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Abstract

In this work, superconducting YB&u;Og,. (YBCO) thin films have been studied
with the experimental focus on the anisotropy of BaZ(BZO) doped YBCO thin films
and the theoretical focus on modelling flux pinning by nuedly solving Ginzburg-
Landau equations. Also, the structural properties of urdopBCO thin films grown
on NdGaQ (NGO) and MgO substrates were investigated. The thin filmptesnwvere
made by pulsed laser ablation on single crystal substrates.

The structural properties of the thin films were characgetiby X-ray diffraction
and atomic force microscope measurements. The superdmglpcoperties were in-
vestigated with a magnetometer and also with transport uneaents in pulsed mag-
netic field up to 30 T. Flux pinning was modelled by restrigtithe value of the or-
der parameter inside the columnar pinning sites and theingalhe Ginzburg-Landau
equations numerically with the restrictions in place. Thenputations were done with
a parallel code on a supercomputer.

The YBCO thin films were seen to develop microcracks when grow NGO or
MgO substrates. The microcrack formation was connectduetstructure of the YBCO
thin films in both cases. Additionally, the microcracks candvoided by careful opti-
mization of the deposition parameters and the film thickn&$se BZO doping of the
YBCO thin films was seen to decrease the effective electrossraaisotropy, which
was seen by fitting the Blatter scaling to the angle deperedefithe upper critical field.

The Ginzburg-Landau simulations were able to reproducertbasured magnetic
field dependence of the critical current density for BZO abped undoped YBCO.
The simulations showed that in addition to the large deralgp the large size of the
BZO nanorods is a key factor behind the change in the powebkvaviour between
BZO doped and undoped YBCO. Additionally, the Ginzburg-tiam equations were
solved for type | thin films where giant vortices were seenppear depending on the
film thickness. The simulations predicted that singly gizaat vortices are stable in
type | films up to quite large thicknesses and that the sizhef/brtices increases with
decreasing film thickness, in a way that is similar to the ighet of the interaction
length of Pearl vortices.



Tiivistelméa

Tassa tyossa keskityttiin suprajohtavien ¥Ba;Og.,, (YBCO) ohutkalvojen tut-
kimiseen. Kokeellisen tyon painopisteend oli BaZr@BZO) lisayksen vaikutus
YBCO:n anisotropiaan. Vuon lukkiutumista ohutkalvoissallmnettiin ratkaisemal-
la numeerisesti Ginzburg-Landau -yhtalét. Liséksi tdiikitNdGaO; (NGO) ja MgO
alustoille kasvatettujen YBCO ohutkalvojen rakenteillieminaisuuksia. Ohukalvot
kasvatettiin erilliskiteisille alustoille laserhoyrysella.

Ohutkalvojen rakenteelliset ominaisuudet selvitettiintgendiffraktio- ja atomivoi-
mamikroskooppimittauksin. Magneettiset ominaisuuddtiiin magnetometrilla ja re-
sistanssimittauksin 30 T pulssitetussa magneettikemtadson lukkiutumista mallin-
nettiin rajoittamalla jarjestysparametrin suuruuttakiukumiskeskuksen sisélla ja rat-
kaisemalla Ginzburg-Landau -yhtal6t rajoitteiden kamasaeerisesti. Laskut suoritet-
tiin rinnakkaislaskennalla supertietokoneella.

YBCO ohutkalvoihin havaittin muodostuvan pienia halkéankun kalvoja kas-
vatettiin joko NGO tai MgO alustoille. Halkeamien muodasisen huomattiin liit-
tyvan YBCO ohutkalvojen rakenteeseen kummassakin tapasés Lisaksi havaittiin,
ettéd halkeamien muodostumista voidaan ehkaista kalvasuatuparametrien ja pak-
suuden huolellisella optimoinnilla. BZO:n lisdéamisen YB&alvoihin ndhtiin laske-
van elektronien efektiivisen massan anisotropiaa, mikaittén sovittamalla Blatterin
malli anisotropian skaalautuvuudesta mitattuun ylemnrétigen kentan kulmariippu-
vuuteen.

Ginzburg-Landau -simulaatioilla onnistuttiin toistamdaavaitut kriittisen virtati-
heyden magneettikenttariippuvuudet sekd YBCO ohutkbdveita BZO:ta siséltaville
YBCO ohutkalvoille. Simulaatioiden perusteella selvetia BZO:n muodostamien na-
nopylvaiden koko vaikuttaa merkittavasti kriittisen atiheyden kenttariippuvuuteen.
Liséksi Ginzburg-Landau -yhtal6t ratkaistiin tyypin | saphtaville ohutkalvoille, joi-
hin nahtiin muodostuvan suurvortekseja riippuen kalvokspadesta. Simulaatioiden
perusteella voitiin ennustaa, ettd yhden vuon kvantintéigit vorteksit ovat stabiile-
ja tyypin | ohutkalvoissa kohtalaisen suurillakin pakssill ja etté vorteksien koko
kasvaa kalvon ohetessa tavalla, joka on samankaltainehv@deaksien vuorovaikutus-
pituuden kasvun kanssa.



Glossary

AC
AFM
BCS
BZO
DC
FWHM
IR

LM
NGO
PLD
RMS
STO
uv
YBCO

a,b,c

alternating current
atomic force microscope

Je

L, L,

Bardeen, Cooper and Schrieffemn

BazZrQ;

direct current

full width at half maximum
infrared

lattice mismatch

NdGaQ

pulsed laser deposition
root mean square

SITiIG

ultraviolet

YBa;CuzOg

lattice parameters

lattice parameter of the film

n

n*

N

S E S S NSDF
8

aqr, Bar

lattice parameter of the substrate

vector potential

density of magnetic flux
accommodation field
irreversibility field

sample thickness
elementary charge
pinning force density
Gibbs free energy density
Planck’s constant

reduced Planck’s constant
thermodynamical critical field
lower critical field

upper critical field
irreversibility field

current density

A
Am
5

Er
€o

0

20

=

Ho
3
G
v
|
5l

Vi

critical current density

x- or y-dimension of the sample
effective electron mass

fitting parameter in equation (27)
Cooper pair density

number of flux quanta in a vortex
radial coordinate

radius of a columnar pinning site
radius of the vortex core
deposition temperature

critical temperature

fitting parameter in equation (27)
sample volume

crack separation

power law exponent
Ginzburg-Landau coefficients
anisotropy parameter

energy gap

opening of the hysteresis loop
Blatter scaling function

pinning potential

vortex energy

angle betweeB anda (or b)
scattering angle (XRD)
Ginzburg-Landau parameter
penetration depth

permeability of free space
coherence length

order parameter

tilt angle of the goniometer
modulus

the norm of a vector
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1 Introduction

1.1 Superconductivity

A superconducting material has three distinct properiigghe material is perfectly
conducting, (ii) the magnetic flux density vanishes inskderhaterialj.e., the Meissner
state, and (iii) there is an energy gap in the single electates near the Fermi surface.
No theory of superconductivity has been able to give a mgopie description that
would cover all the known superconductors, even though @ver a hundred years
since the discovery of superconductivity [1]. Although stgonductivity is actually a
heavily correlated many-electron state, it can often beokiied to consist of paired
electrons called Cooper pairs. In 1956 Leon Cooper [2] pseddhat assuming a small
attractive interaction between electrons leads to thedition of Cooper pairs, a bound
state of two electrons of opposite wavevectkrs Soon after, Bardeen, Cooper and
Schrieffer [3] (BCS) explained the basic properties of theventional superconductors
from the microscopic scale with a quantum mechanical amproaVith the success
of the BCS-theory it became clear that the mechanism behmattractive interaction
between the electrons is connected to the electron-phomgpling in the conventional
superconductors.

One of the predictions of the BCS-theory is the simple deproe given for critical
temperature on the energy gap,

Ao ~ 3.52kp T, 1)

wherel is the energy gap at 0 Kg is the Boltzmann constant afd is the critical
temperature. Also, the BCS-theory predicts that the teatper dependence of the gap
is a universal property of the conventional supercondsctgkdditionally, the BCS-
theory predicts the jump in the heat capacity at the tramsiéind explains the isotope
effect and the Meissner state. The density of states as &daraf energyE’ near the
Fermi level has been shown to be [4]

() 0, when |E — Ep| < A, @
D(FE) ~ 2
D(Er)
To b when |E — Er| > A,

where D(Er) is the density of states at the Fermi level in the normal stater)) of
equation (2) is also shown in figure 1. The density of statepoximately constant
around the Fermi level in the normal state, and in the supelatting state, the states
shift from inside the gap to the edges where they accumuiédewo sharp peaks.



E | 20

Energy

Density of states

Figure 1. The density of states near the Fermi level in a sopelucting material show-
ing the gap as given by equation (2).

Due to the quantum mechanical origin of the supercondtytithe magnetic flux
penetrating a hole or a normal region that is inside a supeérging region is quantized
in multiples of the flux quantum

h
b= — 3
0 26’ ( )
where h is the Planck’s constant andis the elementary charge. The quantization
comes from the fact that the wavefunction has to be singlyedl Hence, the phase of

the wavefunction can only be specified within modto

1.2 Ginzburg-Landau theory of superconductivity

Superconductivity is an exceptional phenomenon in theestrt it is a quantum ef-
fect on a truly macroscopic scale. This is reflected in thé tiaat the properties of a
superconductor can often be described with a single waggtum ¢, also known as
the order parameter. In 1950 Ginzburg and Landau [5] deeel@general thermo-
dynamical and phenomenological treatment for supercdivilycthat has its roots in
the Landau theory of phase transitions. The idea is to desthie extent of ordering,
that is the order parameter, as proportional to the densitieosuperelectrons. Then
expanding the Gibbs free energy density in respect to ther gmakrameter results in the

2



functional [6],

1
Gs[Y] :Gn+v/dgx[ (—ihV 4 2eA) |2 —H - (Vx A)

=

4m
1 1

5 IVX AR —acu [0 + el +... | (@)
Ho 2

whereGs andG), are the Gibbs free energy densities for the superconduatidgnormal
state,V is the sample volumey is the permeability of free space; is the effective
mass of the electrorf;, is the reduced Planck’s constaAtjs the vector potential is
the magnetic field strength and.;, 51, > 0 are the coefficients of the expansion which
depend only on the temperature. The expansion is naturaliig nly near the critical
temperature where the order parameter is small. The firatitethe integrand describes
the kinetic energy related to the supercurrents in the sopéeuctor, the next two terms
are the magnetic contribution to the Gibbs and the rest ofritegrand describes the
potential energy of the condensate.

If the superconductor is in equilibrium, the order parametal the vector poten-
tial have values that give a local minimum for the Gibbs freergy density. We can
find the correct) andA by varying them and finding the minimum of the free energy.
Performing the variational derivatives with respect/t@and A gives the well-known
Ginzburg-Landau equations [6],

ﬁ (ihV + 2eA)? ) — ageth + Bar [¥]* 1 =0 and (5)
- 2
U (VX A) + 0 (45— V) + 2 Al = 0. (6)

This set of differential equations are non-linear and tleeesthey have to be solved
numerically except for a few limiting cases. When solving #bove equations it is
useful to define two new characteristic lengths, the colweréangth

hQ

2
= 7
3 pr— (7
and the penetration depth
2 mfBaL
B 2e2 jipovgr, ®

The coherence length describes the characteristic lemngile f any changes in the
order parameter while the penetration depth does the sarttefmagnetic field. In fact,
the Ginzburg-Landau theory has only one free parameterhaibicalled the Ginzburg-
Landau parameter and is defined as
W2 = )\_2 _ 2m25GL.
£2 poe*h?

9)



The Ginzburg-Landau parameter describes the relativeriigpce of the energies in the
Gibbs free energy. If is high, the energies related to the magnetic field and kineti
energy of the supercurrents are not as important as thet@dtenergy related to the
order parameter. In other words, in highmaterial the magnetic field varies only a little
while the order parameter changes abruptly near the vertice

1.3 Vortices and pinning

The Ginzburg-Landau parameter can be used to separatetevesting cases, namely
the limitsk < 1 andk > 1, respectively referred to as type | and type Il superconduc-
tors. With the definitions used here, the critical value ef@inzburg-Landau parameter
separating the two types i5'v/2. Elemental superconductors are typically type | and
they are in the Meissner state all the way up to the criticdd fileat is relatively low
in contrast to the type Il superconductors. In 1957 Abrikolgg showed that the high
critical field of the type Il superconductors is connectedh® limit < > 1. Between
a superconducting and a normal region, there is an integfaeagy that is positive for
low « and negative for high= When the interface energy is negative it is favourable to
maximize its area. This is realized by dividing the normgiigas inside the supercon-
ductor until they are so small that the magnetic field corettd the normal region is
only one flux quantum. These thin cylindrical structurescaied Abrikosov vortices
since the the current circulates around the normal coreifmya vortex.

When the energy density of the magnetic field is equal to tineleosation energy,
the transition from superconducting to the normal statedgitace in a type | material.
This field value can be derived from thermodynamical conatitens to be [8]

%)
H=————,
¢ 2\/577,1105)\

where H.. is the thermodynamical critical field. Through the negativterface energy
the formation of vortices makes it possible for the supedlcoting state to persist in
much higher fields than the thermodynamical critical fieldulglopredict. Abrikosov
also predicted that the vortices form regular triangulatida in the superconductor
which was later confirmed by Bitter decoration measurem@n®]. The superconduc-
tivity persists up to the upper critical field{.», where the normal cores of the vortices
start to overlap giving [6]

(10)

 2mpg?
where/2¢ can be interpreted as the radius of the vortex core. The Keisgate ends

Hc2 (11)

4
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Figure 2. A simplified magnetic phase diagram of a type |l scgeductor showing the
critical fields and the irreversibility line.

and the first vortex is formed at the lower critical field givan[6]

Ink

Ha =50

Heo, (12)

which is quite small compared to the upper critical field,exsglly in the highx case.

An external current pushes vortices as they experience dhentz force and the
vortices start to flow unless there is a large enough pinronggfto hold them still. The
moving vortices will cause dissipation and the resistarfcthe® superconductor is no
longer zero. The system of moving vortices is called a voligpxid. If the vortices
have long or short range order the system is called a voriak @oglass, respectively.
The transition from vortex solid to the vortex liquid happet the irreversibility field
H;.. [6]. The magnetic phase diagram in figure 2 shows the irréiétg line and
critical fields of a type Il superconductor. The irreverkipifield is strongly affected
by the flux pinning in defects. The closer the irreversipiline is to the upper critical
field the larger is the portion of the phase diagram that camskd in applications.

The force negating the Lorentz force to hold the vortex i@l called the pinning
force

f,=B x|, (13)

wheref, is the pinning force densityB is the magnetic flux density arjds the current
density. Equation (13) is valid only whehj|| < j., wherej, is the critical current
density. In the critical state model it is assumed thglt = j.. Since the centre of the

5



vortex is in the normal state, any defect that reduces therfuf density is seen as a
potential well by the vortex. Thus, the pinning force ariselse critical current density
is also an extrinsic property of the material governed bysthength of the flux pinning.
The pinning sites are divided into weak and strong pinnirgpeting to the strength of
pinning force. Pinning is called strong if the force is sg@nough to deform the vortex
lattice past the elastic limit, i.e. the deformatiorplastic[10].

Weak pinning sites are small in size when compared to thedfizlee vortex, so
many weak pinning sites are needed to pin one vortex. Thegitreof this collective
pinning force is determined by fluctuations instead of jisidy summing up the forces
of each weak pinning site [11]. The fluctuations can be, faneple, in the density of
the pinning sites, or the pinning sites can cause fluctuatiadhe critical temperature
of the superconductor. In the case of collective pinning, pinning force is calcu-
lated to each segment of the vortex separately and pinnicg flomes from the elastic
deformation of the vortex according to the local fluctuasiamside each segment [11].

In the case of a single vortex and strong columnar pinnirgg ait upper limit to the
pinning potential can be derived within the higlapproximation [11]

2

€0 Tr

wheree, is the pinning potentialy, is the radius of the columnar pinning site ands
the characteristic energy of the vortex per unit length mive

h?

= 15
4dppe? N2 (15)

€0

Basicallye gives an idea how much it costs in energy if the length of woirtereases
due to following a path through a pinning site instead of gaas straight line through
the sample.

While the idea of a single vortex pinning to a defect is reklti simple, the situ-
ation gets almost overwhelmingly complicated when theragtons with all the other
vortices and all the different defect types present in aay meaterial are put in. To be
able to say something about the magnetic field dependengédha vortex-vortex inter-
actions must be included in the model. The magnetic field midg@ce can be roughly
separated into three regions schematically shown in figur€ifst, at low magnetic
fields, the single vortex pinning dominates and the critmairent density stays con-
stant. Then above the accommodation field the vortex-vdrigtactions come into
play and the critical current density decreases. The pinimithat region is called small
bundle pinning because there are several vortices pinneddb pinning site. In the

6
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Figure 3. A simplified magnetic field dependence of the @aitaurrent density.

highest fields large bundle pinning makes the critical eurdensity to decrease even
faster [11]. In experimental context, the accommodatidd fi¢* is defined as [12, 13]

Je(BY)

Je(0)

above which the critical current density decreases aaegridi the power law [14]

=0.9, (16)

jex B™* whenB > B*, a7)

whereq has different values depending on the model. Blagtal. give « = 0.5 [10]
for the small bundle pinning regime amd= 1 [11] for the large bundle pinning while
van der Beelet al. give o = 0.63 [15] assuming sparse strong pinning sites.

1.4 YBa2CU306+x

The promising cuprate YB&u;Og.,, (YBCO) was discovered in 1987 soon after the
discovery of the first high temperature superconductor B618y Bednorz and Muller
[16, 17]. The critical temperature of YBCO was resistivelganured to be 92 K [16]
which aroused a lot of attention since it is above the boifgnt of liquid nitrogen.
There is still quite a lot of variation in the supercondugtparameters measured from
YBCO single crystals, for example, for the penetration deyy, values ranging from
26 nm to 260 nm have been measured [6]. With the Ginzburg-4asimulations we
used 150 nm [18] for the value of the penetration dejptf.[ Some averages of the
superconducting properties of YBCO are collected in tabl&s.can be seen from the
table 1, YBCO is an anisotropic highsuperconductor with a very large upper critical
field.



Table 1. Basic superconducting properties of YBCO. The it length and pen-
etration depth values are averages from [18, 22—-24]. Therlantical field values
are averages from [18, 24—-26] and the upper critical fieldsff18, 27, 28]. The last
column has been calculated from the other values in the.tdbline case of the char-
acteristic lengths, the, b, or ¢ indicate the crystalline direction or, in other cases, the
direction of the magnetic field.

nm T
¢y 15 Hglb 0.05 Key 500
& 0.2 HE  0.18 ke 90
Ay 140 Hng 200 ~ 6
A. 600 HS 60

The atomic structures of tetragonal and orthorhombic YB@Osaown in figure 4.
YBay;CwOg, . IS tetragonal when: < 0.35 and orthorhombic whem > 0.35 [19].
The tetragonal phase is not superconducting, and in it thessxoxygen occupy the
both oxygen sites in the basal plane at equal probabilityesmhithe orthorhombic phase
the other site is always empty and the oxygens form chairls TI® superconductivity
is in the CuQ@ planes and the oxygen vacancies in the chains adjust thelbpieg in
the planes. In the orthorhombic phase there are two plaieahs 7. as a function of
the oxygen content, corresponding to th80 K and~60 K phases. It is the ordering
of the oxygen into chains and chain superlattices that isdethese plateaus [20, 21].

The layered structure of the Cy@lanes leads to a high intrinsic anisotropy in
YBCO. From the point of view of the applications the anispyrés an unwanted prop-
erty, isotropic materials are better and easier in devicigdeand performance. The
anisotropic effective electron mass is reflected in almtbsha material parameters as
can be seenin table 1. In the case of a higtuperconductor, an anisotropic thermody-
namic quantity can be scaled into an isotropic one by usirgabng function [29]

1
e(f) = \/sin2 0 + — cos2 0, (18)
Y

where@ is the angle between the magnetic field and the £pfane of YBCO and
72 = me/mg, is the anisotropy parameter. As can be calculated from theesdn

table 1, the anisotropy of YBCO varies around 6. The scalimgtion is applicable for
many quantities but two of them are of particular interdst, upper critical field and the
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Figure 4. The unit cell of a) tetragonal and b) orthorhombBCO. The white spheres
are oxygen sites that are only partly occupied. In the cadBah,Cu; Oy (tetragonal),
they are all empty and with YB&u;O; (orthorhombic) completely occupied. The
phase transition takes place when the composition is neasGB O 35.

critical current density.

The scaling (18) is often used in fitting the angle dependeridee critical cur-
rent density of YBCO. The problem is that the scaling onlyetakhe electron mass
anisotropy into account while the critical current densgyan extrinsic property af-
fected by many other sources of anisotropy, like correlaiading effects. As a result,
the anisotropy parameteris replaced by an effective.¢ which is determined by data
fitting. Typically, the result is 5—7 for undoped YBCO but,tlife sample has a high
density of correlated or strong pinning sites, the valuesnauch lower, in the range
of 1.5-2 [30-32]. It is unclear to what extent such low values are a result of low-
ered electron mass anisotropy or a result of correlatedinmneffects. Wimbush and
Long even go so far as to claim that the whole idea of fittingstaling model to an
extrinsic property, such as the critical current dens#ysimply nonsense [33]. On the
other hand, it has also been explained that the Blattemggalorks for point-like pin-
ning sites because they remain invariant in the scaling d@iufton other kinds of pinning
sites [32, 34].



For the upper critical field the Blatter scaling predicts agwar dependence of the
form [29]

Hlle
Hc2

e(0)’

wheres(0) is the scaling function from equation (18) afd,

He(0) =

(19)
¢ is the value of the upper
critical field at the field out-of-plane position. As is sear{f4], the angle dependence
of the upper critical field follows equation (19) quite welhigh means thaﬂg”ab
is roughly six times larger thaﬂg”c. In the literature, the values measured for the
anisotropy of undoped YBCO from the upper critical field ramgbetween 5 and 9 [35—
37].

A YBCO thin film has plenty of defects that can act as pinningtiess. These in-
clude, for example, stacking faults, twin boundaries,atiations, point defects and, if
the film is of lesser quality, precipitates, voids and graduitdaries [38]. With linear
defects like dislocations, the pinning is stronger if thetew is aligned with the disloca-
tion while the point defects are isotropic pinning siteseTalative size of the pinning
site to the vortex is important. If the defect is small, foample, an oxygen vacancy
in YBCO, the thermal smearing makes it easy for the vortexihag from one vacancy
to the next. As a result, it is not the absolute density of tkygen vacancies but the
fluctuations in it that bring about the pinning force [10]. the case of larger pinning
sites like dislocations, a large density of defects willsma larger pinning force but
the situation is made more complicated by the anisotropiaraaof the linear defect.
Eventually, a large defect density will suppress the supw®tacting properties and the
density is past the optimum. If two large pinning sites, kdt@ example, are too close
to each other, the superconductivity in between is distlithethe vicinity of the inter-
faces. The ultimate theoretical limit is given by the depaircurrent density at which
just the kinetic energy is enough to break the Cooper pairs.

The pinning landscape in YBCO can be improved by adding elfpinning cen-
tres into the material. The methods for making artificialimng sites include, for exam-
ple, particle irradiation, substrate decoration or adding-superconducting material.
The irradiation of YBCO single crystals with protons caugesorrelated pinning while
heavy ions cause correlated, columnar pinning centresA[39, The irradiation is im-
practical and in thin films the improvement is small [41]. Awmlginon-superconducting
nanoparticles is a common method to incorporate artifidiahipg centres. BaZr®
(BZO) and BaSn®@ form columnar nanorods in pulsed laser deposited YBCO thin
films [42—-45] while, for example, ¥O3 forms isotropic nanoparticles [45, 46]. An
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Figure 5. Transmission electron microscope image of a BZ@edorBCO thin film
cross section. The BZO nanorods are visible as parallet latigned with the YBCO
c-axis. [48]

example of the columnar structure of BZO nanorods in a pusser deposited YBCO
thin film is shown in figure 5. The nanorods are aligned with Y®CO c-axis and
increase the critical current density considerably in higdgnetic fields when the field
is aligned with the nanorods [30, 47].

1.5 Motivation

After the initial optimism triggered by the discovery of thigh temperature supercon-
ductivity, the research on YBCO has now become more settidchans for perhaps a
bit more realistic goals. One of the main prospects is thsipibisy of lossless electric-
ity transfer at liquid nitrogen temperature which utilizee high critical temperature of
YBCO. An other aspect is based on the remarkably high uptgcatifield of YBCO
which can be used in superconducting magnets as, for examglkefield inserts work-
ing at the liquid helium temperature. The experimentalaese on YBCO can be di-
vided into two categories: one focusing on the more techsicle aiming for higher
and higher performance numbers for large scale applicatimal the other is more fo-
cused on the reasons behind the numbers, studying flux gimmid material properties
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more closely. Here, the latter aspect has been pursued leyievgmtal work on the

material properties of YBCO grown on ideal single crystddstates and by theoretical
simulations modelling the flux pinning in YBCO. The work is tivated by the need

to improve and understand the properties and flux pinningB€® and by academic
interest in vortex states in general.

Because of the ceramic and brittle nature of YBCO, one of ¥peemental chal-
lenges is to grow YBCO coatings or films that have the propgwipproaching that of a
single crystal YBCO while avoiding the formation of grainuvalaries or cracks, and all
this up to a reasonable thickness. On the theoretical didegyriderstanding of the flux
pinning is still rather limited. The basic principles ardtglestablished but the full im-
plications of, for example, columnar pinning sites to thpesgonducting properties of
the material are not yet clear. The current numerical methooimputational resources
and software enable a new approach to the flux pinning prolslemplementing the
conventional analytical approach.

After the introductory parts of this thesis, the first parttioé discussion will be
about the microcracks forming in YBCO PLD films on MgO and N@zaubstrates.
The second part will concentrate on the effect of columnanipg sites, BaZr@ in
particular, on the superconducting properties of YBCO whthmain focus on the field
dependence of the critical current density and on the anjsptof the upper critical
field. The giant vortex states and type Il behaviour, whichegp in confined type |
superconductors, will be discussed in the final part.
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2 Experimental details

2.1 Sample preparation

The YBCO samples were prepared with pulsed laser depogRbD) which is a suit-
able method for making thin films of complex oxide materidlattare sensitive to the
composition of the atmosphere during the growth. A schentkgcription of the exper-
imental setup is shown in figure 6. In short, the thin film isvgnaon a heated substrate
by shooting at the target with a pulsed UV-laser (308 nm). @ergy from the laser
ejects a cone of plasma, also known as the plume, from thettarge plume is adjusted
to hit the substrate and a thin film is formed.

The substrate is chosen so that its lattice parameters @se t the ones the de-
sired target material has. In the case of YBCO, the commoség isubstrates include
SITiO; (STO), MgO and NdGa®(NGO). Of course, these single crystal substrates are
not suitable for industrial scale use, where technical tsates, e.g. NiW with buffer
layers, are used [38]. The lattice mismatch (LM) betweerfittreand substrate can be

described with
2(as — ag)
ag + ag

LM = (20)

whereas anday are the lattice parameters of the substrate and film, ragelctThe
values of LM and lattice parameters for a few substratestarens in table 2. STO and
NGO are favoured as subtracted due to their low lattice misgmavhile MgO is used
when a low dielectric constant of the substrate is neededgXample, in microwave
applications [49].

Good quality targets are necessary in the PLD. The stoiastignof the metal ions
in the target transfers directly to the film while the oxygenadded byin situ heat
treatments. In this work, targets made with two differentthnds have been used:
solid state reaction targets and citrate-gel targets tieatr@de as described in [50]. A
solid state reaction target has a grainsize of several mieters, while in the citrate-gel
targets the grainsize is 50 nm or even less. In the case of Byp@dlYBCO the targets
were also made with the citrate-gel method. The citratavgthod yields a fine powder
because both the fuel and oxidizer are present and well niixdee dried gel that can
then be fired very rapidly. The solid state method yields seragrained powder than
the citrate-gel method because the reaction relies onlhenliffusion of the reagents
in the heat treatments. In this work, samples made with the state target are referred
to as p-films and samples made with the citrate-gel targetféms
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Figure 6. A schematic sketch of the PLD chamber with its keypponents shown.

Table 2. Lattice parameters and mismatches for the diffesebstrates used in this
work. The lattice parameter values are averages of those gimhe references.

Structure Lattice parameters M Ref.
aA) bA) A (%)
MgO (100) cubic 4.212 - - 8.9 [51,52]
NdGaQ (001) orthorhom. 5.430 5.500 7.711 0.2 [53-55]
SrTiO; (100) cubic 3.902 - - 1.2 [56,57]
YBa;CwOg93 orthorhom. 3.823 3.887 11.680 - [19]

*Compared to the average of thendb lattice parameters of YBCO.
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The sample preparation is typically done as follows. Theparis heated up to
the deposition temperatur@(,,) that is optimal in the range from 73 to 770°C
and the film is grown with UV-laser pulse frequency of 5 Hz andrgy of 80 mJ (1.7
J/cn?). The optimal pressure of the flowing,@uring the deposition is 20-40 Pa. After
the deposition the sample is oxygenated in 1 atm of pyréo®ten minutes and then
cooled down at a cooling rate of 2&/min. The growth rate of the film is about 1.1
A per pulse so that a typical film of 1500 pulses is roughly I6®-nm thick. After
structural and magnetic measurements the sample prepaisitontinued by etching a
standard four probe pattern on it by photolithography fansport measurements.

2.2 Characterization methods of structural properties

The surface structure and thickness of the YBCO films wereacherized by the atomic
force microscope (AFMPark Scientific Instruments Autoprobe CP-research syshem
short, the contact mode AFM works by sensing the repulsiviegb&an der Waals force
between a cantilever tip and the surface of the sample. Thement of the cantilever
is recorded with a pair of photodetectors that sense thegeharthe reflection of a laser
beam from the cantilever surface. The sample is moved uhdesantilever with a 100

x 100 pnt scanner and an image of the sample surface is formed. Theatypiage
sizes used were from 5 x 5 firto 50 x 50 um. The images were then analyzed so that
the surface root mean square (RMS) roughness and, afteicthiagg the film thickness
could be measured.

The structure of the YBCO films was further investigated withay diffraction
(XRD). When a material is illuminated with x-rays, each atonthe lattice acts as a
scattering centre. Due to the symmetry of the lattice theétexea photons interfere and
interference maxima form according to the Bragg’s law [58RD was used to verify
the purity of the YBCO thin films. Additionally, XRD was used get information
about the growth direction, twin boundaries, strain andaiwspread in the films.

The measurements were done witRHilips X'pert Prodiffractometer with Cu K
radiation filtered with Ni in the symmetric Bragg-Brentathe 26 configuration. Except
for the rocking curves where the angé between the incident and collected beam is
held fixed and the sample is tilted non-symmetrically. Initold to a generaé scan
a more detailed measurement was made for the YBCO (@853(38.6°, ¥ = (0°),
(102) 20 = 27.8°, ¥ = 56°, 31°) and (122)/(212)30 = 55.5°, ¥ = 73°) peaks, where
¥ denotes the tilt angle of the texture goniometer. The pe@R)(ls used to confirm
the epitaxial growth of the YBCO on the substrate while tH&2{1(212) peaks are used
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to study the twin state and strain in the films. The rockingresiwere measured at the
(005) position.

2.3 Characterization methods of magnetic properties

The magnetic moments of the YBCO films were measured @@irantum Design Phys-
ical Properties Measurement Systemith the AC measurement systeroption with
which the system works as a vibrating sample magnetometeshart, the magnetic
moment in the sample is induced with a superconducting mggpeo 9 T) and then
the magnetic moment is measured by vibrating the samplaghra set of pick-up coils.
This gives the DC magnetization of the sample. The AC magaiitin of the samples
can be measured by exciting the sample with an AC magnetitdiad then measuring
the response of the sample with the pick-up coils.

Typically, the DC magnetic moments of the YBCO films were nueed from 8 T
to -8 T and back at 10 K and 77 K. The AC magnetization of the YBI@s was
measured from 100 K to 10 K in the AC field of 0.1 mT at 113 Hz frergy. The onset
critical temperature], 2", is then defined as the temperature where the real part of the
magnetization of the sample deviates from the backgrowgrhkpf the substrate which
is the beginning of the transition from the normal state ®sbperconducting state in
temperature.

Critical current densities of the YBCO films were calculatgth Bean model [59]

e = LA L JGLV @)

where L, and L, are the dimensions of the rectangular sample € L,), V' is the
sample volume andhm = m_(B) — m4(B), where the subscript (—) indicates that
the DC magnetic moment has been measured in increasingé&dauy) field. The Bean
model is based on a critical state model, which assumeshbaturrent density inside
a superconducting slab equals eithiepr zero. Furthermore, the Bean model assumes
that j. does not depend on magnetic field which leads the model tagbredtangular
hysteresis loops. Flux pinning and magnetic history isuded in the model within
the assumption of the critical state, for example, if the ganoriginally has a zero
magnetization and the field is then increased, the magtietizarofile penetrates the
sample starting from the boundary with the slope given byctitecal current density.
When the magnetic field is decreased back to zero, the magtieti in the sample
decreases starting from the edges which leads to the situatiere the magnetization
reaches zero at the edges but not inside the sample. Thust@a@gsitive total moment
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Figure 7. The pattern etched into the YBCO thin films for measwents in pulsed
magnetic fields. The contact pads used in the four probe eoafign have been labeled
with I+ for current pad and witl + for voltage measurement pad.

for the sample which depends only on the critical currenssdgrand geometry of the
sample. Despite the rather oversimplified picture of therBeadel, it is useful for
estimating the critical current density of the sample froagmetically measured data.

Since the upper critical field of YBCO is much higher than wbah be reached
with the magnetometer, a nhon-commercial pulsed magneta getup was used. The
setup consists of a capacitor rack connected to a solenoaHigh voltage thyristor.
The capacitance of the rack and the inductance of the soldraie been chosen so
that 2.1 kV charge in the capacitors will induce a 8 ms puls8®T in the solenoid.
The solenoid is immersed in liquid nitrogen to reduce thdihgaf the solenoid due to
resistance and to keep the solenoid from melting.

To measure the resistance in high magnetic fields a circufofo-probe measure-
ment is etched on the YBCO thin film. The pattern etched on thredonsists of a 50
pim current stripe and pads for making contacts. The patsroan be seen in figure 7,
is very small because the sample is mounted on a sample heitifiea rotating table
so that the current is perpendicular to the magnetic fieldlangles of the rotating
table. Then the resistance of the film was measured with a 20€ugrent during the
magnetic pulse. The upper critical field and irreversipifield of the sample can then
be determined from the data.
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2.4 Solving the Ginzburg-Landau equations with flux pinning

Instead of directly solving the non-linear equations (5) &) we chose to minimize
the energy functional (4) numerically. It is convenientramisform the integral (4) into
a dimensionless form which can be achieved by the changeriables

7 _ /B
U=/ gezt)
A=2p (22)
X = 1X,
which gives a new functional
. 1
Gulvl = [ x5+ iAWIE + [T A 4 3o <17 @

where the zero point of energy has been chosen so that tlgganteis always non-
negative. Thed - B term has also been absorbed as a constant Binsassumed to be
homogeneous anfiB d®x is fixed by the boundary condition. Also, the constants keefor
the integral have been left out since they do not affect themization of the functional.
To discretize the fields a simple forward difference was uBed the forward difference
was done utilizing exponential functions to preserve theggasymmetry. The details
of the gauge invariant discretization of the fields are dbedrin [60]. In addition, the
scaling of the functional to the form in (23) demonstrateselyi how the Ginzburg-
Landau theory actually has only one free parameter,

The equation (23) is then minimized by using a variant of tiasitNewton method
with BFGS (Broyden, Fletcher, Goldfarb and Shanno [61-6g)ate formula for the
Hessian approximation. These algorithms are provide®doyable, Extensible Tool-
kit for Scientific ComputatiodPETSc) andloolkit for Advanced OptimizatiofTAO)
which are massively parallel numerical libraries. The datians were run on the su-
percomputer of2SC — IT Center for Science LthmedLouhi. A typical simulation
size wash00 x 500 x 50 pixels with a lattice constant @£.3¢. Running on 64 proces-
sors it took about 10 hours for each magnetic field value feisimulation to converge.
Even with such a small number of processors, simulating fyeg of defects at two
different densities in 10 magnetic field values with 4 repadtrandomized positions
takes over 10 years of (single) CPU time. Therefore, the faegolarallel computation
with a supercomputer is obvious. The magnetic field was fixetlyaset to zero at
all boundaries except in thedirection where a periodic boundary condition was used.
The magnetic field was parallel tedirection.
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The pinning sites were modelled by restricting the ordeaeater to a smaller value
in the rod. Onlyz-axis aligned columnar pinning sites like nanorods andbdaions
were used. For simplicity, the restriction of the order pagger was done by setting 0.1
as an upper limit for both the imaginary and real partyofThis leaves some freedom
for ||, for which the upper limit varies between 0.1 and 0.14 dejpendn the phase,
but it is easier to implement than restricting the absolaleer directly. The upper limit
was not set to zero because the vortices are easier to sde thsi pinning site if the
upper limit is slightly larger than zero.
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3 Structural properties of YBa,Cu3Og_ . thin films grown on
NdGaO; and MgO

3.1 Thickness dependent microcracks in YBCO films on NdGa®

The interaction between a twin boundary and a vortex is éstérg because the twin
boundaries are anisotropic planar pinning sites that canradl the vortex in the plane
and hinder its movement perpendicular to the plane. In &&pindoped YBCO thin
film grown on STO substrate, the twin boundaries grow biskialaking measurements
along or normal to a twin boundary difficult. However, NGO stilate cut perpendicular
to [001] direction gives a directional preference for thevgth of YBCO which results
in uniaxial twinning [65]. An example of biaxial and uniakisvinning seen in XRD-
measurements is shown in figure 8 where the biaxial twinmngBCO on STO results
in a four-peak system of (122)/(212) while in the uniaxisdeaf YBCO on NGO, the
system shows only two peaks.

Unfortunately, the directional preference of the substratuses the film to develop
parallel microcracks that are normal to the twin boundaj@3. Two sets of pulsed
laser deposited undoped YBCO thin films were grown on NGO (@®investigate the
thickness dependence of the films. The other set was dong tiennanocrystalline
target (n-films) and the other using solid state target (psjl The AFM images in
figure 9 show how the parallel cracks develop with increaBingthickness. The length
of the parallel cracks that are visible in the AFM imagese@rfrom 50 um to 1 mm
being longer in thicker films. The separation between theksrés about 2—-5 pm in all
the n-films. In the case of the p-films, the cracks were haridiiple in the AFM, and
their separation was larger.

The YBCO lattice is more strained in thinner films relaxinghwiilm thickness.
The full width at half maximum (FWHM) values of the (122)/@1peaks in thep-
direction shown in figure 10 indicate a consistent relaxatbthe YBCO lattice with
increasing film thickness. Since the FWHM values in2lidhad no similar trend it can
be concluded that the relaxation involves the angles of $kego-orthorhombic YBCO
rather than the values of the lattice parameters. The drtimobic NGO (001) surface
distorts the angles since the YBCO grows on it epitaxiallyrbtated by 43 [65].

The microcracks have a curious effect on the rocking curveasured from the
YBCO (005) peak. The rocking curves shown in figure 11 weresmesl the incident
beam normal to the cracks. The curves develop clear sheuldién increasing film
thickness for the both series of films. The rocking curvesiatenly simply broadened
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Figure 8. The twinned (122)/(212) XRD-peaks in a YBCO thimfigrown on (a)
STO(100) and on (b) NGO(001). The four-peak system in (a)iagidlly twinned
while the case (b) is uniaxially twinnedP 1]

by the microcracks but also show three distinct peaks. Thaldars indicate that the
YBCO lattice has two favoured alignments slightly skeweahrfrthe usual epitaxial
one. This skewing is most prominent in the thickest films amadd be connected to the
additional shapes seen around the cracks in the AFM imadesuire 9.

To calculate the critical current densities of the samphesmagnetic moments of
the samples were measured. Since NGO is strongly paraniagh&iw temperatures,
the diamagnetic signal of the sample needs to be resolved thie signal of the sub-
strate. This is achieved by taking half of the opening of thistéresis loops as the
moment of the sample. The magnetic moments of the samplésk&aird self-field are
shown in figure 12. The moments should increase with inangaim thickness since
the volume of the sample increases but, in this case, th&iogaof the films cuts the
paths of the supercurrents and the total moment decreastesidn The p-films show
a drastic drop between the two thinnest films which could beeshold at which the
cracking occurs. Nonetheless, theof the thinnest p-film is still four times smaller
than the value of the 190 nm thick reference film on STO. Thiewrdifce is partly due
to the thinness of the film sincg deteriorates quickly for films below 100 nm thick-
ness [67, 68]. With n-films, if such a cracking threshold &s¢ig would be at thinner
thicknesses than 70 nm.

The critical current density of the films is usually calcethfrom the magnetic data
using the Bean model (equation 21). In this case, the Bearehoashnot be applied
directly since the samples are not intact. Assuming thas#neple is divided into many
parallel slabs that have the widttv) of the crack separation seen in the AFM images
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Figure 9. Parallel cracks seen in n-films on NGO of thickne3¥Q nm (b) 100 nm (c)

130 nm (d) 180 nm (e) 330 nm. The last image (f) is from the salmeaf in (e) but the
film surface has been partially etched away by phosphorit. adie height scale from
black (low) to white (high) in the images is 50 nm in a, b, f arirgn in c, d and e.
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Figure 10. The FWHM values of the (122)/(212) peaks of the Bidms on NGO as
a function of film thickness. The n-films are indicated witlct@s ) and the p-films
with squares«). Inset: FWHM values of the YBCO (005) rocking curves shown i
figure 11. P1]
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Figure 11. The YBCO (005) rocking curves measured incidexatnib normal to the
microcracks. The solid lines are for the p-films and the dadimes for n-films. The
horizontal dashed lines mark the base levels of the cunashifve been offset for

clarity. [P]]
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Figure 12. The magnetic moments of the samples at 40 K irfieddf- The inset shows
the same data with half-logarithmic scale. The n-films adécated with circles«) and
the p-films with squarea). [P1]

and that have the length of the whole samplg)( we can estimate the local critical
current density using the Bean model. If the cracks divieéestimple intaV pieces and

if the magnetic signal from one piecefsn’ then the measured signal from the sample
is Am = NAm/'. The Bean model gives the local critical current densitydioe piece
as

2Am/ 2Am
] ~ = 24
Je,local U}2Lyd N’U)QLyd’ ( )
whered is the thickness of the sample and where it has been apprtednizat
w
1——~1. 25
I (25)
Using N = L, /w in equation (24) we get
2A 2A

jc,local ~ N L;d = N2w3d’

This estimate gives about 10 MA/érfor the two thickest n-films with the average crack
separation of 5 um. With the p-films a similar estimate is clifti since the cracks are
not easily seen in the AFM images.

The n-films have a more rigid lattice than the p-films which barseen from the
higher density of dislocations [69]. The difference in thasécity of the films is the
reason why the n-films have more pronounced cracks and aedfifferacking thresh-
old than the p-films. With p-films the magnetic moment of tharibst film indicates
that the currents are able to circulate through the wholeMiithout cracks cutting the
current path. Thus, the thinnest p-film either has no cratkd ar only very few and
small cracks.
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3.2 Microcracks in YBCO films on MgO

The lattice mismatch of YBCO with the cubic substrate MgOugeylarge, about 9%,

which can lead to microcrack formation in the YBCO films [7Bpwever, the low loss

tangent of MgO makes it a good candidate for microwave agiptins, like resonators
and filters, if the problems related to the lattice mismatah be overcome. A series
of 150 nm thick YBCO thin films were made on MgO to investigdte tlependence of
the microcrack formation on the deposition temperaturefesgliency. The deposition
temperature was varied between 68Dand 850°C with steps of 50C and the depo-

sition frequencies were 1, 2, 5, 10 and 20 Hz. All the films weeale from the same
nanocrystalline undoped YBCO target and were grown to 15@hickness.

Below the deposition temperature of 800, there are no microcracks visible in
the AFM images. In the case of 80C, the microcracks are visible only at 10 and
20 Hz. As is shown in figure 13, the cracks in the films depositie800°C are short
in length, typically between 1 and 5 pm, and do not penettataugh the whole film
thickness. The widths of the cracks are relatively largeost half a micrometre. The
height profile in the figure 13 also shows that additional mateccumulates near the
edges of the microcrack. It is possible that the additionatemal is due to a partial
melting of YBCO. It has been shown that by decreasing thegbgutessure of oxygen
the melting point of YBCO can be as low as 800 and at the deposition pressure the
melting temperature would be about 87D [71].

There are microcracks visible at all frequencies in the fittaposited at 850C.
These cracks are oriented at an angletdf° to the substrate-axis. The cracks are
longer than in the 800C case, being about 15-30 um in length. Unlike in the 800
films, the cracks also penetrate through the whole film tleskrdown to the substrate at
low frequencies. With increasing frequency these cracksgdiuntil at 20 Hz they look
like ridges instead of cracks. The filling of the microcragkith increasing deposition
frequency can be seen in the series of AFM images in figure 14.

When growing on the MgO substrate YBCO tends to form graiated by 48
in-plane. This rotated phase suppresses the supercornguictiYBCO quite a lot [72].
The XRD measurements on the samples showed that the sangpesitdd below
750 °C contained virtually no 450riented phase at all. At 80CC the rotated phase
already dominates in the growth. Otherwise, the appearahitee 45 oriented phase
goes hand in hand with the appearance of the microcrackpewten increasing the
frequency the cracking increases but the amount of theedtalhase decreases. The
cracking and the rotation are connected because they dnestress relieving mecha-
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Figure 13. AFM image of the microcrack in YBCO thin film depesi at 800°C with
pulse frequency of 10 Hz. The image size is % pn¥. [P2]

nisms that may compete with each other when the growth dywsaimnichanged by the
parameters.

Naturally, the extensive cracking of the YBCO thin films isseas a dramatic wors-
ening in the superconducting properties of the samplesciiitieal current densities of
the samples calculated with the Bean model, assuming thaittd be applicable in
spite of the cracks, are shown in figure 15. The optimal déposiemperature to max-
imize the critical current density is at 70C or slightly above. At 700C the optimal
range extends from low frequency up to 5-10 Hz unlike at otbeperatures where
the critical current density drops quickly with increasingquency. Below 700C the
critical current density drops gradually because of theltwodeposition temperature
while above 750C the drop is drastic because of the cracking of the films.

In contrast, the critical temperatures of the samples aremsensitive to the crack-
ing. The optimal deposition temperature would be at 76Gor maximal critical tem-
perature with a gradual decrease in both directions in tpesiton temperature. The
best onset critical temperature is slightly above 88 K wititeworst goes down to 72 K.
The optimal range also extends to larger frequencies théneiaritical current case. On
the other hand, the cracking induces a multitude of wealslinkhe samples which is
seen as a strong increase in the superconducting tranaititths of the samples above
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Figure 14. AFM images of the films deposited at 8&0with different pulse frequencies
from 1 Hz to 20 Hz. The sizes of the images are5B80 unt. The cracks visible in the
figures are rotated by 45ompared to the-axis of the substrate PP
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Figure 15. The critical current densities of the YBCO thimfldeposited on MgO as a
function of the deposition temperature and frequency. Bhid Bne is an approximated
contour of 50 MA/cm. [P2]

750°C. The transition widths are below 3 K for the films in the olrareas while the
widths are broadened to 20-40 K with the cracking of the filin@0® °C and above.
Increasing the deposition frequency increases the transitidth slightly in all cases.

In short, the higher thermal energy at the deposition teatpezs above 750C
induces the rotation of the YBCO lattice by “4&nd simultaneously the microcracks
are formed. These relaxation mechanisms are induced byethtvely large lattice
mismatch of the YBCO thin film with the MgO substrate. As it vei®wn, it is possi-
ble to optimize the growth conditions so that the rotatiorihef YBCO lattice and the
formation of the microcracks are suppressed.

3.3 Comparison of the microcracks

The formation of microcracks is a general concern with tHm fnethods which needs
to be addressed with a careful choice of the substrate arsib@$guffer layers. In the
case of PLD thin films the main reasons for the cracking to oece either too large
lattice mismatch or too different thermal expansion cokffits with the film and the
substrate. Of the discussed cases of microcrack formatigBLCO films on NGO and
MgO, the MgO case falls into the first category and the NGO d@atgethe second.
However, the situation is more complicated since the craltksiot appear in all of
the films. In this work, the microcrack formation was seenddrggered by the film
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thickness in the NGO case and by the deposition parameténs MgO case.

The microcracks are much wider in the films on MgO than on NG@enthe length
of the cracks is similar in both cases. Additional materrakgs inside the cracks in the
MgO case, so it can be said that the films crack already duhiegléposition. In the
NGO case, the cracking probably occurs during the coolirgabise the thermal ex-
pansion coefficients in the-direction between YBCO and NG@®.( - 10~ %/K [73]
and2.3 - 107%/K [74], respectively) are quite different, while they aien#ar in the
a-direction (11.0 - 10-%/K [73] and11.3 - 10~%/K [74], respectively). Also, the uniaxial
twin structure is formed during the cooling which complesathe situation. The direc-
tion of the microcracks is connected to the direction of thims in the NGO case and
to the formation of the 45phase in the case of MgO.
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4 Anisotropy and flux pinning in BaZrO 3 doped YBCO thin
films

4.1 The magnetic field dependence of the critical current desity

The big challenge for material scientists in general is thiéita to give predictions of
the properties of possible new materials. With supercatadsi@ne such challenge is
understanding the reasons and mechanisms behind thalcdtioent density of the
material. Especially the angle and field dependence of titieadrcurrent density is
of interest. The conventional approach to solve the ctitcarent density given by a
certain pinning site is a statistical one. Either stat@tin the thermodynamical sense
as in the work of Blatteet al. [11] where the vortices are often treated as particles or
statistical in the sense that the path of the vortex insidestiperconductor is thought
of as a statistical distribution of jumps from one pinningegd the next. The latter is
called a vortex path model [14, 75-78].

The vortex path models introduce the concept of the sodcalgping area which
is the area around the pinning site where the attractiveefof¢he pinning site is large
enough to overcome the elasticity of the vortex lattice &g the vortex is trapped into
the pinning site. The statistical parameters of the distidins of the vortex paths are
then fitted to the measured data to analyze, for example,ntle aependence of the
critical current density further. The point is to try to segta the effects of the different
types of pinning sites present in the sample. While the xqrtgh model is successful
in many aspects of separating the effects from the diffgpamting sites, it still cannot
give detailed information about the path of a single vortewtigh a certain pinning site.
It gives only statistical averages. When the flux pinning sdelled with Ginzburg-
Landau simulations the path of the vortex is seen in detailaso it is possible to test
the effect of different parameters of the pinning landsaapthe critical current density.
On the other hand, with the simulations it is challenginghiovg that the model actually
corresponds to the real system that you have measured bimoeddel cannot include
the whole real sample with its every detail.

For our YBCO samples made with PLD, the relevant pinningssare the columnar
ones when the magnetic field is parallel to thexis. Thus, the magnetic field depen-
dence of the critical current density of the YBCO thin filmglat angle was modelled
as having only columnar pinning sites. The nanorods reptatislocations in an un-
doped sample or BZO nanorods in the doped case. Figure lGsowxample of a
simulation result with dislocations as the modelled pigngites. The positions of the
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Figure 16. An example of the simulation result shown as asesestion perpendicular
to thec-axis. The magnetic field (1.5 T) is paralleld¢exis. (a) The absolute value and
(b) the phase of the order parameter. (c) The component ahdgnetic flux density
perpendicular to the slice. (d) The component of the curdentsity that is parallel to
the periodic direction. The boundaries at left and rightianeacuum while the top and
bottom are periodic boundaries. The scale of the currergityeis saturated so that the
shielding current at the edges is also visibR3][

dislocations were randomly chosen from a uniform distidyut The empty pinning
sites can be seen as the small dots in figure 16(a) which shevahbisolute value of
the order parameter. The phase of the order parameter, theet@flux density and
current density calculated from the vector potential ase ahown in figure 16. In ad-
dition to the currents circulating each vortex, there i® @shielding current visible in
the image at the edges of the simulated sample.

The case of BZO doped YBCO was modelled with nanorods thatahdidmeter
of 5 nm while the diameter of a dislocation was modelled ast347, 79, 80]. The
densities of the dislocations used in the simulations wérm9, 180 mT and 360 mT
which are reasonable values for YBCO PLD films [81]. The caiticurrent density was
simulated at different magnetic field values starting fréma high field and using the
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Figure 17. (a) The simulatefl caused by the BZO nanorods at the number densities
of 1 and 2 T which are compared to experimentabf 3% and 9% BZO doped YBCO
thin films. (b) The simulated. caused by the dislocations at the number densities of
90, 180 and 360 mT compared to an undoped YBCO thin film. Theraxental data

is shown as linespoints and the simulation results are th with errorbars. P3|

end result of the simulation as the starting point for thet imeve at a lower field value.
This procedure was repeated four times with different ramded positions for the
nanorods. From the simulation result it was then checkedhwortices are pinned and
how many are free. The ratio of the pinned vortices to totatlner of vortices was taken
as the normalized critical current density [75]. The avesagf the simulation results
are shown in figure 17 where the errorbars show the standardtioa of the results
between the repeated simulations. The experimental datadit within the errorbars
of the data points from the simulations. Thedata of the BZO nanorods show a general
rounded shape while with dislocations there is a clear kirtkeaccommaodation field.
This difference is partly explained by the higher densityhef BZO nanorods than the
dislocations which makes the role of vortex-vortex intéats more important.

The higher density is not the only difference between the Bid@orods and dis-
locations. Namely, the dislocations are considerably Emai size, too. The effect
of the rod size was investigated with a series of simulatisitls different rod size but
the same density of nanorods. The density was chosen as aaome between the
densities used in the BZO simulations. The simulated etitcirrent densities for the
different rod sizes are shown in figure 18(a). The shape ofjtfmirve has a more
rounded shape at large rod sizes than at small. It can theorimuded that the typi-
cal rounded shape of the critical current density of a BZOediopample is caused by
the large rod size in addition to the high density. Theurves were further analyzed
by fitting the power-law with the exponentto the part of the curve that is close but
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Figure 18. (a) The simulated magnetic field dependence afritieal current density
with different nanorod radii.. (b) Thea-values obtained by fitting the power-law to
the critical current density data. The experimental vaklesvn as the ellipses were
measured from undoped [82, 83], BZO-doped [69, 84, 85] arfsinBg-doped [43, 44]
YBCO thin films. [P3]

still above the accommodation field. The fit results are shiowiigure 18(b) where
the experimental values for various types of YBCO films as® ahown as ellipses for
comparison. The agreement between the simulation resudttha experimental values
is fairly good although the simulation seems to underedértize pinning strength a bit
leading to too highn-values. This is natural since the real samples have otpestgf
pinning too in addition to the simulated nanorods.

The pinning problem is further complicated by the posdipilhat more than one
vortex can be pinned to the same pinning site. Multiple oaogp of the pinning sites
is naturally more probable with larger pinning sites. Iralegith the increasing size of
the nanorods up to four vortices were seen to occupy the sammod. Examples of
the vortex lattice with different nanorod sizes are showfigare 19. When there are
several vortices in the same pinning site, they do not formaatgortex with a single
shared core but sit symmetrically on the opposite sidesefdd near the edges. At
rod sizer, = 2¢, the small size of the vortex forces the two vortices vergelo each
other making it very difficult to say whether the vortices separate or not. At smaller
nanorod sizes there is only one vortex per rod.

The large nanorods are strong pinning sites which alsortishe triangular vortex
lattice. With increasing rod size the vortex lattice lodsdang range order, which can
be seen in the radial distribution functions shown in figude At small rod size, four
broad peaks can be seen in the distribution correspondihgviong a long range order
up to the seventh nearest neighbour in a triangular lattinereasing the size of the
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Figure 19. A visualization of the effect of increasing nastbsize on the vortex lattice
at 7.5 T (left) and at matching field (right). The colour déses the absolute value of
the order parameter with same scale from O (red) to 1 (blu&) igure 16. The radii
of the nanorodsr{.) increase in size from bottom to top as indicated by the nurobe

the left. [P3]
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Figure 20. The radial distribution functions calculatednfr the vortex positions at
7.5 T with different nanorod sizes. The vertical lines areageghe theoretical nearest
neighbour positions of a triangular vortex latticB.3]

nanorods destroys the long range order leaving only theeseaeighbour peak of the
short range order visible at large rod size. Similar distnde in the vortex lattice near
a pinning site and the pinning of more than one vortex in timeespinning site can also
be seen in the experiments [86].

The Ginzburg-Landau equations combined with the modelferpinning sites can
be used as a tool to distinguish the importance of the vasousces of pinning in the
material. The question of optimal pinning landscape is famf trivial, in addition to
the vortex-vortex interactions, the situation is furthemplicated by the interplay of
strong pinning in the nanorods and collective pinning in keeginning sites. In the
case of magnetic field parallel to the nanorods, the donmgatle of the flux pinned
in the columnar pinning sites can be used to simplify theasibtn. Here it has been
shown that it is enough to model only the columnar pinningsstb reproduce the ex-
perimental magnetic field dependence of the critical ctidensity in YBCO thin films.
If the magnetic field is not parallel to the columnar pinniitgsthe model needs to be
improved by i) adding other relevant types of pinning sifes,example, twin bound-
aries ii) replacing the simplified method of calculating thigical current density with
areal transport current. The improvements are needed ¢wactor the interplay of an
inclined vortex with many types of competing pinning sites.
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4.2 The effect of BaZrO; doping on the anisotropy of YBCO

One of the biggest drawbacks of high temperature superctmduis the high aniso-
tropy caused by their layered structure. The aim of pinsea@gneering is to modify
the pinning landscape to compensate the high anisotrofyamisotropic pinning sites,
for example, columnar nanorods [38, 45]. In the case of YBRI® films grown with
PLD, the anisotropy is often balanced by BZO doping whichrionps the critical cur-
rent density, especially when the magnetic field is par&tidhe c-axis [42]. The im-
provement of thg. also means that the fitting of the effective anisotropy, gives low
values with BZO doped samples. Therefore, the questiorsavidether the anisotropy
of intrinsic quantities, for example the upper critical digls lowered by the doping too.

In this work, the upper critical field and the irreversilyilfield were measured with
a four-point resistance measurement in pulsed magnetit fidhe measured samples
were two undoped YBCO PLD films, one grown with n-target (gs&e in nanometre
scale) and the other with p-target (grainsize in micromstade), and a 5 wt-% BZO
doped YBCO film. The angle dependence of the magnetoresestahthe samples
was measured & = 0.96 T, and atl" = 0.90 T.. The measurement temperatures
were fixed with the reduced temperature scale to compensated different critical
temperatures of the doped (85 K) and undoped samples (89 iKexample of the
measured resistivity curves is shown in figure 21.

The resistivity data was analyzed by fitting the curve shaple thve function [87],

PB.T.0) = () + (T, 0)Blexp | -0 @)

wherep(T') is the normal state resistivity,(7’, ) is the coefficient for the linear nor-
mal state magnetoresistance dnd’", #) andn (T, #) are fitting parameters accounting
for the shape of the superconducting transition. The nosetsaé resistancey (7'), is
assumed to be independent of the angle while all the othempeters depend on it.
After fitting equation (27) to the data, it is then easy to akdte the upper critical field
from the fitting parameters. In calculating the upper aititeld only the exponential
part of equation (27) was used because it is the part thatidesahe transition to the
superconducting state. Using only the exponential pagtufiper critical field can then
be calculated as

B 1 — f(Bo)
B = By + W, (28)
where U
18) =exp (5 ) 29)
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Figure 21. The magnetoresistance of the p-film at 80 K atrdiffeangles. The topmost
curve is at the field out of plane position (9@vhile the curve at the bottom is the field
in plane configuration (Q. The equation (27) fitted to the data is shown as solid black

curves. The dashed lines show an example how the upperatifigtd is determined
from the fit. [P4]

and f'(B) is its derivative
nU U
f(B) = Bnt1 P (—ﬁ> ) (30)

and B is the root of the second derivatiy& (B) resulting in

nU 0
me (2 -

The equation (28) for the upper critical field can be derivgatdlculating the crossing
point of the tangent drawn through the zero point of the seaterivative atB, and
the asymptote line of the exponential part of the fitting it Since the normal state
resistance has been normalized and only the exponentiailspased, the asymptote is
one. This definition of the upper critical field is similar teetone used in [88] and is
also demonstrated by the dashed lines in figure 21.

The calculated upper critical field values agree well with Biatter scaling (equa-
tion 18) as is shown in figure 22a. In addition, the data foruhdoped films are quite
close to each other while the BZO doped film has higher upjitizcadifield at all angles.
A similar unexpected enhancement of the upper critical field also been observed
in GdBaCuw; 04, films doped with BaHfQ@ [89]. The dopant grows as columnar
nanorods in the material in both cases which could be linkeld increased upper crit-
ical field. However, some caution is needed when interpyetire results because the
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Figure 22. (a) The upper critical fields of the YBCO thin filmist@ined from fitting the
resistivity data as a function of the angle between YB&xis and the magnetic field.
The solid lines are fits of equation (18) to the data. The teatpees given are relative
to the onset critical temperature. (b) The normalized ujgpécal fields of the YBCO
thin films. The dashed line is a common fit to the both undope€®Bilms while the
solid line is a fit to the BZO doped filmP4]

data has been measured at different temperatures thateasartie only in the reduced
temperature scale. The problem is that the transition wofitihe BZO doped sample
is larger than in the undoped films. Thus, choosing the difindf the critical temper-

ature affects the results. It is not clear whether the ondtat temperature that was
used here was the right choice. On the other hand, the tetnpederivate of the upper
critical field is increased by 40% by the BZO doping which s the claim that the
enhancement of the upper critical field is real.

The differences in the angle dependences of the upperatriald between the
samples can be better seen when the data is normalized byldhedi of plane values
as is shown in figure 22b. The data for the undoped samplesvfalosely the same
curve so the Blatter scaling was fitted to both of the films with same anisotropy
coefficienty = 6.0 + 0.2. For the BZO doped sample the fit gives a 40% lower value
resulting iny = 3.4 + 0.2. According to equation (11), the anisotropy of the upper
critical field translates directly to the anisotropy of th@herence length which in turn

can be written as [8]

B h2n*
 dmpgHZ’
whereH. is the thermodynamical critical field amd is the density of the Cooper pairs

& (32)

that has been assumed to be uniform. In equation (32) thetigéeclectron mass is
the only quantity that can have anisotropy hence the anjsptroefficienty measures
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Figure 23. (a) The irreversibility fields of the YBCO thin fignobtained from fitting

the resistivity data as a function of the angle between YB@®@xis and the magnetic
field. The data with open symbols were measured at @ 98nd the closed ones at
0.967.. The crosses at°Care points where a good fit was not possible and the values
were estimated with 1 mV/cm criterion directly without filty. (b) The normalized
irreversibility fields of the YBCO thin films. The two tempéuees are marked with
open and closed symbols as befoie4][

directly the anisotropy of the electrons. The mechanismnuktine change in the elec-
tron band structure is quite likely the same as with the ecdraent of the upper critical
field. Somehow the BZO nanorods affect the electron bandtsirel of YBCO which
is unexpected because the BZO does not react with YBCO huisfarseparate phase.
Two separate groups, Llordés al. [88] and Miuraet al. [90], observed no change in
the effective electron mass in BZO doped YBCO films but thesuezd films were not
made with PLD and the BZO grows differently into 3D particlegh their methods.
Perhaps the shape of the BZO nanorods plays also a role ihdmge of the anisotropy
with doping.

The irreversibility fieldB;,, was defined as the field value where the resistivity in
the transition is at 1% of the normal state value which is ¢éasgplculate from the fitted
parameters of equation (27) to be

1
U n
Birr - .
(m 100) (33)

The 1% criterion corresponds roughly to a 1 mV/cm when exga@sn voltage. This
is larger than the typical 1 pV/cm criterion used becausesttmeples are very small.
With a short sample the same voltage criterion is stricten thith a long wire sample,
because the long wire gives a stronger signal while the reig is roughly the same
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for both cases. The irreversibility field values calculafesim the fits are shown in
figure 23a. The BZO doped sample has the highest values ashthangles while the
undoped films have lower values. The hifh, values are due to the enhancement of
flux pinning with BZO doping which is most efficient in the fieddit of plane case.

The irreversibility field data does not agree with the Blasigaling law. The values
are too large near the field in plane position when comparéhetditting function. In
addition, the data does not even fall on the same angulandepee when normalized
as can be seen in figure 23b. Trying to analyze the data witmiaoteopy parameter
would lead to a temperature dependenthe normalized data also shows how the BZO
doping lowers the anisotropy of the pinning landscape infilhe which is a desired
effect for the material in applications. The fact that theversibility line does not agree
with the Blatter scaling has also been shown before for uadBCO by others [91].

4.3 Side effects of the BaZrQ addition

In improving the flux pinning in YBCO, introducing artificiglinning sites by dop-
ing with BZO has proved quite successful. In addition, theOBZanorods cause a
multitude of effects on the properties of YBCO. Through th@ancement of flux pin-
ning the anisotropy and the field dependence of the criticaleat are reduced. The
Ginzburg-Landau equations can be used to analyze thestsatfised by flux pinning
and complex interactions in vortex dynamics. The simutetigive the insight that it is
the size of the columnar pinning site that is an importantofain the characteristics of
the field dependence of the critical current density and ial$be change of the order-
ing of the vortex lattice. However, the changes seen in tfectfe mass of electrons
and the enhancement of the upper critical field are unexpesitie effects of the BZO
doping. Since the upper critical field is an intrinsic quantihe Blatter scaling is valid
and describes the angular dependence well. In contrasgxthiasic irreversibility field
cannot be fitted with the Blatter scaling. Thus, the anguégrethdence of the critical
current density should not be fitted with Blatter scalinghei. In practise, the Blat-
ter scaling can still be used in a sort of background subtradhat accounts for the
isotropic pinning present in the sample. The validity offsadbackground subtraction
is difficult to verify and also there is the question of thesamiopy parameter. Should
the value of undoped or doped YBCO be used in the subtraction?
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5 Ginzburg-Landau simulations on giant vortex states in thin
type | films

In addition to the challenges related to the flux pinningrehie also great complex-
ity in vortex structures formed in confined superconductomg in type | materials.
These typically include vortices carrying more than one fjuantum. A vortex with
multiple flux quanta is called a giant vortex if it is cylindally symmetric and a mul-
tivortex otherwise. These exotic multiquanta vortex dtrites have been observed in
confined superconducting systems and in thin Pb films withveitftbut artificial pin-
ning sites [92-97]. In general, a giant vortex is energHyiaanfavourable since the
magnetic energy of many non-interacting singly quantizedices is proportional to
NB?, whereN is the number of flux quanta (number of vortices) while the nesig
energy of one giant vortex is proportional (& 3)? [6]. But these naive arguments
overlook the energy of the superconductor-normal interfabich explains why giant
vortices are often seen in the experiments under spectlmstances, for example, in
thin lead films.

In the 1960's it was observed that the critical field of a tyeiperconducting thin
film is higher than the bulk value. Tinkham proposed that tres@nce of vortices is
behind the effect [98]. Maki and Lasher did the theoreticatkwbased on linearized
Ginzburg-Landau equations showing that the Abrikosovcktis a solution for all val-
ues ofx if the thickness of the sample is taken into account and tiesoblution can
have giant vortices [98, 99]. With the current numerical moels the problem of giant
vortices in type | superconductors can be addressed witfutheonlinear Ginzburg-
Landau equations.

A thickness series of thin films was simulated for two valués: ¢0.5 and 1.0).
Two pinning sites were also included to break the transiaticymmetry induced by
the periodic boundary. The simulations were done with sgweagnetic field values
with increasing field. The sample was also embedded in a vadayer to take the
energy of the stray field into account. An example of the satioih result is shown in
figure 24. The images show the absolute value and the phase ofder parameter
with the case: = 0.5 on left andx = 1.0 on right. The topmost images are the thinnest
case and the bottom images show the thickest. Two promieatires are immediately
clear from the images: The fact that vortices are largerarthinner case and that there
are only singly quantized vortices in the case= 1.0 while the thickk = 0.5 case
shows giant vortices. Not all of the big vortices are giantiges though. A pinning
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Figure 24. The absolute value (a-d) and the phase (e-h) ajrtter parameter shown
on a plane cut through the centre of the sample perpendituthe magnetic field. The
simulation parameters used were (axe¥ 0.5 andd = 3.5¢, (b, f) x = 1.0 and
d = 3.5&, (¢, @)k = 0.5 andd = 15&g, (d, h)x = 1.0 andd = 15&,. The magnetic
field is 0.5 mT. The size of the images is 37 p27 um (830x 600 pixels). P
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Figure 25. The radial distribution functions calculateohfrthe vortex positions for the
samples of different thicknesses with ¢a)= 0.5 and (b)x = 1.0 at 0.6 mT. The given
distances have been scaled with the bulk value of the péioetidepth),. [P5]

site seems to break down the symmetry of a giant vortex budiffezence is very small.
The estimated vortex core positions inside the multivoetexindicated with the white
squares in the enlarged area of the image. Additionallgritlze seen how the different
vortex-vortex interaction is reflected in the phase of ttdeoparameter: The traces of
the phase (a line of constant phase value) are packed claggdther in thex = 0.5
case showing the attractive interaction. In the= 1.0 case, the traces try to be as far
away from each other as possible reflecting the repulsiveraatf the vortices.

The radial distribution functions of the vortex positiondigure 25 show a lot more
ordered vortex lattice in the = 1.0 case than in the type | case. For both values of
the ordering of the vortex lattice increases with decreafim thickness. In the type
Il case the nearest neighbour peak is at the same distanaé toe thicknesses while
for type | the peak shifts to larger distances. Naturallg d¢ient vortices have larger
separation since there are several flux quanta in each. Tdies pee also broader in
the type | case indicating that the separation of the vatisechanging since the size
(number of quanta) of the giant vortices is changing with fifiickness.

The change in the size of the vortices with film thickness weteminined by fitting
the characteristic lengthsg and A\.g. The fitting was done to the average profiles of
the order parameter and magnetic field near the vacuumingjlthe analytic solutions
to the Ginzburg-Landau equations in half space. The ordempeter approaches zero
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Figure 26. The average profile of the order parameter (tog)naagnetic field (bot-
tom). The fits of equations (34) and (35) to the profiles arevshas the black lines.
The example shown here has been calculated from the casa ahdgure 24(c) with
simulation parameters af = 0.5, d = 15y and B = 0.5 mT. [P5)]

near the vacuum as [6]

¥(y) = tanh < \/if H), (34)

wherey is the distance to the surface of the superconductoréands the effective
coherence length to be fitted with the function. In the samg e behaviour of the
magnetic field near the surface is exponential following [6]

B = e (55 ). (@)

eff

where).g is the effective penetration depth to be fitted. Examplestiidithe effective
lengths are given in figure 26 where the average profiles obitther parameter and the
magnetic field through the sample are shown. There is a regianthe surface where
the fitting functions (34) and (35) agree with the profilesguicely.

The effective characteristic lengths both show the sanoiknkiss dependence that
does not depend on the Ginzburg-Landau parameter wher sedletheir bulk values
&o and \g. The&.g and A\ values are shown in figure 27 where the error bars show
the deviation of the fit result for different values of the matic field. This universal

behaviour has the form
Xeff _ 50
Xo d — dy
whereX = X or&, anddy =~ 3.3¢, obtained by the fits shown as the black lines in
figure 27. In thin superconducting film the vortices take therf of Pearl vortices that

+1, (36)
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Figure 27. The effective penetration depth (a) and the eutwer length (b) normal-

ized with their bulk values as a function of the sample th&dsr The inset shows the
effective Ginzburg-Landau parameter as a function of tinepda thickness.R5|

have a long interaction length, formulated by Pearl [100] as

Y
~ 29, 37
Equation (36) can be rewritten as
M2
Aeff = —————— + A 38

wherery = \o/&. Now the similarity between equations (37) and (38) is obsio

The prediction that the characteristic lengths increasle edcreasing thickness is valid
only up to the thickness where the mean free path of the elexistarts to restrict the
coherence length since the mean free path effects are mad@ttin the model.

It is interesting that the effective Ginzburg-Landau pagten defined as

/\eff

Reff = fe—ﬂ" (39)

shows no thickness dependence at all. It would seem lodieakts increased with
decreasing film thickness since the behaviour of the vogticé changes from type |
to that resembling type Il. Indeed, if the effective Ginaplwandau parameter is defined
through the shear modulus of the vortex latticg tends to infinity as the thickness
decreases [101].
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Figure 28. (a) The radial profiles of the cylindrically syntnegiant vortices of differ-
ent number of flux quanta. The points are data from the simoulathe coloured dashed
lines show equation (42) and the black solid lines show égud#3). (b) The area of
the giant vortex core as a function of the number of flux quanke black line is a least
squares fit to the data. HerR,is defined a$y(r = R)| = 0.5. [P5]

The radial profile of a singly quantized vortex can be estadawvith the Clem
model [102]

-
\/r2—|—§8’

wherer is the radial distance from the vortex core. An extensiorhef@lem model to
the case of a giant vortex éf quanta was given by Lasher [103] as

Y (r) = [wl (\/LNHN (41)

1 (r)] = (40)

which can with the Clem model be written as

N
r

NGES

The radial profiles of giant vortices with different numbédrflox quanta are shown

Yn(r) = [ (42)

in figure 28 where the points show the profiles calculated ftioensimulation and the
coloured dashed lines show the profile given by equation. (42 analytic expres-
sion for the profile given in equation (42) is based on thediimed Ginzburg-Landau
equations which is a poor approximation in this case as nls seen from its poor
agreement with the simulation results.
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Figure 29. The distributions of the number of flux quanta ie tfiant vortices as a
function of (a) magnetic field and (b) film thickness whenr= 0.5. The proportion of
magnetic flux in different giant vortices is indicated by ttwdours. P5|

In this case, a more practical analytic expression for {ittexperimental data

would be
N
on(r) = [tanh ( . )] , (43)
N1&

which is also shown as the black lines in figure 28(a). Equati3) agrees quite well

with the vortex profiles up tavV = 4 after which some deviation starts to appear at
higher values ofV. The area of the vortex core increases linearly with the rermb
of flux quanta as can be seen in figure 28(b) which is naturaksine magnetic flux
density is roughly constant inside the core. Thus, the am@aases by the same amount
for each quantum of flux. Here, the core of the vortex was ddfasethe area where
|| < 0.5.

In the case of = 0.5, the simulations show a continuous change from a lattice of
singly quantized vortices into a mixed lattice of singly gtized and giant vortices of
varying number of flux quanta. This is in contrast to the tk&oal work of Lasher [104]
who predicted that the giant vortices would form a honeyctattlze consisting of iden-
tical giant vortices. The continuous change from the giamtices to the singly quan-
tized ones with film thickness is just a natural form of theeintediate state. But with
the quirk that the energy minimum is such that the normaloregjiof the intermediate
state consist of a single flux quantum due to the extremedlmof the sample. Saying
that a thin lead sample is type Il superconductor is slightigleading since the vortex
state in it is a continuous extension of the intermediate st&thout any transition from
type | to type Il superconductivity.
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The proportions of different giant vortices can be seen fthenhistogram in fig-
ure 29. The reason for the mixed lattice seems to be that tladlesrwortices fill out
the gaps between the larger vortices that are disturbedebprétssence of the pinning
sites. Indeed, the honeycomb structure of identical giartices could very well exist
in the case, where there are no pinning sites breaking thexingdof the lattice. The
presence of the singly quantized vortices at all thickreessel magnetic field values in
the k = 0.5 case is interesting since it predicts that the singly guedtivortices are
stable even in conditions that are close to bulk in type | srgeluctors. The stability
has afterwards been confirmed by experiments where it wagrsti@t annihilating a
giant vortex with a giant antivortex of different number aiXlquanta can result in a
stable singly quantized vortex [97].
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6 Conclusions

In this thesis, pulsed laser deposited YBCO thin films weemde develop microcracks
when grown on NGO or MgO substrates. The microcrack formagoconnected to
the structure of the YBCO film in both cases: with MgO the YBGite rotates by
45° and with NGO the twin structure in the film is uniaxial. With KDGthe parallel
microcracks are very narrow and long while on MgO the crackgehwo possible
orientations and are wide and relatively short. The miacks can be avoided by
careful optimization of the deposition parameters and thetfiickness.

Flux pinning caused by columnar nanorods was modelled bylsig-Landau
equations. The model fully includes all the vortex-vortexeractions and the non-
linearity of the system. Thus, the measured magnetic figeidence of the critical
current density was reproduced for BZO doped and undoped®.Be simulations
showed that in addition to the large density also the large af the BZO nanorods is a
key factor behind the change in the power law behaviour batvBEZ0O doped and un-
doped YBCO. In addition to the lower value, the characteristic shape of the magnetic
field dependence was also heavily modified by the BZO nanoifus large size of the
columnar pinning sites was also seen to strongly suppreskity range order of the
vortex lattice.

The Ginzburg-Landau equations were solved for type | thindilvhere giant vor-
tices were seen to appear depending on the film thickness sifrhéations predicted
that singly quantized vortices are stable in type | films uguite large thicknesses and
recent experimental results give support to this predidi@y]. Pinning sites were seen
to break the giant vortices into multivortices. The sizehef vortices increased with de-
creasing film thickness in a way that is similar to the behawviaf the interaction length
of Pearl vortices.

The upper critical field measurements revealed that the Babmds decrease
the effective electron mass anisotropy of YBCO frem= 6.0 in the undoped case to
~v = 3.4 in the 5 wt-% BZO doped case. Even though the anisotromy madified,
the shape of the angular dependence of the upper criticdl féehained in the form
given by the Blatter scaling in all cases. The angular depecel of the irreversibility
field could not be explained with the Blatter scaling in anyha cases. In conclusion,
the effective electron mass anisotropy of YBCO cannot besorea from the critical
current density nor from the irreversibility field which adetermined by the pinning
landscape of the material.
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