = 19 were obtained for Y67 and LAD554 respectively.
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Figure 5.9: Temperature dependence of the current densities js (open symbols) and j.
(solid symbols) for a) Y67, B = 0.1 T (O, W), and b) LAD554, B = 0.1 T (O, M) and
B =0.2T (A, A). Lines depict the derived dependence j.(T) ~ 1/X3(T)¢"(T) with v = 1
(solid lines), v = 2 (dashed lines) and v = 3 (dotted lines). From the fits it is obvious that
the average linear defect size of film Y67 is smaller than that of film LAD554.

Moreover, if we calculate j.(0) from fiax ~ —de,/dR |g=r., we find j.(0) ~ 2.0- 10!
Am~2 for film v67 and j.(0) ~ 5.1 - 10" Am~2 for film LAD554, again in good
agreement with experiment.

Comparing the current density below the characteristic magnetic field for various
films, we find that j;(B = 0) is essentially independent of the dislocation density.
Some films with higher dislocation density n4;s > 50 pm =2, show a somewhat reduced
current density at T' = 4.2 K. We believe that this is due to the slightly reduced
crystallinity for films with large ng;s (smaller T¢., wider rocking curve Awgs)), S0
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that the intrinsic current density is smaller in films with large n4;5;. However, also the
defect sizes may vary somewhat from film to film (as in Y67 and LAD554). The fact
that js(B = 0) is independent of the dislocation density implies that surface roughness
pinning in films is, at least at low magnetic fields, not important, contrary to what
has been claimed by some groups [53, 54]. Because the island density (and thus the
surface roughness) increases with increasing dislocation density, surface roughness
pinning would give a higher current density for high dislocation density films. This
is not observed; in fact from all our measurements, we see that the current density
is typically somewhat lower in films with many dislocations, compared to films with
a low dislocation density. In chapter 7 we investigate the influence of the surface on
the pinning properties in further detail.

5.4.2 Characteristic field

The characteristic field B* = 4 (g, /eo) Bg has the same physical origin in thin films as
in irradiated single crystals, but in thin films B* marks the end of a plateau in js(B),
whereas in single crystals the current density depends strongly on magnetic field,
even below the matching field. The reason for this difference is the strong influence
of vortex-vortex interactions in irradiated crystals, due to the high density and the
random distribution of the columnar defects. The characteristic field in single crystals
coincides with the matching field Bg, except for very high irradiation doses [39]. For
YBayCu3zO7_s thin films B* < Bg and from the proportionality factor B*/Bg = 0.7
we estimate €, /g &~ 0.18.

The temperature dependence of B*(T'), plotted normalized to its zero temperature
value in figure 5.10, shows a similar dependence in films with low and high dislocation
density. At low temperatures the reduction in B* corresponds to the behaviour found
in irradiated YBayCuzO7_s crystals (see the inset of figure 5.10 and figure 3.7b on
page 39), but the sudden decrease of the matching field in irradiated crystals at around
T =40 K is absent in thin films.

To explain the decrease of B*(T') with increasing temperature we have to determine
the temperature dependence of ¢, /eg, including the effect of thermal fluctuations,
that facilitate the depinning of a vortex from its pinning site:

‘(T — B* A S S
F =) (1 T@(T))l (”%(T)?)' 58)

If we use 177 (T) = T7,(0) (A*(0)/A*(T)), with T7,(0) = 560 K (solid lines in figure
5.10), there is no agreement with the experimental data. Both in irradiated crystals
and in thin films (figure 5.10) the measured B*(T") decreases faster than theory pre-
dicts, which was noted already by Thompson et al. for the case of irradiated crystals
[55]. To explain the fast decrease of B*(T') one can of course assume a lower depin-
ning energy. For example taking Tgp(O) = 70 K for thin films (dashed line in figure

5.10) and TJP(O) = 95 K for irradiated crystals (dashed line in the inset of figure 5.10)
gives a good agreement with the experimental data at low temperatures.
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Figure 5.10: Normalized temperature dependence of the characteristic field B*(T) for films
LADG670 (A), Y67 (V), LAD203 (e), and LAD493 (). Lines are the expected temperature
dependence with Tgp(()) = 560 K (solid line), and TJP(O) = 70 K (dashed line). The latter is
in good agreement with experiment at low temperatures. At higher temperatures 7' 2 30 K,
deviations occur because the harmonic oscillator potential is only accurate when 7' <« TJP(T).
Inset: Normalized characteristic field B*(T') of an irradiated crystal (from ref. [39]), together
with the expected temperature dependence with f;p(o) = 560 K (solid line), and T;p(o) =95
K (dashed line). Note that T5,(T) ~ 1/X*(T).

But taking a different depinning energy changes the temperature dependence of j.(T')
as well, and we cannot obtain a consistent picture for both j.(T) and B*(T) with a
single T’ C}"p(O). To illustrate this inconsistency more clearly we have plotted in figure
5.11 the temperature dependence of B*(T') versus the superconducting current density
Js(T') for various films. The solid line denotes the expected dependence, from eq. (5.8)
and j5(T) = j.(T) [1 — CQJ (taking T7,(0) = 560 K, C' =19, v = 2, and Q(T') from
experiment), which clearly does not describe the behaviour observed in experiment.
Note, that this does not depend on the choice for Tgp(O), since both B*(T) and j,(T)

contain the same factor f(7T/ Tgp).
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Figure 5.11: Characteristic field B*(T), plotted against js(T) for films LAD670
(A), Y67 (v), LAD496 (o), and LAD493 (H). Both B*(T) and js(T) are
normalized to 7' = 10 K. Lines denote the expected dependencies with
§s(T) = je(T)[1 = CQ(T)] and B*(T) ~ In(1 + z*(T)) - f(T/Ty,) (eq. (5.8), solid
line) and B*(T) ~ In(1 + 2*(T)) - f(T/Ty,) - [L — CQ(T)] (thermal activation included,
dashed line).

However, we have to realize that the size and temperature dependence of B*(T') were
derived for j; = 0, whereas in our experimental situation large currents run through
the film. As the pinning landscape tilts when applying a current, vortices escape
more easily from the linear defect, and thus the characteristic field decreases. If we
include the same factor j;/j. = 1 — CQ(T) in the temperature dependence of B*(T'),
we obtain a good approximation of B* (dashed line in figure 5.11). Apparently an
increased relaxation rate results in a decrease of B*(T'). Intuitively this is logical,
but up to now there is no model available to describe this effect. A similar effect is
observed in irradiated crystals, where the sudden decrease of B*(T') at T = 40 K (ref.
[39], and the inset of figure 5.10), is accompanied by a sharp increase of the relaxation
rate S(T), resulting in a peak in S(T") [39, 55].
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5.4.3 Current density at high magnetic fields p,H > B*

Whereas the pinning below the characteristic field is quite well understood, the sit-
uation at higher magnetic fields pyH > B* is less clear. Several models have been
proposed. Douwes et al. [5] suggested, that at high magnetic fields, pinning is caused
oxygen vacancies in the CuOs-plane. Another possibility, suggested by Wordenweber
[38], is that at high magnetic fields there is a strongly pinned vortex lattice on the
linear defects, whereas the unpinned vortices move by shearing in channels through
the pinned lattice. A similar shear model, giving rise to plastic pinning is described
by the Bose glass theory [1]. At high magnetic fields individually pinned vortices ex-
perience a transition to bundle pinning. The large density of vortices and the variety
of pinning defects and models make it hard to interpret unambiguously the experi-
mental data, and up to now no consistent picture for pinning at high magnetic fields
has emerged.

Experimentally the most remarkable feature of the high field behaviour of js(B) is the
change of slope a = dln j;/dln B from @ = —0.58 to @ = —0.8 to —1.1. This abrupt
change of slope, observed when n4;5 > 60 um~2 (which means that the average defect
spacing d, < A), probably marks the onset of strong vortex interactions. The Bose
glass theory [1], that distinguishes between plastic pinning and collective pinning,
provides a useful framework to describe our observations.

In plastic pinning the vortices, not accommodated by the dislocations, are pinned
via shear interactions with the strongly pinned vortex lattice. The maximum pinning
force is given by fp max = Cecao, Where cgs is the shear elastic constant and ag the
intervortex distance. The critical current density

gives a field dependence of the current j. ~ B~9%5. The collective pinning model
relates the Lorentz force within a correlation area of size ~ R? to the elastic force
of the vortices. Collective pinning becomes important when the correlation radius
R. ~ d,,jla ~ d,., the average defect spacing. The critical current density in this
case is given by:

je(B) ~ T2 x pjo =2 (510)
47”‘0 abgab B

The most important difference between egs. (5.9) and (5.10) is the field dependence,
changing from j. ~ 1/ VB to jo ~ 1 /B. Exactly such a crossover we observe experi-
mentally when the average defect spacing becomes smaller than A\. We propose that
collective pinning is important when d, < A, whereas in a more dilute linear defect
lattice vortices are plastically pinned. In irradiated single crystals, where d,. < A, we
expect collective pinning as well, which is indeed observed [45].
There are, however, still a number unresolved questions. First the plastic pinning
model gives too low estimates for the critical current density, as noted before by
Mannhart et al. [4] and Douwes and Kes [5]. For example, eq. (5.9) with Bg = 0.1
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T and B =1 T gives j. ~ 1-10° Am—2. This is much lower than the measured value
of typically js ~1—2-10" Am=2 at T =4.2 K and B =1 T. This also implies that
the low field current density, eq. (5.6), and the high field current density, eq. (5.9),
do not connect at the matching field B¢ (contrary to the collective pinning case, with
egs. (5.6) and (5.10), note that n = j.(0)/jo). Matching the linear defect pinning and
plastic pinning regimes would imply a dramatic decrease of j;(B) over two orders of
magnitude between B* and Bg. Instead we observe a smooth crossover to a power
law regime, with only a minor decrease of js;(B). On the other hand the plateau in
U. at high magnetic fields increases with the dislocation density (inset of figure 5.8),
which can be perfectly understood in a plastic pinning model, since shearing through
a defect lattice, filled with strongly pinned vortices, will be more difficult when the
defect lattice is denser. Therefore a plastic pinning model is still a good candidate
since it gives the right field dependence j, ~ 1/ VB and explains why U, increases
with increasing dislocation density.

The discrepancy between theory and experiment points out that vortex-vortex inter-
actions have a more profound influence on the current density than anticipated. One
essential point, not considered up to now, is the non-random distribution of the linear
defects in thin YBasCu3O7_s films. Due to the ordered distribution of the strongly
pinned vortices at B* they provide a natural way for additional vortices to distribute
themselves regularly, which improves the pinning properties at higher fields as well.
In order to fully explain the measured size of j; and its field dependence into more
detail, these effects have to be taken into account more explicitly.

Secondly the slopes a do not coincide exactly with the theoretical dependencies. For
films with high dislocation density a ~ —0.8 at low temperatures, which is too large
for collective pinning, for which a@ & —1. Moreover |a(7T)| increases with temperature
for films with high ng;s. Possibly the current density is determined by a mixture
of collective and shear pinning. After all we are still in a relatively low field regime,
where R, < d,, and it is surprising that collective pinning occurs at all.

We can give a rough quantitative argument why the slopes of the power law be-
haviour do not coincide exactly with the expected slopes in egs. (5.9) and (5.10), and
why «(T') is temperature dependent for films with high ng;s. Due to relaxation o =
dInjs/dInB # dInj./dInB. If we differentiate the general formula of thermally acti-
vated vortex creep, given by eq. (5.4), with respect to the magnetic field B, we obtain
the following expression?®:

dlnj. dlnj,
dlnB ~ dlnB

dinU, dlnU,
anp Tl

+Q-CQ

(5.11)

Thus, to obtain the field dependence of the true critical current density dlnj./dInB, we
have to add to the slope « two positive terms (note that in general dlnU,/dInB < 0).
So the measured slope « is always more negative than the field dependence of the
true critical current density. Comparing this with the measured slopes (figure 5.3), we

3Hereby we neglect the field dependence of u. We assume that, as we are in a specific pinning
regime, u is independent of B. This assumption is strictly speaking not true, but for a crude estimate
it is not necessary to take the field dependence of p into account.
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observe that for films with low ng;s, o« = —0.58. This suggests that j.(B) ~ 1/\/§7
with a correction of 0.08. Because « is constant with temperature, so should Q(T)
for these films. From figure 5.6a we learn that this is indeed the case for films with
a low dislocation density. For films with high ng, a & —0.8 at low temperatures.
With increasing temperature the slope decreases, but Q(T') increases (figure 5.6b), so
the correction terms are higher at larger temperatures, suggesting that dlnj./dInB is
roughly constant with temperature.

In numerical simulations a slope dlnj./dlnB = —0.7 £ 0.1 has been found, by sim-
ulating the plastic deformations due to strong pinning, and allowing entanglement
[56]. This entanglement as an additional ingredient could explain the observed slopes
a = —0.8 with a small correction according to eq. (5.11). However, an exact calcu-
lation of the field dependence of the critical current would require a more thorough
derivation, that includes in eq. (5.11) also the field dependence of u, which cannot be
determined accurately within experiment.

5.4.4 Dynamical relaxation rate

Various pinning regimes are clearly seen in the field dependence of the relaxation
rate Q(B). Below B* the relaxation rate is constant. Then it increases and becomes
constant again for magnetic fields pyH 2 0.5 T. The same regimes are observed
in js(B) (showing first a constant plateau and in the second regime a power law
behaviour), and also in the pinning energy U.(B). This suggests that there are at
least two regimes, one below B* with strongly pinned vortices on the linear defects,
and one above pgH 2 0.5 T with plastically or collectively pinned vortices. In between
these two regimes the relaxation rate increases steeply.

The reason why the crossover occurs at about 0.5 T is not clear at present. In any
case it is observed in various films independently of the dislocation density. Also it
has been observed by other groups [4, 6], and in quantum creep [43]. The change
in behaviour at around pyH = 0.5 T is thus more general for YBaysCu3zO7_s films,
and may well be related to a stronger influence of vortex-vortex interactions. The
intervortex distance at this field ag ~ 63 nm ~ %)\, so the vortex-vortex interactions
become increasingly more important beyond this field.

The temperature dependence of the relaxation rate at low fields is different in irra-
diated single crystals. Whereas in thin films Q(T") rises monotonically, in irradiated
crystals the conventional relaxation rate S(T') exhibits a peak for u,H < B* [39, 55].
This peak marks the crossover of a single vortex regime, where the motion of vortices
takes place via variable range hopping, to a collective pinning regime involving vor-
tex bundles [55]. In thin films a similar peak of Q(T) is absent, because both variable
range hopping and bundle pinning do not occur in thin films at uygH ~ B*. A neces-
sary condition for variable range hopping is a strong dispersion in the pinning energies
and/or distances between the strong pinning sites [2]. In single crystals irradiation in-
deed produces randomly distributed columnar tracks of various strength, but in thin
films the dispersion in pinning energies of the dislocations is much smaller, as fol-
lows from the variation in distances between the defects [22]. Secondly, in thin films
vortex bundles do not form immediately above the characteristic field ugH 2 B*, be-
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cause the field value B* < 100 mT is too small. In thin films B* marks a different
crossover in vortex pinning, namely dislocation pinning governed by half-loop excita-
tions (sections 5.4.1 and 5.4.5) towards a plastic or collective pinning regime that sets
in at higher magnetic fields (section 5.4.3).

The absence of a peak in the relaxation rate is consistent with the behaviour of js(7T),
because Q(T) is directly related to the behaviour dlnjs/dT. In irradiated crystals
dn js/dT shows a minimum when poH < B*, when Q(T') experiences a peak. In thin
films the minimum in d1n j,/dT is absent, as is the peak in Q(T"). This illustrates once
more the close relationship between the relaxation rate Q(T), or equivalently S(T'),
and the derivative of the current density dlnj,/dInT, as was found in the magnetic
field dependence of the relaxation Q(B), eq. (5.11). In fact an expression similar to
eq. (5.11) was derived in ref. [39], relating the temperature dependence of j5(T') to
the conventional relaxation rate S(T').

5.4.5 Pinning energy U,

According to the Bose glass theory the vortex excitations that determine the pinning
energy U, at high driving currents are half-loop excitations. For half-loop excitations
the activation energy is calculated by balancing the driving force with the loss in
pinning energy and the increase of elastic energy. It is given by [2]:

= &\/e1e,(T) (— - 1) U.(T) (j— - 1) , (5.12)

with &, the depth of the pinning potential and ¢; the line tension, which is smaller than
€p due to anisotropy. Note that Tgp = bo+/2:€,, which means that the depinning energy
and half-loop energy are comparable in size. With £ = 1.5 nm and ¢; = ¢, = 0.2¢
we estimate that U.(0) &~ 280 K, which is smaller than the experimentally obtained
value U.(0) = 600 K, but given the uncertainty in the parameters used, the estimate
is not so bad.

The temperature dependence of U.(T) is given by:

Uo(T) = U.(0) ,/ T/T} dp

To check whether or not this kind of excitation is consistent with experiment, we
can use the temperature dependence of U.(T) to calculate the ratio js/j.. Half-loop
excitations impose that the glass exponent in eq. (5.4) pu = 1, which implies that:

Js(T) _ 1
jc(T) - 1+ CkBT/Uc(T)

(5.13)

(5.14)

In figure 5.12 we plotted the ratio js/j. = 1 — CQ from experiment together with the
expected temperature dependence, given by eq. (5.14). We took TJP(O) =560 K, and
the usual temperature dependence for A\(T') and £(T). We find excellent agreement
with experiment, if we take for U.(0) = 280 K for Y67 and U.(0) = 600 K for LAD554.
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Figure 5.12: Ratio js/jc from experiment and theory for films a) Y67 and b) LAD554. Solid
squares are obtained from experiment. Solid lines correspond to the theoretical behaviour for
half-loop excitations egs. (5.13) and (5.14), with p =1, C =15 (Y67) or C = 19 (LAD554),
T7,(0) = 560 K, and U. = 280 K for Y67 and U. = 600 K for LAD554.
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This agrees with the pinning energy, measured experimentally at B = 0.1 T, U. = 360
K and U, = 520 K for film Y67 and film LAD554 respectively. Note, that B = 0.1
T is larger than B* for film vY67. Therefore U, = 360 K < 600 K, since the pinning
energy decreases steeply beyond B*. Unfortunately no relaxation data was available
at lower magnetic fields.

An important question is whether the assumption, that the glass exponent p = 1, is
correct at low fields. From the low temperature slope of the plots T/Q vs. T, figure
5.7, we find ¢t = 1 — 1.3 at high magnetic fields poH > 0.5 T, but for low fields p is
decreasing towards p ~ 0.5 at gy H = 0.1 T. The order of magnitude of  is reasonable,
but its field dependence is puzzling. For variable range hopping, theory predicts i to
increase from 1/3 to 1 with increasing magnetic field [1, 2], which is similar to the
increase of p(B) we observe in experiment. Assuming a somewhat higher C' we find
even quantitative agreement with the theory for variable range hopping. But, as we
argued in the previous section, variable range hopping is unlikely to occur in our films,
due to the large distances between defects. It involves a pinning energy of typically
U, ~ d,\/€ig,, which is at least one order of magnitude larger than the energy required
for half-loop excitations. On the other hand, in film Y67, that contains both edge and
screw dislocations (with edge dislocations that are possibly uncorrelated, as they are
not connected to any growth feature) we might have a larger dispersion in the pinning
potential e,, which facilitates variable range hopping. Indeed in the T'/Q versus T
plot (figure 5.7a) the decrease of p(B) with magnetic field is more apparent than in
film LAD554.

The length ¢p; of the half-loop and the displacement up; of a half-loop excitation
[57] are of the order of a few nanometer, in agreement with other estimates for the
activation length. Hylton and Beasley [58] obtained similar values for the length of
a vortex segment, being depinned from a linear row of point pins. Also Hoekstra et
al. [59] found at very low temperatures, that the correlation length L. is of the order
of a few nanometers. We conclude that half-loops provide the most likely mechanism
for vortex excitations at low magnetic fields, but the measured values of the glass
exponent remain unexplained by theory. In any case the ratio js/j. from experiment
is consistent with a pinning energy U.(T') of half-loop excitations, and moreover it
has the correct temperature dependence.

At high magnetic fields the pinning energy is essentially constant. Its magnitude
appears to be proportional to the square root of the dislocation density (inset of
figure 5.8). We propose that pinning of vortices in the high field regime is caused by
the collective pinning of vortex bundles, between the array of strongly pinned vortices.
Assuming that it involves plastic pinning of vortex bundles of volume V. we have [2]:

- ®oV/B
U,(B) ~ \/044EpmVC ~ \/044 - ce6 (ao/dy )V, ~ m\/&% (5.15)
0

which gives the observed dependence of U.(B) x /By x \/figisi. The field de-
pendence of U.(B) implies that V.(B) ~ 1/v/B. The collective pinning volume at
poH = 0.5 T, according to eq. (5.15) and the inset of figure 5.8, is V. ~ 5.3 - 1024
m?. Taking the intervortex distance at poH = 0.5 T for the collective pinning radius,
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i.e. R. =63 nm, we obtain L. ~ 1.3 nm. A theoretical estimate for R, ~ d,,z—og—?] ~ 24
nm gives L, ~ 9.3 nm. These values of typically a few c-axis lattice distances agree
well with other estimates (see for example Doyle et al., ref. [60]) for the collective

pinning length and for the size of the half-loop excitations along the c-axis.

5.5 Conclusions

Natural linear defects have a profound effect on the pinning properties of high-T
YBasCu3O7_s thin films. We have shown that indeed many features, both in the
field and temperature dependence of the superconducting current density and the
relaxation rate, can be described in terms of vortex pinning by growth-induced linear
defects. Since the defect size is of the order of £ and the average defect spacing of the
order of A\, columnar defect models have to be adapted accordingly.

In figure 5.13 we give a schematic overview of the typical behaviour of js(B), Q(B)
and U.(B) in various regimes. At low magnetic fields pyH < B* the vortices are
strongly pinned by the dislocations resulting in a plateau both in j4(B) and Q(B).
To describe the pinning properties of the linear defects consistently with the Bose glass
theory, we derived in chapter 4 a generalized expression for ¢,.(R), which is valid for all
defect sizes. As a result, we find that the effect of thermal fluctuations is linear with
temperature f(T/TC?p) ~ l—T/ij. Fitting the temperature dependence of j.(B = 0)
with the modified expression for e, (R, T) we find a defect size 7. ~# 1.5—3nm ~ 1—2-
&,5(0), which corresponds to the estimated core radius of edge and screw dislocations.
The elementary excitations in this regime are half-loop excitations, involving a pinning
energy of U, ~ 600 K. The temperature dependence of U.(T) ~ &(T)/N\*(T) for
half-loop excitations gives a ratio js/j., in agreement with experiment. However,
the strong temperature dependence of the characteristic field remains puzzling. We
suspect that B*(T') is decreased due to the large currents running in the film, resulting
in a small activation barrier for vortex jumps. Unfortunately, there is as yet not a
model including the effect of the current density on the characteristic field B*(T).
At intermediate magnetic fields B* < pgH < 0.5 T, the critical current density starts
to deviate from its plateau value. The relaxation increases, whereas the pinning energy
decreases steeply. Since at 0.5 T the inter-vortex spacing equals half the penetration
depth, the crossover could mark the onset of a pinning regime where vortex-vortex
interactions become increasingly more important.

At high magnetic fields pyH > 0.5 T, the superconducting current density decreases
as js(B) ~ 1/\/§ for films with low dislocation density ng;s < 60 pum~2. The pinning
energy is independent of magnetic field, U.(B) ~ 60 — 200 K, and it is proportional
to \/naisi- For films with a small defect spacing d,, < 130 nm ~ X the current density
Jjs(B) decreases more strongly with magnetic field, « = —0.8 to —1.1. This behaviour
of a suggests a transition from plastic to collective pinning. The fact, that U.(B) and
the behaviour of o depend on the dislocation density, indicates that the linear defects
play an important role even far above the matching field.

An important question from an applications point of view is, how to make films with
the largest possible current densities at 77 K, and at high magnetic fields.
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Figure 5.13: Different vortex regimes with increasing magnetic field in thin films of
YBayCuszOr_s. Three regimes can be clearly distinguished; (i) a strongly pinned vortex
lattice below B*, (ii) a crossover regime and (iii) a plastic / collective pinning regime at high
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We have seen that, especially at elevated temperatures, thermal activation causes a
large difference between the superconducting current j, and the critical current j..
Moreover, the critical current is reduced, as the vortices are pinned only plastically
or collectively at high magnetic fields. The results presented in this paper show
two possible options to optimize js(B,T'), namely (i) increasing the density of linear
pinning sites, and (ii) increasing the core size of the linear pinning sites. We will
consider here some aspects of both possibilities to achieve higher current densities.
For films with a high ng4;s the plateau of constant j; extends up to larger field values,
but at high magnetic fields, pgH > B*, js(B) decreases faster in these films (j; ~ 1/B
compared to js ~ 1/ /B for films with a low ngist).- Whether increasing the dislocation
density also increases js(highB) is therefore not a priori clear. Moreover it remains to
be seen up to what ng;s the plateau-like features in j;(B) remain intact. We expect
that to obtain larger current densities, the non-random distribution of natural linear
defects is an advantage over the random distribution of columnar tracks, but on the
other hand columnar tracks can be produced with far higher densities (several Teslas)
than natural linear defects (Bg < 200 mT). Experimentally we find at magnetic fields
poH ~1—2 T, that films with many dislocations still carry the largest currents. We
conclude that increasing the dislocation density (eventually by heavy-ion irradiation)
can be effective in achieving higher current densities, but it depends very much on
what field and temperature range one is using.

A larger defect core size gives a deeper pinning potential and a larger pinning force
fo = —der/dR |max (see figure 4.3 on page 59). Therefore, increasing the defect
size gives intrinsically (i) a larger critical current density j. and (ii) a higher pinning
energy U.. Also the temperature dependence j.(T) ~ 1/ (/\Q(T)g"(T)) is less strong
for smaller v, i.e. a larger defect size. From the lines for various v in figure 5.9 we find
at T'= 77 K, that the critical current density j.(v = 2) = 2.5-j.(v = 3). The measured
critical current density j, benefits even more from a larger defect size, since the ratio
Js/je = 0.2 (at T = 77 K and v = 2) becomes larger for larger pinning energies,
see eq. (5.14). Since irradiation by heavy ions produces columnar defects with a
radius, which is 2 to 3 times larger than that of linear defects, the reasoning above
might explain why irradiation of thin films [10, 11, 14] is more effective in enhancing
the critical currents at high (7" = 77 K) temperatures [11]. In order to increase the
diameter of natural linear defects, one would have to find ways to produce (screw)
dislocations with a Burgers vector of several times the unit-cell.

Concluding, we find that the high critical currents in YBa;Cu3zO7_s thin films are
to a large extent due to natural linear defects. Due to half-loop nucleation vortices
can depin rather easily, which reduces the measured current js compared to the true
critical current density j.. Theoretically, strong pinning in the high field regime, where
vortex-vortex interaction competes with vortex pinning still needs to be explored. In
order to obtain the maximum current density at high fields and temperatures, one
has to find the optimum balance between (i) large defect density versus strong vortex-
vortex interactions, and (ii) randomly distributed, but large defects (columnar tracks)
versus regularly distributed, but small defects (growth-induced linear defects).
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Chapter 6

Flux penetration in ring-shaped
YBa,Cu307_s thin films

By means of advanced magneto-optics, we study the field and current distributions in
superconducting thin film rings of YBasCu3zO7_s, in an externally applied magnetic
field. During the first penetration of flux a peculiar peak of negative magnetic field
appears at the inner edge of the ring, which is due to the self-field of the current den-
sity. The occurrence of this peak allows an unambiguous definition of the penetration
field Hpepn, in magneto-optical experiments, in agreement with the penetration field
measured by torque magnetometry. The characteristic field B*, which determines the
matching of the vortex lattice with the linear defect lattice, is not influenced by any
penetration effects.

During field reversal a highly non-uniform current distribution is observed with two
concentric counter-rotating current loops. Our observations on the field profiles are
in excellent agreement with numerical calculations, that we performed using the same
ring-geometry. From the numerical simulations we conclude that the current density
is uniform within a hysteresis loop, provided that the sample is i) fully penetrated
and ii) not in a stage where the magnetic field profile is being reversed. The Bean
model, although derived for an infinitely long cylinder, is therefore also valid in thin
films.!

IThis chapter is based on the paper by M. Pannetier, F.C.Klaassen, R.J.Wijngaarden, M.Welling,
K. Heeck, J.M.Huijbregtse, B.Dam, and R.Griessen, Magneto-optical investigation of flur penetration
in a superconducting ring, Phys. Rev. B 64, 144505 (2001)
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6.1 Introduction

In the previous chapters we have discussed the pinning properties in thin films of
YBayCusOr_s. We have observed that the current density exhibits matching effects
due to pinning by linear defects. Typical matching fields are however small; B* < 100
mT, which is not much larger than the penetration field p,Hper,, and in a range where
self-field effects are expected to be important. In order to determine the critical cur-
rents in superconducting thin films, we pattern the films into rings, because of the
well-defined shape and constant sample width perpendicular to the current flow di-
rection [1, 2, 3]. In fact many studies on superconductors use ring-shaped samples,
to measure e.g. the flux relaxation rate [4], the magnetic flux noise [5], the levita-
tion forces [6], or the photoresponse in the flux creep regime [7]. In addition, ring
shapes also occur in practical applications e.g. in SQUID-loops. The interpretation of
these experiments presupposes a knowledge of the current distribution. Most authors
assume that this current distribution is uniform, and use the Bean model [8] to deter-
mine the current density from the magnetization. However, theoretical calculations
of the magnetic field in superconducting rings and disks have shown that shielding
effects cause deviations from the (ideal) Bean model [9, 10]. Experimentally, the be-
haviour of the magnetic field and current density distribution, and specifically the
uniformity of the current density, have not been verified in detail in ring-shaped sam-
ples. For these reasons an experimental investigation of the exact current distribution
in ring-shaped samples is strongly needed.

In this chapter we present an investigation of the flux penetration in ring-shaped
thin films of YBasCusO7_s, using an improved magneto-optical technique [11]. We
compare the magneto-optical results with measurements done by torque magetometry.
Magneto-optical (MO) imaging [12] enables a direct measurement of the magnetic field
above the superconductor, from which the current distribution can be derived for a 2-
dimensional geometry [13, 14, 15]. A recent improvement [11] of the technique enables
an accurate linear measurement of the local magnetic field, including an unambiguous
determination of its sign. Results are presented for two superconducting rings with
different widths. It is found that within the hysteresis loop, during first penetration
and after reversing the sweep direction, the field and current distributions exhibit a
peculiar behaviour, with positive and negative domains within the width of the ring.
At other magnetic fields the current density is uniform over the whole width.

This chapter is organized as follows. In section 6.2 we present the details of the
samples and the experimental technique. The numerical calculations, used for a direct
comparison with experiment, are described in section 6.3. Experimental results are
given in section 6.4. Specifically we focus on two aspects: i) on the homogeneity of
the current density within a hysteresis loop and ii) on the peculiar flux behaviour
during first penetration and immediately after reversing the sweep direction of the
applied magnetic field.
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6.2 Experimental technique

To study the penetration effects of rings of thin YBay;CusO7_s films we use both
torque magnetometry and magneto-optical imaging. Torque magnetometry gives the
total magnetic moment and an accurate quantitative determination of the current
density, whereas with magneto-optics we obtain information about the local mag-
netic field and its distribution. In this section we describe the principles of magneto-
optical imaging and the measurement setup. Torque magnetometry and the sample
preparation, described in detail in chapter 2, are summarized briefly.

6.2.1 Magneto-optical imaging

The physical principle behind magneto-optical imaging is the Faraday effect. In a
magneto-optical active material, the refractive indices for right- and left-handed cir-
cularly polarized light are slightly different when a magnetic field is present. The
consequence of this asymmetry is, that linearly polarized light, which can be thought
of as a superposition of right- and left-handed circularly polarized light, experiences
a rotation of the polarization vector. The angle of this so-called Faraday rotation is
given by:

0p = VIH, (6.1)

where 11y H, is the local magnetic field along the wave-vector of the incident light beam,
[ is the optical path-length in the medium and V is a material dependent constant,
called the Verdet constant. Many materials exhibit this Faraday effect, but it is
usually very small. For some materials however, such as the Eu chalcogenides (EuSe,
EuTe, EuS) and Bi-doped Yttrium Iron Garnet (YIG) films, the Verdet constant is
large, so that they can be used as magneto-optical indicators.

A schematic picture of how the Faraday effect is used to image the local magnetic
field is given in figure 6.1. The magneto-optical layer (MOL) is deposited on a glass
substrate. On top the MOL is coated with a highly reflecting mirror (for example
Al). The system is mounted "upside down’ on top of the sample (non-destructively).
Polarized light traverses the MOL twice. The polarization vector is rotated according
to eq. (6.1), depending on the local magnetic field on the sample. The analyzer is
placed perpendicularly to the polarizer, such that those parts of the film with zero
local magnetic field (i.e. no rotation) appear black, whereas places with magnetic
field (i.e. with rotated polarization) appear bright. In this way we obtain an image
of the local magnetic field everywhere inside (and outside) the sample. The signal
output has an intensity (for small rotation angles):

I = Lexp(—2p1)sin®(20F) =~ Lexp(—241) - (2VIH,)* < H? (6.2)

with L the intensity of the incident light and 3 the absorption coefficient of the MOL.
In this way the spatial variation of the perpendicular component of the local induction
B, at the sample is visualized as an intensity pattern.
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Magneto-optical indicator
Reflecting mirror

&— Subsirate with
superconducting ring

hoH

Figure 6.1: Schematic picture of magneto-optical imaging by means of the Faraday effect.
Light from the light source L is polarized by the polarizer P and focussed on the sample (a
superconducting ring in this case) with MO-indicator. When flux is present, the polarization
angle of the reflected light is rotated over an angle 20 with respect to the incident light
beam. It passes partly through the analyzer A, which is put at an angle a = 90° with respect
to the polarizer. When no flux is present, the polarization angle remains unchanged, and
the light is blocked by the analyzer. In this way we obtain an intensity image of the local
magnetic field inside and outside the sample.

From the intensity images, the local field is calibrated, either by measuring the inten-
sity far from the sample, for which B, = pyHgapp [16], or in a separate experiment
without sample.

In our experiments we use dichroic sheet polarizers with an extinction ratio of 1076
and as magneto-optical indicator we use a Bi-doped Yttrium Iron Garnet film (YIG)
with in-plane anisotropy. These garnet films exhibit a large Faraday effect of typically
0.06°/mT [17]. The YiG-indicators have a thickness of dyror =~ 2 — 3 pm, resulting in
a magnetic resolution better than 0.1 mT and spatial resolution better than 0.5 pm.
Moreover we can use the YiG-indicator in the full temperature range from 7' = 1.5 to
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300 K due to the large Curie temperature T = 800 K. A drawback of YiG-indicators
is that the use is limited to magnetic fields pgH < 200 mT as the indicator saturates
at higher magnetic fields. Secondly in-plane magnetic domains are present in YIG-
indicators, that can cause a rotation of the incident light. As a result these domains
become visible in a magneto-optics picture. However by an appropriate rotation of
the sample with indicator, such that the in-plane magnetization vector is at 45° with
the polarization vector of the incident light, this effect can be avoided.

The sample with the magneto-optical indicator is mounted on a variable temperature
insert (VTI) and put in a 1T cryostat similar to the one used for torque magnetom-
etry (see chapter 2 for a description). A digital CCD camera is continuously taking
pictures during a field sweep. In this way we can make hysteresis loops just like in
torque magnetometry. In the next section, where we describe a recently developed
improvement of the MO-setup, a schematic picture of the measurement setup is dis-
played (figure 6.2). A more detailed description of the conventional MO-setup can
also be found in refs. [12] and [18].

6.2.2 Magneto-Optical Image Lock-In Amplifier

The conventional magneto-optical setup described in the previous section has three
important drawbacks. First we measure an intensity profile I oc H2 (eq. (6.2)),
and therefore we do not obtain information about the sign of the magnetic field.
Secondly, the intensity is very insensitive to small rotation angles (i.e. small magnetic
fields). Thirdly, a non-uniform illumination hinders an accurate calibration of the
field profile. With a recently developed lock-in technique we are able to circumvent
these problems. In this section we describe our new setup, the Magneto-Optical Image
Lock-In Amplifier (MO-ILIA) [11].

In general the measured intensity of a polarization microscope between two polarizers
is:

I =K+ Lsin? (a4 0p)~ K+ L(a+05p)%, (6.3)

with L the incident intensity, K an offset intensity (due to camera noise, stray-
light etc.), and (90° — «) the angle between polarizer and analyzer. In conventional
magneto-optics a = 0 (crossed polarizers)?. One can in principle use a lock-in tech-
nique to reduce the noise, by rotating the polarizer sinusoidally. However, the image
processing in this case is very time consuming, and therefore not practical. Alterna-
tively, we choose to measure the intensity for three values only o = 4«9, o = 0, and
a = —ay, with aq typically a few degrees. From eq. (6.3) one finds straightforwardly
that the corresponding intensities I, Iy, and I_ are related to L and 0 as:

I —2Iy+ 1,

L=
203

(6.4)

2To increase the sensitivity at low magnetic fields, sometimes the polarizer and analyzer are not
completely crossed, but put under a small offset angle (90° — o giset ).
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Uy —1)

O = TooL (6.5)
The incident intensity L is constant in time and can be determined by averaging over
many images. We measure the intensities I, Iy, and I_ for each pixel, and with egs.
(6.4) and (6.5) we determine directly 0 x H,, i.e. the magnitude and sign of the
magnetic field.
The complete setup is depicted in figure 6.2. In addition to the conventional MO-
setup, we added a polarization rotator (PR) to rotate the polarization vector of the
incident light and a data-processing PC (PC2). The light source is a 250 W halogen
lamp with a bandpass filter. The light is polarized by the fixed polarizer P and then
travels through a polarization rotator PR. This polarization rotator consists of a 150
mm long rod of SF59 glass with a high Verdet constant. Around the glass rod a
copper wire coil is wound, capable of making a homogeneous magnetic field of 100
mT. Specially designed electronics switches the magnetic field in 1 ms during the
video blank time. After traversing the Faraday rotator the light is led into the MO-
system by a beamsplitter (BS) and with a focal lens (L1) it is projected on the sample
with MO-active layer (depicted in figure 6.1). The reflected light is going through the
analyzer and projected via a second lens (L2) on a CCD camera. The CCD camera
is a peltier-cooled MICROMAX CCD-782Y camera with 782 x 582 pixels and an active
area of 6.49 x 4.83 mm?2. The camera is controlled by the computer PC1, which is
linked via a high speed dynamic link (DL) to the image processing computer PC2.
As the image processing is still very demanding, the latter PC, which is absent in the
conventional MO-setup, contains specially dedicated hardware to do the calculation
of egs. (6.4) and (6.5). It is capable of sustaining 25 images per second with a size of
782 x 582 pixels (corresponding to the MICROMAX CCD-camera we use) and 16 bits
per pixel. More details of the MO-ILIA system can be found in ref. [11].
The MO-ILIA is a considerable improvement compared to conventional magneto-
optics due to the intrinsic linearity in field, the direct measurement of the sign of
the field and the improved sensitivity at small magnetic fields. A drawback of the
increased sensitivity is, that the domains of the YiG-indicator become visible again,
and have to be filtered out.

6.2.3 Torque magnetometry

The penetration field and the superconducting current density are measured by means
of capacitive torque magnetometry (see chapter 2 and ref. [19]). The sample is placed
in a magnetic field ,uoﬁ at a small angle ¥ = 10° with the applied field. When the
applied field is increased with a sweep rate p,dH/dt, superconducting currents are
induced in the sample. The corresponding magnetic moment M leads to a torque 7T
given by:

7 = po(M x H). (6.6)

The pinning of vortices is reflected by the irreversible magnetic moment in a hysteresis
loop My = Tipr/(poH sinf). Assuming a uniform current distribution [8], the
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Figure 6.2: Schematic picture of the magneto-optical measurement setup. The incident
light is linearly polarized by the polarizer (P), and passes the polarization rotator (PR),
where the polarization angle is rotated between —ap, 0 and +ao. Via the beamsplitter (BS)
and the lens L1 it is focussed on the MOL with sample. The reflected light passes through
the analyser (A) and is focussed onto the MICROMAX CCD-camera, which is controlled by
PC1. The data-processing is carried out by PC2 and the image is displayed on a TV-screen.
In the conventional MO setup the devices in the shaded areas (PR and PC2) are absent, and
the image, coming in on PC1, is directly displayed on the TV-screen.
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current density js is directly related to the magnetic moment. For a ring of inner
radius r;, outer radius r, and thickness d it is given by:

M = (7/3)d(rg — 17)js (6.7)
The torque magnetometer is placed into the variable temperature insert of a OXFORD
INSTRUMENTS low-loss dewar with 7 T magnet. The cryostat enables measurements
from 1.5 K up to 300 K. Experiments are performed after zero field cooling (ZFC)
by sweeping the field from pgH = 0 — 4200 mT — —200 mT — 4200 mT — 0
T, with a constant sweep rate of pydH/dt =2 or 1 mT/s. No qualitative differences
were observed when using different sweep rates. From making a full hysteresis loop
after ZFC, one can determine the penetration field Hp.,. During first penetration
the magnetic moment increases linearly with magnetic field, i.e. the torque increases
quadratically (eq. (6.6)). As soon as the sample is fully penetrated, the magnetic
moment is proportional to js, and 7 depends linearly on magnetic field (provided
that js(B) is constant, i.e. when puoH < B*). The crossover from quadratic to linear
torque thus determines Hpey,.

6.2.4 Samples

Results are presented for two rings patterned from YBayCu3zO7_s thin films LAD632
and LP25, which we deposited on (100) SrTiO3 substrates by means of Pulsed Laser
Deposition. Similar results are obtained on other rings. The thickness of the rings
is d = 140 and 100 nm respectively and the critical temperature is 7. = 90 K, with
AT, < 0.5 K. The samples are characterized by Rutherford Backscattering, Atomic
Force Microscopy and X-Ray Diffraction (XRD) [20]. The excellent crystallinity of
these films enables even the observation of Laue finite size oscillations around the
(001)-reflection of the XRD spectrum [21].

The films are patterned into rings using conventional UV-photolithography and chem-
ical etching in H3PO,4. The rings have an outer diameter of D = 3 mm, a width of
w = 500 pm for LAD632, and w = 125 um for LP25. The samples are checked
for irregularities, scratches and weak spots by optical transmission and reflection
microscopy and exhibit excellent quality. Subsequently, magneto-optics showed no
inhomogeneous flux penetration along the circumference.

6.3 Numerical simulation

In order to obtain a complete description and a full understanding of the phenom-
ena occurring in the ring, we investigate numerically the distribution of the current
density while performing a hysteresis loop. With the help of a simulation, similar to
a calculation by Brandt [10], we can calculate the field profiles and current distribu-
tions in the sample, which we compare with our experimental results. A numerical
calculation is required due to the geometry, as the elliptic integrals of the problem
make it analytically intractable.
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In our calculation we express the time derivative of the position dependent current
dI(r)/dt in the ring as a function of the current I(r) and sweep rate puodH/dt of the
externally applied field. Note, that for thin films the thickness d is much smaller than
the radius of the ring. The current is therefore effectively running in a plane, and we
can treat the problem in 2 dimensions, ignoring the ¥J-direction. Moreover, the vector
potential Z(r, 9¥) depends only on 7, due to the radial symmetry. In this geometry,
only the A, component is non-zero.

Hence, in spherical coordinates, the vector potential for a single loop of current I of
radius a, is given by [22]:

2T /5 N
d
Ap(r0) =14 SRk 4 (6.8)
drJo  \/a® + 12 — 2arsind cos ¢’

For a thin ring with inner radius r; and outer radius 7, we find in the plane of the
ring (note that ¥ = 7/2):

T 2 / /
Ho ° AP} COSSDd@ /
A (r :—/ J(a)a da 6.9
o) am J,, (@) 0 a2 +1r2—2d7rcosy (6.9)

with 3( ) the current per unit length. Note that the total current from eq. (6.8)
I = [J(a’)dd is related to the current density j by I = j x wd, with w the width of
the ring.

By discretizing the space on the width of ring, we obtain:

2m

1o - cos ¢'dyg’ Ho <
Ap(r) = 4_0 I(p)p 5 5 - = 4—0
m 0 \/p + 74 — 2prcos g m

p=ri

O I(p)Q(p,r)  (6.10)

p=ri

where I(p) = J(p)Ad’ is now the current flowing between p — $Aa’ and p + 3Ad/,
Ad’ being the gridspacing. The second equal sign defines a kernel matrix Q(p, )
In matrix notation, eq. (6.10) may be abbreviated as:

A, = 5—25 T, (6.11)

Here the arrow on A, and I is used to denote the position dependent quantities,
written as a mathematical vector in discretized space.
The total vector potential is due to the current in the ring and the external field:

A«p,tat = Ago,ring + Aap,e:ct (612>

For a uniform external field along the 2 -axis A, cot = p1o5H.. Inserting this and eq.
(6.11) in (6.12) gives:

Z—; (6 : T) = Ap tot — Mo%Hz (6.13)

3The kernel matrix Q(p, r) is not to be confused with the dynamical relaxation rate Q.
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To proceed we need the relation between current density j and electrical field E in
the superconductor. For simplicity [10] we use a power law relation:

E=pj=np,

il%. o
=~ j=~ "1, (6.14)
Jo

with p the resistivity and v a constant. For large o (we take o = 30) this captures
the essential superconductor physics, where the electrical field rises sharply when the
current density exceeds the value jy (close to the critical current density j.)*, while
it is very convenient in the calculation.

By taking the time derivative of eq. (6.13) and using A%tot = —F = —pj, with p
from eq. (6.14), one obtains the following expression:

or_ ()3 (-ro| T[T - mpr.). (6.15)

Equation (6.15) can be easily iterated numerically. The initial condition at ¢ = 0 is
to set the current and the magnetic field to zero all over the width of the ring, corre-
sponding to a zero-field cooled situation with no applied magnetic field. The applied
field is now increased linearly with time and for each timestep At;11 the current dis-
tribution I; 41 (r) is calculated from the previous current distribution I;(r). In this way
a complete hysteresis loop with arbitrary sweep rate can be easily calculated. From
the calculated current I (r) in the ring, also the magnetic field in all space around the
ring is determined, taking into account the external field (obtained from integrating
H.) and the self-field from eq. (6.8).

6.4 Experimental results and analysis

We now compare the magnetic moment Mj,.., obtained from torque measurements,
with magneto-optical data of the total local magnetic field B, ;. perpendicular to the
plane of the ring. In addition, both experimental results are compared with numerical
simulations.

The magneto-optical experiments presented here are performed at T' = 4.2 K after
zero field cooling, by sweeping the field from pyH = 0 — +Bpnax — —Bmax —
4+Bmax — 0 T, with Bpax = 50 or 200 mT, depending on the film. The sweep rate
was constant podH/dt =1 mT/s. The images are taken continuously with the CCD
camera at a typical time interval of At = 1.5 s (hence the field difference between
consecutive pictures is A(ugH) ~ 1.5 mT). In figure 6.3 we have drawn a schematic
picture of a typical hysteresis loop with Bp.x = 50 mT. The characters A to N denote
the positions in the hysteresis loop where experimental profiles and/or simulations are
determined (presented in the figures 6.7 and 6.9).

4From implicitly differentiating the logarithm of eq. (6.14), we find that (o 4 1) is essentially the
slope in an I-V-plot, which is the reciprocal of the dynamical relaxation rate Q.
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Figure 6.3: Schematic hysteresis loop starting from ZFC conditions. The characters refer
to the curves in figure 6.7 (A to G) and figure 6.9 (H to N).

6.4.1 First penetration and penetration fields

In figure 6.4 we show the first penetration of flux in the wide ring (film LAD632)
after zero-field cooling. The pictures were taken in increasing magnetic field with
conventional magneto-optics, i.e. figure 6.4 shows intensity images. Also we depict
the intensity profile for each field along the line A-B. At small magnetic fields we
observe the usual intensity peak at the outer edge of the ring. This peak is caused by
the self-field of the currents shielding the applied magnetic field. But surprisingly, at
ttoH =20 mT also a bright rim at the inside of the ring shows up. This is the more
remarkable, since this inner peak appears when the middle of the ring is still flux-free,
i.e. when the vortices have not yet completely penetrated (crossed the whole width
of the ring). The inner peak increases in intensity with a maximum when the applied
magnetic field pyH = 25 mT, and then slowly disappears. At pyH = 40 mT the
peak has disappeared completely. We measured also a narrow ring patterned from
film LAD632 (D = 3 mm, w = 125 um), but there the peak could not be found.
What is the reason for this peak? As the flux has not completely penetrated the
sample yet, it is unlikely that the peak represents a positive flux. Instead we suspect
that the inner peak stems from a negative local magnetic field preventing the flux
from entering through the middle of the ring. One way of describing the observed
effect is that our ring is equivalent to the superposition of a superconducting disk with
the same outer diameter as the ring and ordinary shielding currents and a disk with
same outer diameter as the inner diameter of the ring and counter-flowing shielding
currents [23]. The latter currents produce a peaked field at the edge of the inner
virtual disk, that is negative because the currents are counter-flowing.
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Figure 6.4: Conventional magneto-optical intensity images (proportional to the local field
squared), for poH = 11, 20, 25 and 40 mT, on ring LAD632, at T' = 4.2 K. The profiles along
the dashed line A-B are shown in the picture. We note that a small peak starts to appear
at the inner edge of the ring at 20 mT (see arrow). The peak reaches a maximum at 25 mT
and then decreases and disappears at 40 mT. The screening peak at the outer edge of the
ring continues to increase with magnetic field.

However, in this case the peak should also be present in the narrow ring, where it
was not observed. Possibly the resolution of the conventional magneto-optical setup
was not sufficient to see the inner peak. To confirm our hypothesis we decided to
measure the flux penetration by the new MO-ILIA in a narrow ring, LP25.> With
the new MO-ILIA we can determine the sign of the local magnetic field, and with the
increased resolution we hope to observe the inner shielding peak in the narrow ring
as well. In figure 6.5 we show a MO-image of film LP25, during first penetration after
zero-field cooling, at ugH = 8 mT (point C in figure 6.3). We observe the intense
bright outline at the outer edge of the ring, but also the peculiar peak at the inner
edge. The outline at the inner edge of the ring is dark, corresponding to a local field
opposite to the applied field. We conclude that also in the narrow ring the same

5The narrow ring patterned from film LAD632 was, unfortunately, not available for magneto-optics
anymore.
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Figure 6.5: Local field map obtained from MO-ILIA magneto-optical imaging of LP25 (125
pm width), with an applied field of ugH = 8 mT, at T = 4.2 K. The scale bar gives the
local field values in mT. We observe a positive bright outline at the outer edge of the ring,
while a negative dark outline is visible at the inner edge of the ring. The profiles shown in
the figures 6.7a and 6.9a are measured along the dashed line A’B’.
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b) Yy— Y

Figure 6.6: a) Schematic diagram showing magnetic field lines due to a current flowing in
a ring of inner radius r;, outer radius r, and thickness d, in the presence of an externally
applied field. Near the outer edges of the ring, the local field is high due to enhancement
of the external field by the field generated by the current. At the inner edge of the ring,
the external field and the self-field are directed opposite to each other. Close to the inner
radius of the ring the total field becomes even negative. b) Schematic magnetic field profiles,
indicating the sharp peak at the edges of the ring due to the large aspect ratio.

remarkable peak is observed, which is indeed related to the shielding of the flux, trying
to thread through the hole of the ring.

To explain more explicitly what happens, we start with a ring in the virgin state,
i.e. without flux anywhere (inside and outside). When a magnetic field is applied
perpendicular to the film, a supercurrent will flow in the ring, in order to keep it in
the Meissner state. On the outer edge of the ring, the field generated by the shielding
currents adds to the applied field, as in the flat strip case (see for example ref. [24]).
This results in a sharp peak, increasing with the applied field. But, because of the
geometry of the ring, the flux lines of the self-field close by threading through the
hole (see figure 6.6a), thereby generating a negative field at the edge of the hole. The
resulting field profile is given in figure 6.6b. The strength of the inner peak is related
to the thickness-to-width ratio of the patterned thin film, just as for the peak at the
edge of a strip. This phenomenon has been studied analytically in the torus case [25],
where a similar negative peak on the inner edge of the torus was found.
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To illustrate the phenomenon experimentally, we plot in figure 6.7a magnetic field
profiles along the line A’-B’ for film LP25 at various applied fields. Also from these
profiles it is clear that, as soon as an external field is applied, some negative field
is present at the inner edge of the ring. The total magnetic field in the profiles is
obtained by adding the applied magnetic field and the self-field. For not too large
applied magnetic fields, the self-field is larger in size than the applied magnetic field,
resulting in a negative total magnetic field (see figure 6.6). To the middle of the
ring the self-field becomes smaller than the applied magnetic field, and the total flux
is positive. The spatial distribution of the field inside the hole of the ring is dome

> ﬁself’

shaped, which is particularly clear at higher applied fields, when ’ﬁam)l

everywhere (see figure 6.4d).

The negative peak at the inner edge of the ring initially becomes stronger with in-
creasing external field. This is due to an increase in total current flowing in the ring,
because the width of the region where js flows increases with external field. At a cer-
tain external field, i.e. the penetration field, the current density js flows everywhere
in the ring. The total current in the ring cannot increase anymore and therefore the
self-field due to the shielding currents is constant. The only effect of an increasing
external field is now a shifting of the whole field profile upwards. This implies that
the negative field at the inner edge henceforth decreases in strength until it becomes
positive.

6.4.2 Simulation of the flux penetration

With our simulation, as outlined in section 6.3, we can simulate the experiment and
construct magnetic field profiles to compare with experiment. But additionally we
can observe from the simulations how the current density behaves during a hysteresis
loop. The results of the numerical calculation are plotted in figure 6.7b. We start
with the first penetration from the ZFC situation, with initially the current density j
zero all over the width of the ring, up to the state of full penetration, where j ~ j,,
are shown in figure 6.7c. The corresponding points on the calculated and measured
magnetization curves, shown in figure 6.3, are indicated with the characters A-G.
From figure 6.7 we see that the numerical calculations for the field profile correspond
remarkably well with the measured field profiles. We propose consequently, that the
calculated current profiles also form an accurate approximation of the real currents
running during an experiment.

Note, that even at relatively high fields the current density j only approaches, but
never reaches the true critical current density j.. There are several reasons for this.
First, due to relaxation (which is implicitly present also in the numerical calculation
due to the finite resistivity) one can never reach j., but obtains a lower value j, < j..
Secondly even j, is reached only at the outer perimeter due to the geometry. The
difference between j(r,) and j(r;) is, however very small, about 1% for the broad
ring LAD632 and even four times smaller for the narrow ring LP25. The effect of this
non-uniformity of j(r) on the magnetization is therefore negligible, which shows that
the Bean model is remarkably accurate.
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Figure 6.7: a) Experimental MO-ILIA field profiles and b) calculated field profiles (from
bottom to top) for ugH = 3 mT (A), 5.5 mT (B), 7.9 mT (C), 9.1 mT (D), 10.5 mT (E),
12.7 mT (F) and 18 mT (G), in ring LP25 as a function of the distance r from the center
of the ring. The positions of these fields in the hysteresis loop are indicated in figure 6.3.
The dotted lines indicate the inner and outer edge of the ring. ¢) Local current density from
ZFC (bottom) to full penetration (top) as a function of position in the ring, given in units
of js. The characters A to G indicate the external field and are defined above.
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With our magneto-optical images and the simulations, we are able to define a criterion
of full flux penetration, and compare this with torque measurements. We investigate
this in the next section.

6.4.3 Torque magnetometry versus Magneto-optics

From the magneto-optical results it is immediately clear that there is no sharply
defined penetration field. Rather there is an abrupt but continuous change between
increasing magnetization and constant magnetization. Coming back to figure 6.7,
we note that the maximum of the inner peak occurs for the situation where, for the
first time after zero field cooling, the current j ~ js over the whole superconducting
sample. Therefore the maximum in the inner peak as a function of applied field can
be used as an accurate magneto-optical determination of the value of the penetration
field Hpen. To confirm this, we compare the values for Hpep, obtained according to
this criterion, with the values measured from torque. In figure 6.8 we show torque
loops of the first penetration after zero-field cooling for the films LAD632 and LP25.
We find, as expected, a parabolic torque, corresponding to a linear increase of the
magnetization. The penetration fields for the two rings are as follows:

g LT (0T | jig 20 (T

pen pen

LAD632 | 25.5+0.5 25+1
LP25 10.0£0.5 10.0+1

Here the penetration field in torque magnetometry is determined by the deviation
from a quadratic increase of the torque (see figure 6.8), in magneto-optics from the
maximum of the inner peak. Clearly, the two results for H)., are in good agreement,
which means that the maximum of the negative peak serves as a good criterion in
MO-experiment for the penetration field.

It is obvious from figure 6.7c, that before this full penetration state is reached, the
current flowing in the ring is far from uniform. In the beginning there are even two
regions with current flowing, separated by a Meissner area. We see an even more
complicated current distribution pattern below, in the region where the field profile
is reversed, immediately after reversing the sweep direction. But outside these two
regions (first penetration and profile reversal) the current density is uniform. This
validates the use of the Bean model, eq. (6.7), to calculate the superconducting
current density. Moreover, from figure 6.8 it is obvious, that the penetration field
is much smaller than the characteristic field B* (insets in figure 6.8). As B* is
determined in a region where j is uniform, penetration effects do not interfere with
the matching of the vortex lattice.
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Figure 6.8: First penetration of flux after zero-field cooling of a) the broad ring (w = 500
pm, LAD632) and b) the narrow ring (w = 125 pm, LP25), measured with torque magne-
tometry. Dashed lines are parabolic fits to the first penetration, giving Bpen = 25.5 and 10
mT for LAD632 and LP25 respectively, in close agreement with the magneto-optical results.
Insets: Current density js(B) for both films, giving characteristic fields of B* = 110 mT for
LAD632, and B* = 61 mT for LP25.
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From the magneto-optically observed penetration fields we also calculate the current
density js using the formulae from Brandt [10]:

Hpen 2(l1—x 1+2

=— In4 —0. f > 0. 1
Gd 7r<1—|—m)[n (1_37) 0.307] orx > 0.8 (6.16)
Hpen _ 2 8 1
j:d = ?p (ln; - 1) -3 (lnz+1-2x) for 0.6 < x < 0.8 (6.17)
Hyer, 1

where x = r;/r, and p = (1 — ) / (1 + ). The first and last formulae are exact, while
the middle is an interpolation. In our case x = 0.67 for LAD632 and = 0.92 for LP25.
The values for js obtained in this manner can be compared with the current density
measured in the torque experiment, and calculated using the Bean model (insets in
figure 6.8):

jToraue(T = 42K) | jMO(T = 4.2K)
LAD632 | 3.9 x 10T A/m? | 4.19 x 10" A/m?
P25 53x 1017 A/m? | 6.82 x 10'T A/m?

The magneto-optical values for j, are slightly higher than from the torque measure-
ments, but the agreement is very reasonable.

6.4.4 Field reversal

We observe a rather surprising behaviour of the flux during field reversal. The profiles
measured on ring LP25 are shown in figure 6.9, while the corresponding points in the
hysteresis curve are again indicated in figure 6.3. For the profile at the top (curve
H) the field reversal has just started. From top to bottom the applied field pyH is
decreased from 49 mT to 24 mT. At ugH = 24 mT the flux profile has completely
reversed. A further decrease of pyH, first to zero applied field and then to negative
applied field, only leads to a vertical shift of the curve, but no change in shape
is observed. Note that between 49 and 24 mT, the profile goes through quite a
complex sequence of patterns. For example, at pgHapp = 35 mT (curve L), four
peaks (counting both positive and negative peaks) are present in the ring. From the
slope dB,/dr, where r is the radial distance from the centre of the ring, one gets the
impression that there are two counter-rotating current loops in the ring. To investigate
this further, we compare the experimental result with our numerical simulations.
Results for the current and field profiles from the numerical simulation are shown in
figure 6.9b and 6.9c. Note the excellent correspondence between the experimental
and the simulated field profiles shown in figure 6.9a and 6.9b.
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Figure 6.9: a) Experimental MO-ILIA profiles and b) calculated profiles in the narrow ring
during field reversal, for (from top to bottom) pyH =49 mT (H), 42 mT (I), 41 mT (J), 39
mT (K), 35 mT (L), 31 mT (M) and 24 mT (N). The positions of these fields on the hysteresis
loop are indicated in figure 6.3. The dotted lines indicate the inner and outer edge of the ring.
Note that the vertical scale 20 mT gives the scale within one profile, while the individual
curves are shifted vertically for clarity. ¢) Local current density during field reversal, from
the full-penetration of a positive applied field (j = js, top curve) to the full-penetration due
to a negative applied field (5 = —js , bottom curve). The solid lines correspond to the regime
where the currents are all positive within the ring. The dashed lines correspond to currents
being mainly positive but negative on the outer edge. The dotted lines correspond to the
presence of negative - positive - negative currents. Finally the dot-dashed lines describe the
regime where the currents are negative everywhere in the ring.
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From the simulated curves in figure 6.9c it is clear that during field reversal, the cur-
rent changes smoothly from say a clockwise direction (positive j) to an anti-clockwise
direction (negative j). This happens, however, in a non-uniform manner over the
width of the ring. First the current becomes negative at the outside edge of the ring,
while at the inside there is still a positive current flowing. Hence during this crossover,
there are two anti-parallel currents flowing along the whole circumference of the ring.
After further reduction of the external field also a negative current starts to flow at
the inner edge. In the middle of the ring, however, there is still a positive current
flowing. That is, we have three concentric currents loops, flowing anti-parallel with
respect to each other. When the external field is reduced further, also in the mid-
dle of the ring negative currents start to flow and the flow direction becomes uniform
again. Upon reaching Hyax — 2Hpen, the current becomes (nearly) uniform again.

6.5 Conclusions

We have experimentally studied the flux penetration in a superconducting ring by
torque magnetometry and magneto-optical imaging. During the first flux penetration
after zero-field cooling, some negative flux is present inside the hole of the ring,
immediately after applying a magnetic field. This negative flux is caused by the
closure of the field lines generated by the shielding current, and it gives a (negative)
peak in the magnetic field profile at the inner edge. The maximum value of the inner
peak occurs at the penetration field Hy.,,, in good agreement with Hp., determined
by torque measurements. This gives a new and unambiguous method to determine
the penetration field by magneto-optics. Another second unexpected feature is the
complicated field and current pattern just after reversal of the field sweep direction.
Despite the small width of the rings, three concentric counter-rotating current loops
are found. With numerical simulations, we can reproduce the field and current profiles,
measured by magneto-optics, exceptionally well. We find from these simulations that
the current density js is indeed uniform, except during first penetration and in a
field range of width 2H,., immediately after the reversal of the sweep rate. This
illustrates that the Bean model is also valid for thin films. Even in a field range
where the self-field is comparable to the applied magnetic field, the current density
is uniform, provided that the sweep is coming back from a sufficiently large field
| Humax| > 2Hpen, so that the sample is fully penetrated and the not in the region of
a field reversal. This indicates, that self-field and penetration effects do not interfere
with the pinning properties at low magnetic fields and proves once more that the
characteristic field B* is a true pinning parameter.
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Chapter 7

Surface and thickness effects in
thin YBa,Cu307_; films

Using a post-anneal treatment we modify the surface structure of thin pulsed laser
deposited YBagsCu3zOr_s films. Post-annealing reduces the thickness modulations
at the surface and improves the crystallinity of the film, the effect being larger for
films with many dislocations. We find, that in films with a low dislocation density
the current density is unaffected by post-annealing. In films with a high dislocation
density the current density js(0) increases, due to the improved crystallinity, and the
characteristic field B* decreases in accordance with a decrease in dislocation density.
The high field behaviour remains unchanged. These results confirm the domination
of linear defect pinning in thin films, and show that surface effects and point defects
play a minor role in vortex pinning?.

The thickness dependence of the current density indicates that screening affects vortex
pinning. The zero field current density initially increases sharply at small thicknesses,
has a maximum at thickness d = 100 — 150 nm, and decreases as js(d) ~ 1/d for large
thicknesses. We find that two competing effects are responsible for the observed
behaviour. For very thin films, with thickness d < A, the increase of the effective
penetration depth Acpp ~ 22 /d reduces the pinning energy e, and, consequently,
the current density. In thicker films the currents run primarily in a layer of thickness
Aeff A 70 nm near the surface and the film-substrate interface, where vortices are
strongly pinned by linear defects.

For thick films a peculiar peak in the magnetization is observed, at a positive magnetic
field on the decreasing branch of a hysteresis loop, i.e. shifted towards the sweep
direction. We give a preliminary explanation involving vortex bending and Meissner
holes that appear in the film due to large self-fields.

IThe first part of this chapter is based on the paper by J.M. Huijbregtse, F.C. Klaassen, A.
Szepielow, J.H. Rector, B. Dam, R. Griessen, B.J. Kooi, and J.Th.M. de Hosson, Supercond. Sci.
Technol. 15, 1 (2002)
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7.1 Introduction

In thin films of YBayCusOr7_s linear defects are the most important pinning cen-
ters at low magnetic fields, exhibiting a plateau in js up to the characteristic field
B* = 0.7ng;51®0 [1]. However, at low magnetic fields also other effects may play an
important role. In this chapter we address two issues: i) the influence of the surface
on vortex pinning and ii) the effect of film thickness on the pinning of vortices.
YBayCuzO7_s films are known to exhibit rough surfaces [2], which can provide for
additional pinning [3, 4]. Because a vortex wants to minimize its total length, it will
be pinned at a position where the film thickness is minimal. The thickness variations
due to the rough surface can thus form efficient pinning centers. Various groups found
evidence for surface roughness pinning by investigating films with varying thickness,
as the surface structure depends strongly on the film thickness [5, 6, 7].

A second aspect, which we have given little attention up to now, is the bending of
vortices due to the self-field of the large critical currents. Especially at low magnetic
fields large self-fields cause vortices to be curved. Indenbom et al. [8] claimed that
pinning by columnar defects in irradiated single crystals cannot take place due to large
self-fields. Instead the creation of vortex kinks at the surface determines the critical
current density, whereas in the bulk the critical current is low due to easy kink sliding.
In thin films vortex bending is also large due to the large aspect ratio r/d ~ 10*, with
7 the sample radius and d the film thickness. On the other hand the vortex has to be
straight and perpendicular to the surface within a layer of length 5. ~ X\/~, with A
the bulk penetration depth and + the anisotropy [9]. Since the screening length s, is
comparable to the film thickness, we expect a crossover in behaviour when increasing
the film thickness from d <« A to d > A, i.e. from pinning of straight vortices (by
linear defects) to the pinning of curved vortices, which is probably less effective.
Note, that surface pinning was investigated by looking at films with various thickness
[5, 6, 7], because the surface roughness was found to increase with film thickness. But
by changing the thickness, also the self-field and the screening of flux are influenced.
We can therefore not identify whether the film thickness (i.e. the screening properties)
or the surface roughness itself is responsible for the observed pinning behaviour. We
thus need a different technique that changes the surface without affecting the film
thickness.

In this chapter we investigate both the effect of the surface roughness and of the film
thickness on the pinning in YBagCu3Or7_s thin films. We show that by performing
an additional post-anneal treatment on pulsed laser deposited (PLD) films, we can
change the surface structure drastically. The surface roughness is reduced by a factor
1.5 — 2, and the crystallinity of the film is improved. We therefore have the opportu-
nity to study directly the influence of surface modulations on the pinning properties.
Additionally we measured a thin film with thickness d = 35 nm < A and a thick film
with d = 450 nm > A. Combining the results with the YBasCu3zO7_s films with an
intermediate film thickness, treated in chapter 5, we investigate how vortex bending
and surface currents determine the pinning properties of films with various thickness.
This chapter is organized as follows. After explaining the film preparation and the
post-anneal treatment, we present our results concerning the effect of post-annealing
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on the defect microstructure (section 7.3.1) and the pinning properties (section 7.3.2).
In section 7.4 we discuss the results in connection with surface roughness pinning and
point defect pinning at high magnetic fields. We find that there is no evidence for
pinning by surface modulations nor by point defects. Instead our results provide
additional evidence for linear defect pinning. In section 7.5 we present the current
density and magnetic hysteresis loops of films with various thickness. We show that
the thickness dependence of the current density j;(B=0) can be explained by intrinsic
screening effects. In thick films with d > A vortex bending introduces a very pecu-
liar asymmetry in the hysteresis loop, which may be explained by the formation of
Meissner holes. Finally, in section 7.6 we summarize our results and conclusions.

7.2 Experimental

YBayCusO7_s thin films with low, average and high dislocation density were de-
posited by means of Pulsed Laser Deposition (PLD) on (100) SrTiOs substrates
[10, 11]. The PLD-system consists of a KrF excimer laser (wavelength 248 nm, pulse
time 30 ns) and a UHV system in combination with projection optics. The films are
c-axis oriented and have a thickness of d ~ 110 nm. The dislocation density varies
from ng;s = 28 (low), 50 (average) to 68 um~—2 (high). Each film is divided into two
parts. One part is measured untreated (as-deposited, AD) and the other part is post-
annealed (PA). By measuring the structural and superconducting properties on both
as-deposited and post-annealed part of the same film, we can directly compare the
effect of post-annealing on the defect microstructure and on the pinning properties.
To perform critical current measurements the films were patterned by standard UV
photolithography into rings of diameter D = 3 mm and width w = 125 pm, in
order to have a well-defined current distribution and relaxation rate [12]. The surface
morphology of the films is studied by a tapping mode AFM, using a NANOSCOPE
IITA. Additionally, we measure the crystallinity with X-ray diffraction and Rutherford
Back Scattering (RBS). The superconducting transition temperature is determined
by means of resistivity measurements.

To investigate the effect of the film thickness, we deposited two films with thicknesses
d=35nm (LP174) and d = 450 nm (LP193). These two thicknesses are complemen-
tary to the thicknesses of films measured before. Specifically, most films treated in
this thesis have thicknesses d = 140 nm and d = 110 nm, whereas in chapter 5 also
results for films with d = 70 nm and d = 192 nm are shown.

The superconducting current density js(B,T) is measured at temperatures up to
70 K and in magnetic fields up to 7 T by means of capacitive torque magnetome-
try [13]. We assure that the sample is in the fully penetrated state by performing
sweeps over a much larger range than the penetration field. Since the current in a
thin film is confined to the film plane, we can directly calculate the current density
Js X Tirr/(poH sin @) from the irreversible torque 7. The proportionality factor de-
pends on the dimensions of the ring and the properties of the torquemeter, which is
calibrated by means of a copper calibration coil (see chapter 2 for more details about
the measurement setup).
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7.2.1 Post-anneal treatment

We change the microstructural properties of the films by performing a two-step post-
anneal. In the first step the samples are heated in a quartz tube oven to T,; = 800°C
in a 97% Ar + 3% Oy mixture, flowing at a total rate of 1.0 1/min. At this anneal
temperature the samples are kept for 30 minutes. After the first anneal step the
samples are slowly (2°C/min) cooled down to T,2 = 500°C, while changing the gas
atmosphere to pure Og at T = 600°C. The samples are kept at Tyo = 500°C for
30 minutes, and finally cooled down slowly (< 2°C/min). During the first heat step
the samples undergo a structural phase transition from orthorhombic to tetragonal,
as oxygen effuses into the low oxygen background atmosphere. In the tetragonal
phase (at T,1 = 800°C) a rearrangement of atoms takes place. During the cool-down
the films take up oxygen again and the orthorhombic crystal structure is restored.
The second anneal step at T = 500°C is done to ensure that the samples are fully
oxygenated.

7.3 Results

7.3.1 Effect of post-annealing on the defect structure

Surface roughness

The effect of post-annealing on the surface morphology is shown in figure 7.1, depicting
AFM images of three films, before and after a post-anneal treatment. From the images
it becomes clear that the additional heat treatment has profound effects on the surface.
Whereas the surface of as-deposited films is characterized by growth islands, separated
by deep trenches [14], after post-annealing the surface has become much smoother.
For the film with many dislocations the islands are bigger and much flatter after the
post-anneal treatment. Apparently the heat treatment rearranges the surface to a
great extent, the effect being larger for films with many dislocations. In figure 7.2 we
show a height profile, indicating that the surface modulations are reduced; only some
edges remain. Consequently the rms surface roughness R, is reduced appreciably,
decreasing from R, ~ 5 nm to R, < 3 nm in films with many dislocations.

Due to the flattening effect of post-annealing on the surface, we can investigate
whether thickness modulations due to the rough surface are important for the pinning
of vortices, eventually in combination with linear defect pinning. Moreover, we expect
that the relation between the island density and the dislocation density is lost upon
post-annealing. As we saw in chapter 3, the linear defects are mostly situated at the
place where three growth islands meet. During post-annealing the island structure
is rearranged appreciably, but at the same time it is hard to anneal out dislocations.
We expect therefore that the dislocation density is hardly affected by post-annealing,
which provides us with an extra test to check the relationship
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Figure 7.1: 1x1 pm~2 AFM height images of three YBagCuzO7_s films on (100) SrTiOs3,
with low ngisi = 28 um™2 (a, b), average naist = 50 um ™2 (c, d) and high ngis = 68 pm=2
(e, f). The left panels show the as-deposited surface morphology, and the right panels the
surface after post-annealing. The images indicate that the surface becomes much flatter
after post-annealing, and the island size increases. The effect is larger in films with many
dislocations. The height scale is 50 nm for all images.
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between B* and ng;s, independently of the island density. This was not possible
in the untreated PLD films,where there is always a 1 to 1 ratio between island and
dislocation density (see ref. [14] and chapter 3).

Dislocation density

The anneal temperature T,; = 800°C is comparable to the substrate temperature
during deposition. It is not a priori clear how the dislocations react to the annealing,
but generally it takes a higher anneal temperature to annihilate dislocations. The
dislocation density is determined by wet chemical etching, as outlined in chapter 3.
We find that only for films with a high dislocation density (see figure 7.3), the number
of linear defect is decreased by 37%, from ng;s; = 68 t0 Ngisr = 43 pm~2, whereas in
the other films ny; is virtually unchanged?. In fact this is somewhat surprising, since,
as we mentioned, the anneal temperature is rather low for dislocations to annihilate.
On the other hand, in the high dislocation density film, the distance d, between
adjacent dislocations is lower, which facilitates annihilation. We find, that upon
annihilation the distribution of the dislocations becomes more random. Moreover,
the linear defects are not connected any more with the growth island structure, like
in as-deposited PLD films.

Crystallinity

As a measure of the quality of an YBasCu3zO7_s film, often the full width at half
maximum (FWHM) of the (005) rocking-curve peak is taken. In our films, the FWHM
of this peak is typically Awos) =~ 0.1 —0.2° [11]. In figure 7.4 the (005) peak is
depicted for the as-deposited and post-annealed part of film LAD669. The width of the
(005) peak is reduced upon post-annealing, indicating that the crystallinity improves.
This trend was confirmed by channeling RBS-measurements in the [001] direction,
showing a similar decrease of the FWHM as observed in X-ray measurements [15]. The
improvement of crystallinity is larger for films with a high dislocation density. This
is not surprising, since films with many dislocations are grown at a lower substrate
temperature, and show a somewhat broader (005) peak (i.e. a reduced crystallinity).
This does not mean, however, that the crystallinity of the as-deposited films with
many dislocations is poor. Channeling RBS-measurements show that the crystallinity
is already fine [15], but is enhanced even further by post-annealing. We conclude that
post-annealing provides a way to optimize the crystalline quality, especially of high
dislocation density YBasCuzO7_s films.

Oxygen content

In figure 7.5a we show the superconducting transition of the film LAD673 AD and
PA. We find that both the resistivity p and the critical temperature T, decrease. This
suggests that upon post-annealing the films become somewhat overdoped. Probably
the oxygen content has increased as a result of the phase transition from orthorhombic

2Also for the low dislocation density film LAD670, the dislocation density decreases somewhat,
from ngie; = 28 to ngie = 24 pm~2, but this effect is too small to be statistically significant.
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film d Ndisl R, T. | AT. | Awesy | c-axis
(nm) | (um=2) | (nm) | (K) | (K) | (%) (A)

LAD670AD | 110 28 491 | 90.4 | 0.6 0.18 11.701
LAD670PA | 110 24 3.73 | 89.8 | 0.6 0.16 11.6914
LAD669AD | 110 50 513 | 90.1 | 0.5 0.16 11.698
LAD669PA | 110 51 348 | 89.3 | 0.5 0.14 11.6931
LAD673AD | 110 68 4.18 | 90.1 | 0.4 0.23 11.7045
LAD673pPA | 110 43 245 | 894 | 0.4 0.20 11.6954

Table 7.1 General properties of the as-deposited (AD) and post-annealed (PA)
YBaxCuszOr_s films investigated in this work. d is the film thickness, obtained from X-ray
diffraction. From AFM and etching experiments we determined the dislocation density mn4is
and the rms surface roughness Ry. T¢ is the transition temperature and AT, the width of
the transition. The crystalline quality is characterized by the FWHM of the (005) rocking
curve peak Aw(gos) and the c-axis unit cell length.

to tetragonal and back during the post-anneal treatment. Additional proof of an
increased oxygen content we find from X-ray diffraction. In figure 7.5b we plotted a
0 — 20 X-ray scan around the (007) reflection. While the reflection angle shifted to
higher values for the post-annealed sample, the peak intensity increased, and the peak
width decreased. The change of shape of the reflection peak confirms the increased
crystallinity after post-annealing, whereas the angle shift means that the c-axis has
decreased slightly. Averaging over all (00¢) reflections with £ = 1—8, we find that the
c-axis unit cell length decreases from 11.70 to 11.69 A. A smaller c-axis can be due
to either an increase in oxygen content or to the improved crystallinity. However, a
better crystallinity alone would increase T,, whereas an increase of the charge carrier
density beyond the optimal doping content decreases T.. Since we observe a small
decrease of T, (7.5a) we conclude that the PA films are indeed slightly overdoped.

Summary

To summarize the influence of the post-anneal treatment on the microstructure, we
show in table 7.1 the structural parameters of the films, as-deposited and post-
annealed. The most important effect concerns the change of surface morphology,
which becomes flatter and smears out the original island structure. Secondly the dis-
location density is affected for films with many dislocations with ng;s > 50 pm=2.
Finally the heat treatment causes an improved crystallinity and a slight overdoping
in the post-annealed YBasCu3zO7_s films. All structural changes due to the anneal-
ing procedure are more substantial for films that are deposited with a low substrate
temperature (i.e. having a large dislocation density), such as LAD673.
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Figure 7.2: AFM cross section image of an YBaxCu3zO7_s film, showing the height vari-
ations at the surface before post-annealing (solid line) and after a post-anneal treatment
(dash-dotted line). The reduction of the surface roughness is clearly visible.
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Figure 7.3: The dislocation density n4:s; of the YBasCuszOr_s films of figure 7.1 is deter-
mined by counting the number of etch pits after wet chemical etching. The left panels show
the as deposited films with a) ngisi = 28 pm ™2, ¢) Nz = 50 pm =2, and e) ngis; = 68 pm 2.
The right panels show the post-annealed films with b) ngisi = 24 pm=2, d) naies = 51 pm =2,
and f) ng;ss = 43 ,um_2. The dislocation density is not affected by the post-anneal treat-
ment, except for the film with a large dislocation density, where the linear defect density
was reduced from ng;s; = 68 to 43 um~2. The height scale is 50 nm for all images.
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Intensity | (normalized to |__)

Figure 7.4: XRD rocking curve of the (005) direction for film LAD669 (na;si = 50 ,um72),
as-deposited (solid line) and post-annealed (dashed line). The width of the rocking curve
decreases after post-annealing, which is indicative for an improved crystallinity in the
post-annealed sample.
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Figure 7.5: The effect on post-annealing on the crystallinity and the oxygen content is
illustrated by a) a resistivity measurement and b) a XRD 6 — 26 scan around the (007)
direction. a) The resistivity p(T") as a function of temperature shows a reduction both in
p and in T, after post-annealing. This indicates that the post-annealed film has a slightly
overdoped oxygen content. b) The shift of the (007) peak to higher angles points to a small
reduction of the c-axis length, in agreement with oxygen overdoping, whereas the decreased
peak width illustrates the improved crystallinity. AD = as-deposited, PA = post-annealed.
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7.3.2 Effect of post-anneal on the pinning properties

The changes in the microstructure of post-annealed thin films provide many oppor-
tunities to investigate the influence of various types of defects on the current density.
By comparing the as-deposited and post-annealed part of the same film, we directly
observe the influence of post-annealing on the pinning properties. In figure 7.6a the
current density of film LAD670 (low mgy;s) is plotted for T = 10, 20 and 30 K, be-
fore and after post-annealing. We observe the general features of the current density,
described already in chapter 5, i.e. a plateau up to the characteristic field B*, a
crossover regime and the power law decrease js(B) ~ B® at high magnetic fields.
From figure 7.6a we find that the current density js(B) has not changed after post-
annealing, neither in field nor temperature dependence. Only at very high magnetic
fields, we observe that js(B) decreases faster in the as-deposited film (dotted arrows
in figure 7.6a). This effect is rather subtle, but it may be a signature of the improved
crystallinity.

Whereas for LAD670 (low ng;s) the differences between the AD and PA sample are
small, for LAD673 with many dislocations the post-anneal treatment has a substantial
impact on the behaviour of the current density. In figure 7.6b js;(B) for LAD673AD
and LAD673PA is plotted at T = 10 and 50 K. We distinguish two important effects
of the post-annealing upon js(B). First the characteristic field B* decreases from
B* = 90 mT to 65 mT. This is not surprising since we found previously, that the
dislocation density decreases after post-annealing from ng;s = 68 um™2 to ng;s = 43
pm~?2 (see table 7.1). Secondly, the current density at zero magnetic field increases
from js(B=0) = 2.7- 10" Am~2 to 5.0 - 10! Am~? at zero magnetic field. That a
post-anneal treatment can increase the current density was observed earlier [16]. To
our view this is related to the increase of crystallinity, allowing for a larger intrinsic
current density. As the crystallinity of film LAD670AD, with low dislocation density,
is already excellent, an increase of js(B) in this film is not observed.

In figure 7.7 the three pinning parameters B*(T), j;(B=0,T) and «(T) are summa-
rized for the films LAD670 and LAD673. The parameter o = dln j;/dIn B, character-
izing the high field behaviour of the current density, remains unchanged for both films
after post-annealing. The increase of js(0,7) upon post-annealing in film LAD673,
accompanied by a decrease of the surface roughness, indicates that the surface prob-
ably does not play a vital role in pinning. Instead the decrease of B* follows, as
expected, the decrease of the dislocation density. In the next section we discuss the
implications of post-annealing for alternative pinning mechanisms in more detail.

7.4 Discussion

The results of our post-anneal investigation elucidate the role of alternative pinning
mechanisms in thin YBasCuzO7_s films. In particular we can evaluate the importance
of i) surface modulations for vortex pinning and ii) pinning by point defects at high
magnetic fields.
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Figure 7.6: Superconducting current density js(B) for a) both as-deposited and
post-annealed part of LAD670, ngiss = 28 / 24 pm™2, at T = 10 (M, 0), 20 (e, o), and
30 K (v, V). Solid symbols denote the as-deposited part, open symbols the post-annealed
sample. Solid arrows indicate the value of the characteristic field. It is clear that for films
with low ng;s, post-annealing has no influence on js(B), except for a subtle feature at very
high magnetic fields (dotted arrows), where as-deposited films develop a fast decrease of
js(B) at lower magnetic fields. b) Idem, for LAD673, ng;si = 68 / 43 um™2 at T = 10 (M,
0) and 50 K (4, ¢). As in panel a), the solid symbols denote the AD part, and the open
symbols the PA film. For films with high ng4;s;, the current density increases, whereas the
dislocation density and characterstic field decrease. The behaviour at high magnetic fields
is not affected by post-annealing.
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Figure 7.7: Summary of the three parameters, characterizing linear defect pinning, as
a function of temperature; B*(T) (top), js(B = 0,7) (middle) and «(T) (bottom) for
LAD670 (left panels) and LAD673 (right panels), both as deposited (H) and post-annealed
(o). The summary clearly shows that the post-anneal treatment has no effect on films with
low ma;s1, whereas in films with many dislocations, j,(0) increases to a characteristic value
js(B=0,d=110 nm) =~ 5- 10* Am~2, and B* decreases in agreement with a reduced dislo-
cation density.
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Vortex pinning by planar defects, such as twin or anti-phase boundaries, was discussed
by Huijbregtse et al. [15]. He showed that planar defects play a negligible role in
naturally grown thin films. Twin boundaries would lead to lower current densities
than observed, especially at low temperatures [17], and anti-phase boundaries are not
formed in our films due to the use of high quality SrTiOs-substrates with a low miscut
angle (vicinal angle < 0.15°).

7.4.1 Zero-field current density and characteristic field

Comparing the results on the as-deposited and post-annealed part of the films LAD670
and LAD673, we can draw a few important conclusions. The most important effect
of the post-anneal treatment, is the smoothing of the surface. The intrinsically rough
surface of PLD YBayCusO7_s films has been interpreted by some authors as an
important source for vortex pinning [5, 7]. Since a vortex wants to minimize its length,
thickness modulations can provide for this extra pinning. Assuming a sinusoidal
thickness variation 8dsin(27xz/D), with D the island size or, more generally, the
wavelength of the thickness variation, the pinning force per unit length is given by
[4]:

fp =~ 2mey(8d/d)/ D (7.1)

with &; the vortex line energy. With typical thickness variations éd/d ~ 10 — 20%
and island size D = 150 nm, we find pinning forces of fp max & 1 —2-107% Nm™!,
leading to critical currents j. ~ 10! Am~—2, which are much smaller than the current
densities, that are usually observed in thin YBasCusO7_s films. Jooss et al. [6]
use a more sophisticated model, that takes into account the various contributions to
the pinning energy more explicitly, and which separates bulk pinning from surface
pinning. With a typical thickness variation éd = 15 nm, measured by AFM on our
films, the contribution of the surface to the current density according to Jooss’ model,
is jsurface < 10'0 Am~2, which is in the same range as the estimates from Kes [4].

As the critical currents, estimated from surface pinning, are rather low, we expect
at most a minor contribution of the surface to the current density. Indeed, from
figure 7.6a we learn that the surface modifications due to the post-anneal treatment
have no measurable effect on the pinning properties of LAD670, whereas the surface
roughness is reduced appreciably. In LAD673 there is even an increase of js(B = 0),
although the surface roughness decreases. The increase of the superconducting current
in LAD673 therefore cannot be caused by surface modulations. From the structural
information (rocking curve width and c-axis length) one concludes that the initial film
quality of LAD673 is somewhat worse. It is generally observed, that films with many
dislocations, such as LAD673, show a smaller current density j;(B = 0) than films
with less dislocations (see, for example, figure 3.5 on page 35). After post-annealing
the current density of LAD673 increases to js(B = 0) ~ 5 - 10" Am~2, which is
the same current density as observed in film LAD670. Obviously, the film quality of
LAD673 improved upon post-annealing to become comparable to the quality of low
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dislocation density films. This suggests, that j,(B = 0) ~ 5-10'* Am~2 is a universal
value for the current density for films with d = 110 nm.

The observed behaviour is again strong evidence that linear defects are the most
important pinning centers: the post-anneal treatment annihilates part of the dislo-
cations, and the characteristic field B* is reduced accordingly from B* = 90 mT to
65 mT. Note, that in chapter 3 we investigated the influence of etching on the su-
perconducting properties. We found that etching increases the thickness variations,
whereas the current density decreases. If any, the surface has an opposite effect on
the pinning properties: the shallower the surface modulations, the higher the intrinsic
current density.

Some groups claim that the island structure of YBasCuzO7_s PLD films is associated
with a (low angle) grain boundary or weak link [18]. Already in chapter 5 we argued
that the existence of a low angle grain boundary in our films is not very likely, because
the distance between the linear defects is too large to form a coherent planar defect.
Moreover, whereas the post-anneal treatment does not affect the superconducting
current density of LAD670, the island structure is changed dramatically. If we would
assume vortex matching to the island structure, we can define an island matching
field like in chapter 3, assuming that the trenches between the islands are filled with
vortices until the average vortex spacing becomes comparable to A (see section 3.5
and also ref. [19]):

20,

Bisland ~ 7.9
jland o =20 (72)
with D the island diameter. Already in chapter 3 we argued that eq. (7.2) cannot
explain the characteristic field in as-deposited films, since Bgl“”d should increase with

the square root of the dislocation density, instead of linearly (section 3.5). Secondly,
after post-annealing we find no change of the matching field in LAD670, although
the island structure has changed considerably. Calculating the ratios between the
island size before and after post-annealing for LAD673, we find ngfand / nﬁf}md = 0.45,
whereas ni4 /n4D = 0.63 ~ B}, /B%p = 0.72, confirming that the characteristic
field is indeed connected to the dislocation density, and not to the island density. In
addition, TEM observations on our films reveal a perfectly layered epitaxial structure
without grain boundary over a region of several microns [15].

In conclusion the current density behaviour of as-deposited and post-annealed films
does not support any grain boundary or surface roughness pinning model. Instead,
our results are completely consistent with linear defect pinning.

7.4.2 Behaviour at high magnetic fields

At high magnetic fields the vortices outnumber all (extended) defects, but there are
still point defects in abundance. It was therefore suggested, that in that field regime
vortices are pinned by point defects [21, 22]. Especially oxygen vacancies and large
precipitates, such as Y203 and Y9BaCuOs-inclusions (211-precipitates) are known to
increase j. [23, 24, 25]. In thin YBayCu3O7_s films Y203 inclusions are the most
abundant secondary phases [26]. From planar view TEM measurements we find for
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a typical density of large precipitates nprecip ~ 4 pm~2 [15], which is very little
compared to the dislocation density.

By giving an additional heat treatment to our films we expect that the concentration
of point defects decreases, since during the post-anneal the film has more time to
relax to an epitaxial equilibrium than during pulsed laser deposition. Therefore, if
point defects were important pinning sites at high magnetic fields, we would expect a
smaller j, in the post-annealed film, which we do not observe. Instead, in films with
many dislocations js even increases. Also the high field behaviour, characterized by
the power-law slope «, does not change. This confirms that point defects play only a
minor role.

In the literature it has been reported that the critical current increases due to pre-
cipitates [25]. However, it may well be, that the increase of j. is caused by linear
defects, that were induced by the precipitates, and not principally by the secondary
phases themselves. In thin YBayCu3zO7_s films precipitates and linear defects are
closely related [26]. For example Huijbregtse et al. showed, that it is possible to ar-
tificially increase the dislocation density in thin YBasCu3O7_s films, by depositing
Y203 droplets onto a clean SrTiO3 substrate prior to the film deposition [14].

As already mentioned in section 7.3.2, a small difference is observed in js;(B) of
LADG670, at magnetic fields g H > 4 T (indicated by dotted arrows in figure 7.6a). In
the as-deposited film a faster decrease of j;(B) develops, whereas in the post-annealed
part the current decrease j,(B) ~ 1/v/B extends up to the maximum attainable field
of 7T. Apparently the plastic pinning regime, where vortices are shearing through the
lattice of the strongly pinned vortices on the linear defects, can be maintained up to
higher magnetic fields, before a breakdown occurs. Possibly the increased crystallinity
induces a better ordering of the vortex lattice, thus allowing for more effective ”shear
channels” for the unpinned vortices. However, as the effect is quite small, it is hard
to draw definite conclusions from this observation.

In LAD673 the high field behaviour has not changed after post-annealing. This is
rather surprising, since the dislocation density in this film decreases from ng;5; = 68
to 43 ym~2. As shown in chapter 5, in films with ng;» < 60 pum~—2 vortices are
plastically pinned, with o ~ —0.58, and in films with ng;s > 60 um™2, vortices are
pinned collectively with @ &~ —0.8 to —1.1. We would therefore expect a crossover
from collective to plastic pinning in LAD673, but a change of the power-law slope from
a = —0.8 to a =~ —0.58 is not observed. We believe that this is due to the fact, that
the island structure after post-annealing is not related any more to the positions of the
linear defects. In the as-deposited films the linear defects are located in the trenches
where three growth islands meet. This results in a relatively regular array of linear
defects [14]. After post-annealing the island structure has flattened, but no positional
rearrangement of the dislocations has taken place. As a result, the distribution of the
linear defects of LAD673PA is still associated with the regular dislocation array of the
original as-deposited film, with some of the defects annealed out. This means that
the distance between nearest neighbours is mainly related to the original ng;s = 68
pm~2, with a distance between many adjacent defects of d, ~ 1/1/68 um=—2 = 120

nm (although the average distance between defects is d, = 1/1/43 pm=2 = 152 nm).
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film d Ndisl Rq TC ATC AW(OOS)
(um) | (pm=2) | (nm) | () | () | ()
LP174 35 39 230 | 89.3 | 1.2 0.20
LP193 | 450 25 3.93 | 89.5 - 0.25

Table 7.2 Structural properties of the investigated thin and thick YBasCusO7_s film. d
is the film thickness, ngisi the dislocation density, R, the rms surface roughness, 7. the
transition temperature, AT. the width of the transition, and Awgos) denotes the FWHM of
the (005) rocking curve. The critical temperature of LP193 was not determined by means
of a resistivity measurement, but obtained from the extrapolation of the irreversibility field
H;,.-(T) to zero field.

Consequently the distribution of the linear defects of LAD673PA is more random
after post-annealing, which is indeed observed in figure 7.3f. Apparently, due to the
relatively short distance between many adjacent defects, collective pinning instead
of plastic pinning dominates the high magnetic field behaviour in LAD673PA, which
explains why the power law slope « has not changed.

7.5 Thickness effects

7.5.1 Effect of the thickness on vortex pinning by linear defects

To investigate the effect of film thickness on the pinning properties, we measured
a very thin film (LP174, d = 35 nm) and a thick film (LP193, d = 450 nm). The
structural features of both films are summarized in table 7.2. The film quality is
still excellent, albeit with slightly higher rocking curve widths of Awgs) =~ 0.2°.
Moreover, the surface roughness in both films is comparable to that observed in films
of average thickness (see table 7.1). We do not observe an increase of R, with film
thickness.

The zero field current density at low temperatures is plotted in figure 7.8 together
with the films from chapter 5, LAD493 (d = 70 nm), LAD554 (d = 140 nm) and Y67
(d = 192 nm). Also plotted are data reported by Sheriff et al. [7] and by Liu and
Schlenker [27]. We find that the typical shape of js(d), observed by other groups, is
reproduced by our data. All data show the same trend, a sharp increase of js(B=0)
for very thin films, a maximum at around d = 100 — 150 nm and a slow decrease
for thicker films. The maximum in current density seems to indicate a crossover,
corresponding to a critical film thickness d ~ 2/,.,, the maximum length over which
the vortex can be straight. Note that Civale et al. [28], investigating the dependence
of the irreversibility line on the film thickness, found a similar crossover at d = 100
nm. For all films with thickness d > 100 nm, the irreversibility line was found to
coincide
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Figure 7.8: Zero field current density as a function of the film thickness for various
YBayCuszOr_s films, at T = 10 K. Data are shown from films, studied in this thesis (¢),
from Liu et al. (—o —) [27], and from Sheriff et al. (—A—) [7]. All data show the same
trend, with a maximum at d =~ 100 nm. The solid line is the expected thickness dependence
according to eqs. (7.3) and (7.4), with js(d=2\ess) = 4-10" Am~2 and A.s; = 70 nm. The
agreement with our data is excellent, except for film Y67 (circled #), which has a smaller
average defect size (see the main text for a discussion).

with the single crystal irreversibility line. For thinner films with d < 100 nm, the
irreversibility line H;,..(T) lies lower, i.e. dH;../dT decreases.

For d < 100 nm, the current density decreases rapidly with decreasing thickness. For
LP174 we find js(B=0) = 5- 10 Am~2 at low temperatures, which is one order
of magnitude lower compared to the films with d = 100 — 150 nm. The structural
parameters, such as T.. = 89.3 K and the rocking curve width Aw g5y = 0.2° indicate,
that the film quality is not much reduced, although the transition width AT, is
somewhat larger. The low current density may be caused by an increased effective
penetration depth. For thin films with d < A, the effective penetration depth is given
by Aesr = 202/d [29] or, alternatively, by Aesf(d) =~ Acoth(d/2)) [30]. The latter
has the correct asymtotic behaviour, approaching the original formula of Pearl et al.



152 Chapter 7 Surface and thickness effects in thin YBayCuzO7_s films

[29] for small d, and reducing to A for large film thicknesses. The larger effective
penetration depth reduces the pinning energy &, ~ 1/ )\gf ¢ and therefore the critical
current.

After a maximum at d = 110 nm the current density decreases with the thickness.
This may be due to vortex bending, occurring when the film thickness is larger than
d > 2Xepy. The maximum at d ~ 100 — 150 nm suggests, that the typical length, over
which the vortices are straight, is Aeyy = 50 — 75 nm. This explains qualitatively the
observed behaviour of js(d), and coincides reasonably well with estimates of Brandt
[9] and Prozorov et al. [31], £ser =~ A/ =~ 30 nm.

Taking into account both effects we can establish the following relationship between
the zero field current density and the film thickness:

. Er ()‘eff) /\QB .
Js(d = Jsmax, for d < 2\ 7.3
( ) ¢O£ Asz (d) ff ( )
2Xefy .
jo(d) =~ df L maes for d > 2X\eff (7.4)

with Ap = 140 nm the bulk penetration depth and jsmax = Js (d:2)\eff) the crossover
current density, exactly at the film thickness where a vortex is pinned over its maxi-
mum length (= 2\cf¢) by a linear defect, without being bent by the curved magnetic
field lines. Eq. (7.3) stems from the linear defect pinning energy, calculated in chap-
ter 4, with A.ss instead of Ag. Eq. (7.4) assumes, that the total current runs in
a layer of length Acys at the surface and the film-substrate interface. Note, that
this does not imply surface pinning. Vortices are still pinned by linear defects, just
not over their full length. In figure 7.8 both egs. (7.3) and (7.4) are plotted, with
Js(d=2Xesp) =4 - 10" Am~2 and Aeff = 70 nm. The agreement with experiment is
remarkably good.

Only film Y67 (d = 192 nm, with circle in figure 7.8) has a low current density
compared to eq. (7.4). However, Y67 is a sputtered film, which has on average more
edge dislocations with a smaller defect radius, as argued in chapter 5. We find that
the theoretically expected current density js(192 nm) = 2.92 - 10! Am~2 and the
measurement j,(Y67) = 2.05- 10! Am~2 deviate by a factor 1.4. A similar difference
is found in the true critical current density j.(7'=0, B=0) between LAD554 and Y67,
je = 5.2-10" Am~2 and j. = 2.9 - 101" Am~2 respectively (figure 5.9 on page
91). When corrected for the thickness, we get j.(PLDfilms)/j.(SPUTfilms) = 1.31,
which confirms our hypothesis in chapter 5, that sputtered films have indeed a smaller
average defect size compared to PLD-films.

In conclusion, the thickness dependence of the current density js(B=0) is governed
by two phenomena. For small thicknesses the effective penetration depth causes a
sharp reduction of the pinning strength. For thick films the currents run effectively
in a small layer of A,y ~ 70 nm at the surface and the film substrate interface. In
the ’bulk’ of the film vortices are strongly curved, following the magnetic field lines.
They could be weakly pinned, for example by point defects, but the 'bulk’ currents
are probably very small compared to the surface currents. In figure 7.9 we summarize
schematically the situation for thin (d < A) and thick (d > A) films.
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Figure 7.9: Schematic picture of the magnetic field lines (black lines) and the vortices
(grey) for a) a very thin film with d < 2XAcfy and b) a thick film with d > 2Acss. In a thin
film the vortices are straight and do not follow the magnetic field lines. They are pinned over
their full length by linear defects. In a thick film the vortices are straight and perpendicular
to the surface over a distance £scr =~ Aeys. Linear defects pin the vortices only in this surface
layer. Consequently large superconducting currents run only near the surface. Within the
bulk of the film the vortices follow the magnetic field and are weakly pinned (j. = 0).

7.5.2 Asymmetric hysteresis loops in thick films

In figure 7.10 the hysteresis curve of the 450 nm thick LP193 is plotted for various
temperatures between T' = 4.2 and 40 K. Whereas in all films we measured, the
hysteresis loop is symmetric around pyH = 0 T, in LP193 we find a peculiar peak in
the magnetization curve, which is shifted towards positive fields when sweeping down
in the hysteresis loop. It is therefore different from the usual magnetization peak,
which is observed in single crystals after the zero-crossing of the hysteresis loop. The
magnetization peak is situated at pyH = 0.46 T for T' = 4.2 K, and decreases with
temperature. Note, that the peak position is at much larger magnetic field than the
characteristic field B* ~ 35 mT, which is therefore not observed experimentally, or
the penetration field pgHpen ~ 25 mT.

The dynamical relaxation rate for LP193 is plotted in figure 7.11. Also @ exhibits
some unexpected features. The most remarkable feature is a peak in Q(B), situated
at uoH = 1T for T = 10 K. With increasing temperature the peak in Q(B) sharpens
and shifts to lower field values. The position of the peak seems to be about twice
the field, where the central peak in the hysteresis loop is observed. Exactly when the
central peak is reached in the hysteresis loop, the relaxation rate becomes independent
of magnetic field, at least at low temperatures.
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Figure 7.10: Hysteresis loops for film LP193 (d = 450 nm), taken by sweeping from
poH = —1 «—— 7 T with sweep rate pydH/dt = 2.4 T/min, at temperatures T = 4.2
(-=O0-), 10 (—MW—), 20 (—o—), 30 (—e—), and 40 K (—<{—). The arrows indicate the sweep
direction. We observe a peculiar shift of the central peak towards the sweep direction. The
dashed lines indicate the position of the central peak at various temperatures.

Both the hysteresis loop and the behaviour of the relaxation rate show, that thicker
films exhibit quite different behaviour compared to thin films. This has consequences
for the interpretation of the relaxation and current density data. Up to now we
used the irreversible torque to determine js;(B) and Q(B). However, because the
magnetization curve is not symmetric in thick films, the current density behaves
differently when sweeping the magnetic field up or down. By simply taking the
irreversible magnetization to calculate j;(B) and Q(B), we neglect this asymmetry.
In this way we may introduce experimental artifacts, and it is not clear at present
how we should interpret, for example, the peak in Q(B).

A similar anomalous peak shift in the magnetization curve has been observed before,
although it was not always noticed, in YBayCuzO7_s single crystals [32], in rotation
measurements on BisSroCaCuyOg (Bi2212) crystals [33], in polycrystalline NbzSn
samples [34] and also in Ag-sheathed (Bi,Pb)sSraCasCusOq94s (Bi2223) tapes [35,
36, 37]. Usually the anomalous peak shift is, however, much smaller. The variety
of samples, techniques and experimental conditions suggest that the effect is rather
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Figure 7.11: Dynamical relaxation rate Q(B) for a thick film (LP193, d = 450 nm) for
temperatures 7' = 10 (—MW—), 15 (-0—), 20 (—e —), 30 (—o —) and 50 K (—4—). An
unexpected peak is observed in Q(B), which is shallow at low temperatures, but becomes
sharper and shifts to lower field values with increasing temperature. The maximum of the
peak is positioned at larger magnetic fields than the central peak in a hysteresis loop, but
vortex bending might well be responsible for the increased relaxation rate.

general. Recently, Shantsev et al. [38] showed, that for crystalline films the central
peak is symmetric around pyH = 0, but for granular samples the central peak may
shift towards the positive axis. This was investigated further by Koblischka et al. [39]
by patterning a film into small circular disks, thereby mimicking granularity. Also
Miiller et al. [35] explained the anomalous peak with the behaviour of inter- and
intragranular critical currents, running in granular samples. Although granularity
plays an eminent role in tapes, in our films we have no indication for granularity.
The observation, that the central peak shifts, depending on the sample dimensions
[34, 40], suggests that shape effects could also be responsible for an anomalous peak
shift.
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One important ingredient for thick films, which we think may provide for an alterna-
tive explanation, is the curvature of the magnetic field lines due to self-fields. In thin
films the curvature of the magnetic field does not have implications for vortex pinning,
as the vortices are confined to be straight within a layer of thickness near the surface
Aeff, which is about 70 nm (see the previous section). But for LP193, with d = 450
nm, vortices are definitely bent due to the large current density present. In the next
section we investigate how vortex bending affects the hysteresis loop. When sweeping
the magnetic field back, i.e. on the decreasing branch of an hysteresis loop, Meissner
areas develop in the film as soon as the applied magnetic field becomes comparable
to the self-fields created by the current. This was first observed with magneto-optics
by Vlasko-Vlasov et al. [41]. We show that these so-called Meissner holes can indeed
cause the anomalous peak in the magnetization.

7.5.3 Vortex curvature due to self fields

To investigate whether vortex bending can be responsible for the observed peak shift in
thicker YBaoCu3zOr_g films, we first calculate the self-field, taking the film thickness
explicitly into account. We consider only the right half of the ring, assuming that we
can approximate it by an infinitely long thin strip of width w and thickness d with
an applied current density j. This approximation is justified if the ring has a large
diameter compared to its width, so that the thin strip represents the cross-section of
one side of the ring, and the opposite side has a negligible influence on the self-field
at the first leg. The geometry is chosen such that the origin is at the center of the
strip, the current density j, is running in the y-direction, and the magnetic field is
applied in the z-direction perpendicular to the film plane. The self field is found by
integrating the law of Biot-Savart over the strip:

/2wl G (2 2) - (2 — 2) da'd?
By(r,2) = / Jy 2 Jdvd (7.5)
—d2d w2 (x—2a') 4+ (z—2)
d/2 w/2 : r— 2 de'ds
Bu(r,2) = / (2 Jdvd (7.6)
27 a2 —wy2 (x—2')" 4+ (z—2)

For thin films with d <« w and assuming that j, = j, uniform?®, eqs. (7.5) and
(7.6) can be simplified appreciably. In this case Byeif,o (2, 2) within the film does not
depend on the position x, and By r,» (2, 2) does not depend on the position z within
the film. Therefore we can calculate B, and B,, setting z = 0 or z = 0, respectively,
and solve egs. (7.5) and (7.6) for both components of the self-field analytically. The
results are:

3In chapter 6 we have shown that the current density js in ring shaped thin films is indeed uniform
to a good approximation.
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Figure 7.12: Schematic picture of the right half of the ring, depicted as an infinitely long
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strip. Compared to the original ring geometry, the point x = —w/2 represents the inner
radius of the ring r;, whereas ¢ = w/2 denotes the outer radius r,. The self-field components,
calculated by integrating the law of Biot-Savart, B (z) and Bg(z) are indicated at the top
and on the right, respectively.
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(7.7)

Ba(2) ~ oy (7.8)

In figure 7.12 a schematic drawing of the geometry of the strip and the self-field
components B, (z) and B,(z) is given. In fact one can evaluate eqs. (7.5) and (7.6)
for any current distribution within the strip numerically.

An externally applied magnetic field pyH, adds directly to B, (z), shifting the whole
field profile upwards or downward, depending on the size of ugH,, if j, does not
depend on B. The lateral field B,(z) is of course not affected by an applied field in
the z-direction.

Next we look closely at the experimental situation when the hysteresis loop approaches
the anomalous peak. When starting from a large positive field and lowering the ap-
plied magnetic field, the self-field profile, drawn schematically in figure 7.12, is lowered
as the applied magnetic field decreases. To simplify the calculation, we assume, that
the current density does not depend on magnetic field. In figure 7.13 we show three
consecutive field profiles, and the corresponding field lines within the film, when the
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Figure 7.13: Schematic picture about how a Meissner hole is formed in thin films. We show
only the right half of the ring. The magnetic field is swept back from a large magnetic field.
a) At a positive applied magnetic field pyH = B max the tail of the self-field reaches zero
induction B, = 0 at the outer edge of the ring. The magnetic field lines curve strongly and
a Meissner area is formed. b) As the applied magnetic field is lowered the point with B, =0
moves to the left. Consequently the Meissner hole moves in from the edge. ¢) At slightly
negative magnetic fields the Meissner hole has crossed more than half the width of the ring.
Eventually it will cross the whole width, and disappear for negative fields pyH < —B: max.
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Figure 7.14: Full cross section of the ring with the B, (z) field profile. The excess current
in the Meissner hole (grey) results in a peak in the magnetization, which moves inwards, as
the Meissner hole itself. This causes the anomalous peak in the hysteresis loop.

magnetic field is lowered to pyH, < 0. When the large tail of B,(z) crosses B =0, a
Meissner area forms on the edge of the superconductor (figure 7.13a).

To illustrate what happens we turn to figure 7.13b, where the Meissner area has
moved in already, which makes the explanation more transparent. Exactly where
B, tot = 0, the magnetic field has only an x-component. Slightly to the left the B, 1ot
is positive, but much smaller than B, (z), and slightly to the right B, ;»: is negative
and much smaller than B,(z). The resulting field lines point in opposite directions
almost perpendicularly to the c-axis, leaving a flux free area in the middle. This
so-called Meissner hole was observed already by Vlasko-Vlasov et al. [41]. Note that
figure 7.13 shows only half of the ring.

In figure 7.14 a cross section of the ring is depicted schematically, indicating how the
Meissner hole moves inwards as the applied magnetic field is lowered. The Meissner
hole carries an excess screening current jys > js [41]. Therefore the total magnetic
moment is larger due to the Meissner hole than calculated by pure electrodynamic
considerations. Since the Meissner hole moves inwards from both sides of the ring
(figure 7.14) the total magnetic moment is largest as soon as the self-field tail reaches
B, = 0, i.e. when the Meissner hole forms at the outer edge of the sample (figure
7.13a). As the Meissner hole moves inwards, the magnetic moment decreases. Thus
in a hysteresis loop we find a maximum in the magnetic moment when the tail of the
self-field profile reaches B, = 0.

From this qualitative discussion it follows, that the magnetic moment is maximum,
when the applied magnetic field is as large as the tail of the self-field. Eq. (7.7), with
Jy = 1.12- 10" Am~2 as in film LP193, yields for the maximum self-field at the tail
Brax = 0.08 T. This is too small to explain a central peak, shifted to uoH = 0.46 T.
However, one should realize that vortex bending sets in already before the tail of the
self-field reaches B, = 0. Moreover, the formation of the Meissner hole itself is a very
unstable process. Since the curvature of the field lines depends on the current density,
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an increased current, due to the Meissner hole, curves the magnetic field lines even
more and blows up the Meissner hole. This can eventually lead to avalanches, which
have indeed been observed [42]. The size of the Meissner hole can be calculated by
comparing the line tension with the pinning energy [43]. If the line tension is larger
than the pinning force, the vortex loop collapses towards the middle, which leads to a
critical diameter Dy ~ 2¢;/®gjs [41]. With the line tension ¢, = 0.2g¢ and j, = 1-10'!
Am™2, we get Dj; ~ 26 nm, which is smaller than the current free layer, given by
Dj—g=d—2Xy; ~ 310 nm. However, from a simple thermodynamic argument, i.e.
[ Bdl = p [ jdA, the current density needed to shield a magnetic field pgH = 0.46
T, taking Dy = Dj—o = 310 nm as critical diameter, is jp; ~ 510" Am~2 ~ j,
the depairing current (with the film thickness as critical diameter Djy; = 450 nm, we
find jpr ~ 3-10'2 Am~—2). This suggests that the Meissner hole is formed as soon as
the depairing current is able to completely screen the applied magnetic field.

Note, that kink sliding, as described by Indenbom et al. [8] leads to the formation
of Meissner holes as well. The curved vortices experience a Lorentz force, directed
towards the midplane of the ring z = 0 (see figure 7.9b). Therefore, if the pinning
energy is not sufficient, easy kink sliding makes the vortex loops collapse towards the
middle, leaving a similar Meissner hole as we described.

Note, that in ref. [8] the applied magnetic field was applied under an angle. The
Lorentz force in that case is directed in one direction only, and the vortices do not
collapse, but just slide off the sample via easy kink sliding.

We conclude that the formation of Meissner holes is a possible scenario, which could
explain the anomalous shift of the central peak. However, the explanation is very
preliminary, and further research is needed to clarify why the peak shifts to such
large magnetic fields.

7.6 Conclusions

In this last chapter we explored the influence of post-annealing and film thickness on
the pinning properties of YBayCusO7_s films. Post-annealing flattens the surface and
improves the crystallinity. This makes post-annealing a convenient technique to study
the effect of various pinning mechanisms. In thin films thickness modulations and
point defects play a negligible role, whereas our results are completely consistent with
linear defect pinning, also at high magnetic fields. The thickness dependence of the
zero-field current density can be explained by two effects: at very small thicknesses the
effective vortex diameter widens, which reduces the pinning energy and, consequently,
the critical current. Beyond a critical thickness d ~ 100 nm the current density again
decreases, because the currents are confined to a small layer near the surface and the
substrate-film interface. Linear defects only pin the vortices near the surface. In the
'bulk’ of the film they disconnect from the linear defects and are curved to coincide
with the magnetic field lines.

In thicker (d = 450 nm) films the magnetization curve becomes asymmetric and
develops a peak, shifted to positive magnetic fields on the decreasing branch of the
hysteresis loop. A similar anomalous peak has been interpreted to be the result of
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granularity [35, 38, 39]. We propose an alternative explanation involving the formation
of Meissner holes in the ring due to large self-fields. Because vortex bending can be
substantial in thicker films, one should be very cautious with the interpretation of
current and relaxation data on films with d > 2A\cfy = 150 nm. For example, the
relaxation data Q(B) show a peak at yugH =1 T at low temperatures, which could
be related to vortex bending, but which could also be an experimental artifact caused
by the asymmetry of the torque loop. On the other hand, the Meissner hole itself is
an interesting subject of investigation in thick YBasCuzOr_s films. With magneto-
optical imaging one should be able to observe Meissner holes directly, just like in
single crystals [41]. The instability of Meissner holes could lead to avalanches and
flux roughening. We have performed a preliminary magneto-optical measurement,
which indeed revealed flux roughening at low temperatures in LP193 [44]. Finally,
a post-anneal treatment, which reduces the thickness modulations, on thicker films
should affect the surface currents running in thick films, and this could be used to
study vortex bending in more detail.
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Samenvatting: zijn supergeleiders
super geleiders?

Inleiding

Supergeleiders zijn materialen waarvan de electrische weerstand verdwijnt beneden
een kritische temperatuur T,.. Door deze eigenschap zijn supergeleiders zeer interes-
sant voor toepassingen, aangezien electrische weerstand voor ongewenste (warmte)ver-
liezen zorgt, bijvoorbeeld in electriciteitskabels en electromagneten. Veel materialen
vertonen supergeleiding, maar de kritische temperaturen zijn zeer laag (tot 1986 lag
het record bij T, = 23 K = —250°C), waardoor supergeleiders maar beperkt worden
toegepast. De ontdekking in 1986 van supergeleiding in bepaalde keramische materi-
alen was een belangrijke stap vooruit. De kritische temperatuur in deze materialen is
veel hoger dan in conventionele supergeleiders, met als huidige record T, = —137°C.
Dit lijkt nog steeds erg laag, maar zulke temperaturen kunnen eenvoudig bereikt wor-
den door te koelen met vloeibare stikstof (—196°C), waarmee de nieuwe klasse van
supergeleiders (die hoge-T, supergeleiders worden genoemd) op goedkope(re) wijze
kan worden toegepast. Inmiddels zijn de eerste grootschalige toepassingen geimple-
menteerd. Zo liggen in Detroit (VS) electrische stroomkabels in de grond die gemaakt
zijn van hoge-T, supergeleiders.

Het spreekt voor zich, dat er veel wetenschappelijk onderzoek wordt verricht naar de
hoge-T, supergeleiders. Een essentiéle parameter die de kwaliteit van een supergelei-
der aangeeft, althans voor toepassingen, is de kritische stroom. Dit is de maximale
stroom die weerstandsloos (i.e. zonder verliezen) door een supergeleider kan stromen.
Met andere woorden, de grootte van de kritische stroom bepaalt of een supergeleider
ook een super geleider is. De kritische stroom hangt af van het soort en de kwaliteit
van het materiaal, van de temperatuur en van het aangelegde magneetveld.

In mijn promotie-onderzoek heb ik de eigenschappen onderzocht van de kritische
stroom van YBasCuzO7_s (yttrium-barium-koperoxyde), een van de bekendste hoge-
T, supergeleiders met T, = —181°C. Specifiek heb ik dunne lagen van YBasCuzO7_s,
met een dikte van ongeveer 0.1 um (een pm is een duizendste millimeter) onderzocht.
De reden voor deze keuze is, dat dunne YBasCu3O7_s lagen een heel hoge stroom
kunnen dragen.

Tijdens mijn onderzoek heb ik mij onder andere bezig gehouden met de volgende
vragen:
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e Waardoor wordt de hoogte van de kritische stroom in dunne YBasCuzOr7_s
lagen bepaald?

e Wat is de invloed van belangrijke parameters als de temperatuur en mag-
neetveld op de kritische stroom?

e Hoe kan men met onze inzichten de kritische stroom verhogen?

In deze samenvatting zal ik, na een algemene uiteenzetting van de magnetische eigen-
schappen van supergeleiders, deze drie vragen achtereenvolgens behandelen.

Supergeleiding en magneetveld, een haat-liefde
verhouding

Naast het feit, dat er geen electrische weerstand is, is er een tweede, minstens zo be-
langrijke eigenschap van supergeleiders: een supergeleider kan geen magneetveld ver-
dragen. Dit zogenaamde Meissner effect heeft vergaande implicaties. Immers, in een
extern aangelegd magneetveld moet een supergeleider zijn inwendige ”magneetveld-
vrij” houden. Dit kan op twee manieren. Allereerst door volledige afscherming: in
de supergeleider gaan stromen lopen die precies een tegengesteld magneetveld als het
aangelegde genereren, zodat het totale magneetveld nul blijft binnen in het materiaal.
In het tweede geval dringt het aangelegde magneetveld toch gedeeltelijk door de su-
pergeleider heen. In het supergeleidende materiaal ontstaan cylindrische buisjes van
niet-supergeleidend materiaal, waar de magnetische flux doorheen gaat. Deze flux
buisjes noemen we vortices. Een electrische stroom loopt door het supergeleidende
gedeelte langs de vortices, en ondervindt dus nog steeds geen weerstand. Het mag-
neetveld wordt door de vortices (van normaal materiaal) geleid en heeft geen last van
de supergeleidende fase ernaast. FElke vortex heeft een vaste hoeveelheid magnetis-
che flux, dus hoe hoger het aangelegde magneetveldveld, hoe meer vortices er in het
materiaal aanwezig zijn.

De gemengde fase met vortices is dus een perfecte compromis-oplossing, waarbij su-
pergeleiding en magneetvelden toch samen kunnen gaan: het poldermodel in optima
forma. Dankzij het bereikte compromis kunnen veel hogere magneetvelden en hogere
stromen aangelegd worden dan in het geval van volledige afscherming.

Er doet zich echter nog een probleempje voor zodra een stroom door een supergeleider
in de gemengde fase wordt gestuurd. Aangezien vortices een zekere magnetische flux
hebben, werkt er in de aanwezigheid van een stroom een Lorentz-kracht* op de vortex,
die haar in beweging zet. Aangezien de vortex een verstoorde supergeleidende fase
heeft, zorgt een bewegende vortex voor een weerstand: weg super geleiding!

De enige manier om toch een eindige stroom zonder dissipatie door een supergeleider te
leiden, is door de vortex op een of andere manier vast te pinnen op haar plaats. In het
algemeen bieden materialen de mogelijkheid tot vortex pinning via altijd aanwezige
roosterfouten. Een materiaal is nooit helemaal perfect opgebouwd, en op de plaats van

4De Lorentz-kracht is de kracht die een bewegende lading in een magneetveld ondervindt.
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een roosterfout (bijvoorbeeld een vreemd of ontbrekend atoom in de kristalstructuur,
of een vlak dat niet goed aansluit) kan een vortex gepind worden. De kritische stroom
wordt nu bepaald door de maximale pinning kracht, die natuurlijk direct afhangt van
het soort materiaaldefect.

Om een goede verklaring te geven voor de grootte van de kritische stroom in su-
pergeleiders, moeten we dus bepalen hoe en door welk defect vortices gepind worden.
Omdat in een materiaal altijd vele soorten defecten aanwezig zijn, die elk op verschil-
lende wijze een vortex kunnen pinnen, is het bepalen van de belangrijkste bron van
vortex pinning geen eenvoudige opgave. Hiervoor moet men een eenduidig verband
aangeven tussen de aanwezige defecten en het gedrag van de kritische stroom.

Waardoor wordt de hoge kritische stroom in dunne
YBa,Cu30;_s lagen bepaald?

De belangrijkste defecten voor vortex pinning in dunne YBayCuzO7_s lagen blijken
zogenaamde lineaire defecten te zijn. Het aantal lineaire defecten kunnen we meten
door de dunne YBasCuzO7_g laagjes te etsen, dat wil zeggen, langzaam op te lossen,
in een oplossing van 1% broom in ethanol. Doordat chemisch etsen sneller verloopt
op plaatsen waar lineaire defecten aan het oppervlak komen, worden alle lijndefecten
zichtbaar als vierkante putjes (zie figuur 3.1 op pagina 30). Door het ets-proces te
volgen tot aan substraat waarop de film is gedeponeerd, kunnen we een diepteprofiel
maken van de lijndefecten, en ook kunnen we bepalen waar de lijndefecten zich bevin-
den ten opzichte van het originele oppervlak. Uit de resultaten blijkt:

e De lijndefecten zitten in valleien tussen de eilanden die het oppervlak van de
dunne YBasCuzO7_s lagen kenmerken.

e De lijndefecten lopen vanaf het substraat verticaal (parallel aan de c-as) door
de hele film tot aan het oppervlak.

Door deze nauwkeurige karakterisatie van de defectstructuur kunnen we een directe
koppeling maken met de supergeleidende eigenschappen, en in het bijzonder met de
kritische stroom. In figuur 3.4 op pagina 34 is de kritische stroom als functie van het
magneetveld weergegeven van drie films met verschillende lijndefect-dichtheden. We
zien bij lage velden dat de kritische stroom constant is tot een karakteristiek veld B*.
Het plateau wordt groter naarmate het aantal lijndefecten in een film groter is. Voor
verschillende films krijgen we een lineair verband tussen ng;s en B* (figuur 3.5a op
pagina 35). Er is dus een directe relatie tussen de defect-structuur en de kritische
stroom van dunne YBasCu3zO7_s lagen, wat aangeeft dat lijndefecten inderdaad de
belangrijkste bron van pinning zijn.

We hebben het volgende model. Bij een laag magneetveld zijn er minder vortices in
de supergeleider dan lijndefecten. Alle vortices zijn dus optimaal vastgepind door een
lijndefect. Als het magneetveld verhoogt wordt, komen er meer vortices. Elke extra
vortex gaat in een leeg defect zitten en is tevens sterk gepind. Dit geeft een constante
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kritische stroom, totdat natuurlijk alle lijndefecten opgevuld zijn met vortices. Als
dan het magneetveld verhoogd wordt, kunnen de extra vortices niet meer optimaal
gepind worden, en gaat de kritische stroom omlaag. Uiteraard, hoe meer defecten,
hoe meer vortices sterk gepind kunnen worden, en hoe groter het plateau.

Wat is de invloed van de temperatuur?

Het zojuist besproken pinning mechanisme is zeer effectief bij lage temperaturen
en lage magneetvelden. In het algemeen worden hogere temperaturen gebruikt in
toepassingen (zodat bijvoorbeeld minder hard gekoeld hoeft te worden). Daarom
hebben we uitgerekend hoe de kritische stroom van de temperatuur afhangt.

De invloed van temperatuur kan heel precies bepaald worden door een beschrijving
van de zogenaamde pinning potentiaal. Deze geeft de pinning energie aan voor elke
positie van een vortex ten opzichte van een lijndefect. In figuur 4.2 op pagina 57
is de pinning potentiaal in een grafiek weergegeven. Uiteraard is de pinning het
sterkst als de vortex in het midden van het defect zit (de pinning potentiaal is het
diepst voor R = 0). Naar de randen toe wordt de pinning minder efficiént, wat de
karakteristieke vorm geeft als weergegeven in figuur 4.2. De maximale helling geeft
precies de maximale pinning kracht op een vortex, en is dus evenredig met de kritische
stroom.

De pinning potentiaal is sterk temperatuur-afhankelijk. Drie belangrijke effecten spe-
len een rol:

e De grootte en de energie van een vortex hangt af van de temperatuur. Dit
kunnen we uitrekenen door voor elke temperatuur de pinning potentiaal te
berekenen.

e De thermische beweging van vortices zorgt ervoor, dat de gemeten kritische
stroom lager is dan de theoretische kritische stroom. Door de thermische ac-
tivering te meten kunnen we voor dit effect corrigeren.

e Fen gepinde vortex is gelocaliseerd en heeft daardoor minder bewegingsvrijheid.
Dit zorgt voor een effectief minder diepe pinning-potentiaal doordat de entropie
(de wanorde) van het systeem lager is. In het geval van YBayCu3O7_s is dit
effect relatief klein.

Wat is de invloed van magneetveld?

Bij laag magneetveld worden de lijndefecten één voor één bezet door vortices. Als alle
defecten bezet zijn, worden de extra vortices minder goed gepind. Als gevolg hiervan
neemt de kritische stroom af bij hoge magneetvelden. Er blijken twee scenario’s te
zijn. In dunne lagen met weinig defecten is het plateau klein, maar de kritische
stroom neemt niet zo sterk af bij grotere magneetvelden. In dunne lagen met veel
lijndefecten, is er weliswaar een groot plateau, maar de stroom neemt ook sneller af bij
hoge magneetvelden. Welke van de twee uiteindelijk de hoogste stroom heeft, hangt
dus sterk af van het magneetveld waarbij, en is niet op voorhand te zeggen.
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Hoe kan men de kritische stroom optimaliseren?

Dit is natuurlijk de hamvraag. Ruwweg kan men twee dingen proberen. Allereerst kan
men proberen meer defecten te creéren in het materiaal, of men kan kijken of grotere
defecten vortices beter pinnen. Wat betreft meer defecten hebben we al gezien, toen
we de invloed van het magneetveld bespraken, dat het niet eenduidig is of de kritische
stroom inderdaad hoger wordt. Dit hangt geheel af van de toepassing, en bij welk
magneetveld het geheel moet functioneren. Voor wat betreft grotere defecten moeten
we naar de temperatuur-afhankelijkheid kijken. De temperatuur-afhankelijkheid is
namelijk zeer gevoelig voor de grootte van het defect. Bij lage temperaturen maakt het
weinig verschil of je een groot of een klein defect hebt, maar bij hogere temperaturen
kunnen grotere defecten veel beter pinnen. Dit komt omdat de vortex zelf ook groter
wordt, en minder goed past in de kleine defecten, maar nog wel in de grote. Wil men
dus een hogere kritische stroom, en echte super geleiding, dan is het groter maken
van de defecten dé oplossing.
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