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Abstract

Critical current density (J;) has been identified as one of the most
critica parameters for the practica application of high temperature
superconductors such as YBa&CuzOrs (YBCO). Unfortunately, the J. of
optimized un-doped YBCO films barely satisfies the criteria for these
applications. High J. can be achieved by introducing strong artificial pinning
centersin YBCO which can inhibit flux motion and prevent dissipation. However,
insertion of strong pins has been observed to strain and poison the YBCO lattice
resulting in unnecessary degradation of T, and low field J. In this work, two
types of strong pinning centers with negligible effect on the T, and low field J.
were incorporated in YBCO films via strain engineering on the nanoscale. The
nanotube pores were generated by depositing YBCO films on vicinal SITiO3
(STO) substrates. A close correlation between J. and the magnetic pinning
potential U, of the nanotube pores has been demonstrated below the
accommodation field, suggesting that nanotube pores are strong pins on the
magnetic vortices. Splayed BaZrO; nanorords (BZO-NRs) were generated in
YBCO film by depositing 2 vol.% BZO-doped YBCO on vicinal STO substrates.
The interplay between the lattice strain caused by the large lattice mismatch
between YBCO and BZO and the anisotropic strain due to vicinal growth resulted
in the dispersed orientation of BZO-NRs. The splayed BZO-NRs led to an
enhanced J; in the entire range of the magnetic field orientation up to 5 T as

compared to the non-splayed case of YBCO/BZO-NRs films.
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Chapter 1

Introduction

1.1 Brief introduction to superconductivity

The first superconductors were discovered by Kanghl Onnes in 1911.
During that time, he had successfully liquefiedidral and he was determining the
temperature dependence of the resistance of merasryT approaches zero.
Surprisingly, he observed that the resistance gisaed at 4.2 K, which is shown in
Figure 1.1 [Onnes, 1911]. This perfect conductiatyemperatures below the critical
temperature (J is the first trademark of superconductivity. Fertmore, his group
also discovered that applying a certain current aragjnetic field at a particular
temperature, which are known as critical currentsag (1) and critical field (H),

could destroy this superconducting property.

6002 ——
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0.000 n 4
a°oo %10 420 4%30 4 0 450

Figure 1.1 Original resistance vs. temperature ewf
mercury by K. Onnes.[Onnes, 1911]
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Aside from having zero resistance below $uperconductors also exhibit
perfect diamagnetism. This phenomenon, discoveyellidissner and Ochsenfeld in
1933, demonstrated that a certain applied magrisgid is expelled out of the
superconductor, signifying that superconductivgymore than perfect conductivity
[Meissner, 1933]. Figure 1.2 illustrates the Meeseffect in a superconductor.
Before the transition temperature is reached apeesture decreases, the applied
magnetic field penetrates the material. But as s@sn the material turns
superconducting, the applied magnetic field is cdetaty expelled from the

superconductor.

Superconductor @ Tranmh'.:'nt':'
zero resistance

Figure 1.2 lllustration of Meissner effect in
superconductors. [http://hyperphysics.phy-astreguj.

1.1.1 Theories of super conductivity
a. Microscopic BCS Theory
A theory that has been successful in explainingestonductivity is known as
the BCS theory named after Bardeen, Cooper andeBenr [Bardeen 1957,
Campbell 1972, Tinkham 1996, Huebner 2001 and Maitu 2008]. The BCS

theory explains that the absence of resistancepersonductors is due to electrons



pairing up and moving along the crystal latticehwitt any collisions. These pairs are
known asCooper pairs and are formed through electron-phonon interasti®dhen
an electron moves in a crystal lattice, it distdhs lattice around it and creates an
area of greater positive charge density aroundf.itéaother electron, with an equal
but opposite spin and momentum, at some distanteeiattice is then attracted to
this charge distortion. The electrons are thusrautlly attracted to each other and
form a Cooper pair. Since each Cooper pair is campof electrons with opposite
spins, it can be viewed as a particle with zeraltspin, which suggests that Cooper
pairs can have the same quantum state at the $sam@eThus, at superconducting
state, all Cooper pairs are correlated and theyatlamove together. These Cooper

pairs, having dimensions on the orderéoand comprising the conducting charge

carriers, require a minimum enerdy, =vk;T,, (wherey is a fixed universal value

according to BCS theory) to break them. Intere$yinihpe ratio between the value of
the energy gap at zero temperature and theallie (expressed in energy units) takes
the universal value of 3.528 regardless of the na®® nature. The BCS theory
predicted a theoretical maximum ®f around 30 K because above this the thermal
energy would be too high to allow formation of Ceoppairs. But in 1986,
superconductors of ;-Taround 90 K were discovered. Up to now, the meshan
responsible for the pairing of charge carriers ighfl. superconductors is still
unknown. There are significant numbers of modelscdieing superconductivity.
Most of them are phenomenological in nature, whichans that they describe

superconductivity but they do not explain how sapaductivity occurs.
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b. London Theory
The first theory that attempted to describe sup®tactivity was proposed by
the London brothers in 1935 [London 1950 and Lond®63]. Since a steady,

persistent current can flow through superconductibrs superconducting electrons

are accelerated only by the local applied eledteid E. Consequently, the equation

. . dav _ -
of motion can be written ama =-eE, where m, e and are the mass, charge and

velocity of the superconducting electrons. At tleme time, the critical current
density j of the superconductor can be expressea:aseevs, where gis the density

of the superconducting electrons. Substituting #gsiation into the first equation

. : e =M
gives an expression for the local electric fielt=—;

en

e

%{[. The latter equation is

known as the first London equation [Campbell 19Fiakham 1996, Huebner 2001

and Matsushita 2008].

Applying the Maxwell equatiOBXE:-%—? to the first London equation, the

following can be derived% ixﬂ :-E. Furthermore, ifJ XE IS substituted
en, dt) ot [T

to ] in the latter, the first London equation transferm

to E[ezrr: (ﬁxﬁx§)+§j:0. Thus, the quantity inside the parenthesis is a
Mo

dt

constant and does not vary with time. The Londathars showed that the Meissner



effect can be explained if this constant is madeaktp zero. This is known as the

second London equationaL(EXEXE%E =0.
e neuo

The expressionx0OxB can be replaced byI1?B since -OB=0 .

1

Consequently, the second London equation can beegsgd asjzé-FE:O,

%
e j , which is known as the London penetration depthr. & thin
Mo

wherex:(

slab of superconductor with an applied external meéig field (H) perpendicular to

the superconductor's surface, the solution to thd#ferential equation

isB(x):uoHee'x/k. This shows that the applied magnetic field caly penetrate the

superconductor surface by a distance on the orid&r Burthermore, application of

the Maxwell equatioxEJj on the latter equation gives the local current dgns

Ko
j(x):%e'x/k. This so-called Meissner current shields the estefield thereby

supporting the Meissner effect.

Although the London theory is able to explain theiddner effect and the
corresponding screening current, it is not capaiflexplaining the simultaneous
existence of superconducting and normal statesipersonductors. Furthermore, the
London theory focuses on the microscopic behavioa superconductor which is

problematic especially since the response of actrele gas to an external electric



field is non-local. However, the theory proves ®\alid for situations wherein the
superconducting properties are homogeneous oventart spatial region.
c. Ginzburg-Landau Theory
Due to the non-localization of the superconductprgperties, it is more
convenient to use the Ginzburg-Landau theory teriles the macroscopic behavior
of superconductors. One of the main contributidnis theory is the introduction of
the following parameters: order parameter, penetratepth and the coherence

length. The order parametgrdescribes how deep into the superconducting pihase

12
system is. The penetration der)tﬁ):[drm*2 } is defined as the extent to which

o]
the magnetic field pierces a superconducting regithe m* and e* are, respectively,

the mass and charge of the charge carrier. Lagtig coherence length

&(T)

=— 73 where a(T) is a constant, is defined as the distance aiech
|2ma(T)

the order parametdr(r) can vary without undue energy increase. The tataeen.
and &, also known as the Ginzburg-Landau parameter)(c ), determines what
category of superconductor a material falls into.
1.1.2 Types of Superconductors

Type | superconductors have<1/\/_2. The field dependence of the

magnetization for this type of superconductor igid#d into two regions. For the
region below HT), the applied field is expelled from the supemocting material

and hence the latter is in tiveissner state. On the other hand, the superconductor

6



turns into a normal material when the applied fielkdceeds KT). The field
dependence of the magnetization for a Type | swoelactor is illustrated in Figure
1.3(a) [Campbell 1972, Tinkham 1996, Huebner 20t Matsushita 2008].

In the case of Type Il superconductors, whene]/\/a, the wall energy
separating the superconducting and normal regi@terbes negative. In order to
lower the free energy of the system, it is necgsgaincrease the interface between
the superconducting and normal regions of the sopeluctor. This leads to the
dispersion of the magnetic flux inside the supedemtor into individual flux quanta,
®,, where the vortices arrange themselves into alestabnfiguration called the
vortex lattice. This leads to three distinct regian the magnetization curve of the
Type Il superconductor (Figure 1.3(b)). For appliett strengths lower than kjthe
superconductoexhibits perfect diamagnetism, above, lthe superconductivity is
completely destroyed and when,d H < H., we have what we call the mixed state

where some of the magnetic field penetrates thersopducting matrix [Campbell

1972, Tinkham 1996, Huebner 2001 and Matsushit&]200
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Figure 1.3 The magnetization curve for (a) typent gb) type I
superconductors. [Huebner 2001]

The photograph below shows the top surface of a tyguperconductor that
has been decorated by tiny micron-sized nickeliglast as the applied field was set
between H, andH.,. The particles coalesced on the surface along lfieonstant

flux density and formed a triangular array. Thefftom each pattern throughout the

slab is known as theortex. If the distance between the centers of neardtrpa is

a, the density of patterns, is thenn, :é. Because each pattern looks identical,

the flux in each vortexp, must be the same. Therefore, the average fluxitgens

the slab is(B) =n,®,. Since both(B) anda can be measured, then the valuabof

can be extracted experimentally and it is alwaysifbto be a single flux quantum

P,
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Figure 1.4 A Type Il superconductor decorated with

magnetic particles. [Campbell 1972, Tinkham 1996,
Huebner 2001 and Matsushita 2008]

E,

Since H, can be much greater than, Hype 1l superconductors have been
deemed more relevant for technological applicatibas their type | counterparts. As
a matter of fact, type Il superconductors have magessible to achieve high-field
superconducting magnets. Another important paranietehe applicability of a type
Il superconductor is the amount of current it camrye before turning back to its
normal state, typically known as its critical cuntrelensity (J. In the next sections,
the factors affecting the, dn type Il superconductors, specifically in high-dnes
(HTSs), will be discussed.

1.2 Depairing Jc in super conductor s
The depairing Jis the necessary dequired to break the Cooper pairs and is

considered as the theoretical limit @fid superconductors. The current density in a

——

superconductor is defined ad,=2dy|’ v, where |y['=n, , the density of

S
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superconducting electrons. Using Ginzburg-Landainm)ry,Ican be expressed in

terms of the order parameter so,J. =2ey? [1-m \é]vs. The behavior of Jas a

2Jof
function of the depairing velocity,svis plotted in Figure 1.5 and shows that at a
certain critical velocity the Cooper pairs haveht@genergy than the energy gap. This

results in pair breaking and a lower density ofesupnducting electrons leading to a

decreased current density.

Figure 1.5 Variation of Jwith the super fluid velocity
Vs. [Tinkham 1996]

The maximum J value.,Jis achieved Whengizo. This yields to a value of

S

/2
V= —3|01| and plugging this back into the current densityuagmpn yields
m

12
J. :Zeyié(é%!j . In terms of more measurable quantities, where
2¢ 2 m & ()
T)=-—=H(T)A%(T) , |v.| ==———— and H_(T)= x ,
a(N)= SR (T) =g o " immiem

10



(where ®.=hg/ 2 =2.07x10 G cf, is the flux quantum) the critical current density

i?g [Orlando 1991]. For type Il HTSs like YB@wO7s (YBCO) with

will be J, =

£=35A [Poole 2000] and.=2600A [Poole 2000] at 77 K, the calculated depairing J
is equal to 5x10A/cm® However, the depairingc Js not readily achieved in

superconductors because dissipation occurs dire toteraction of) and B .

If the width and thickness of a superconductingevar film are of the same
order or less thah or &, no vortex lines can be accommodated in this gondition.
Thus, films that are too narrow to contain a pdivartices should not suffer this
critical-current degradation due to dissipativexfimotion. This has been observed
experimentally in low temperature superconductohemwthe width of lead and tin
were made smaller than the width of a pair of wedi[Hunt 1966]. They observed a
depairing J of ~5x10 A/cm? for a lead film with width of Jum and thickness of 475
A which is comparable to the theoretical value @6%x10 A/cm? [Hunt 1966].

Unfortunately this depairingcJhas not been achieved in HTSs’ such as
YBCO. This gives us motivation to understand whatades the critical current
density in high temperature superconductors.

1.3 Structure, motion, and pinning of magnetic vortices

For type Il superconductors, when the applied fisldear H;, the magnetic

vortices start to penetrate the superconductorsd imeagnetic vortices can be taken

as tubes of normal phase with radius¢oémbedded inside the superconductor. A

11



schematic diagram of an isolated vortex is showrigure 1.6 [Matshushita 2000

and 2007].

]
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Figure 1.6 Structure of a quantized flux line.
[Matshushita 2000 and 2007]

At the vortex core, the density of superconducgtegtrons, g is zero and its
value is a maximum at the radius approximately etjud. The local magnetic field
B is highest inside the vortex core and diminiseegonentially beyond a radius on
the order ofA. The critical current density 8f the circular supercurrents generating
the field B of the vortex line has its maximum walat a radius equal td and
vanishes at the vortex core. For magnetic fieldg8l stronger than g, the vortices
are considered to be isolated since they are depatay more tham\ and the
interaction among neighboring vortices is negligiblVhen the applied magnetic field
is moderate, B< B < B, the vortices are within interaction range and wBeB.,
the vortex cores overlap and turn the whole sup®hector into a normal material.

The vortex structure shows circular symmetry wheis Barallel to the c-axis

of the superconductor. However, for layered HTSshsas YBCO, the vortex

12



structure becomes anisotropic when the externahstagfield is applied parallel to
either the a- or b-axis (Figure 1.7). The coreuadilong the plane direction will be

&ab While the core radius in the c direction will Be< &_,. On the other hand, the

flux-penetration radius will b&; along the plane direction and along the c direcitio
will be Aap, Which is smaller. Thus, the vortex core and cursgreamlines confining

the flux are ellipsoidal in shape.

Figure 1.7 Schematic cross section of a vortex ke
a-axis in an anisotropic superconductor. [Huebnerl200

The interaction between the current density and iiegnetic vortices
produces a Lorentz force density defined?ésfb@. This force can be generated

by both an electrical transport current and bysthielding current associated with the
magnetization of the sample. The Lorentz force efrithe magnetic vortices outside
the superconducting matrix causing dissipation dadtroying superconductivity.

Flux motion can be prevented if the vortices areed on fixed locations inside the
superconducting material by a pinning forgg Which is determined by the pinning
potential well. In this regard, the Lorentz for@nde viewed as a tilting agent to the

potential well, allowing flux lines to hop out diidir pinning wells more easily and
13



resulting in the appearance of electrical resigaiitis flux motion is known as flux
flow and its mechanism is illustrated in Figure.lT®erefore, the balance between
the driving force and pinning force, known as thiéaal state, determines thg J

The superconducting current originating from the&npig mechanism is
assumed to be persistent in time as long as adrexit conditions are unchanged.
However, a decrease in the magnetization of thersopductor with respect to time
suggests that the pinning of magnetic vorticeaussgstable [Matsushita 2007]. As a
matter of fact, the magnetic vortices acquire aold#l energy through thermal
activation, which permits the magnetic vorticesrtove. Such flux motion is called

flux creep.

I=051

Figure 1.8 Mechanism of flux-flow.
[Stavrev 2002]
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1.4 Angular dependenceon J.

Earlier, it was shown that the magnetic vortices anisotropic in layered

HTSs, such as YBCO. Figure 1.9 illustrates thecktstructure of YBCO containing

superconducting planes separated by almost insglatocks. More specifically, it is

composed of CuPconducting layers where superconductivity takex@l a YCO

separating layer and a BaO bridging layer whicboisnected to the CuO chains that

act as charge reservoirs.

» Cu2+,Cu3+

@ Oz

@ Y3+
. Ba2+

(o]

a

L----111.6802 A

3.8227 A

_ /.g.SB?E A

Figure 1.9 Schematic diagram of a unit cell of YBCO
crysta. [http://www.tkk.fi]

Interestingly, intrinsic pinning (Figure 1.10(a)gp# observed when a current

densityJ was applied along the ab-plane of YBCO and thm ¥ilas allowed to rotate

with respect to the external magnetic field [Ro@80]. Figure Fig. 1.10(b) shows the

configuration of the sample vs B field, from whiélcan be defined. When the flux

lines are parallel to the ab-plane, the resultingehtz force will either push the flux

15



lines away or towards the film-substrate interfatepending on the direction,

(Figure 1.10 (c)). However, this movement is preégdrby the insulating layers of
YBCO causing very strong pinning and thus resultinga peak on the angular
dependence ot dvhen H is parallel to the ab-planes. Furthermttre pinning is also

very strong because the entire flux length is pilhne

=107
o
Jez
20
Blic Blc Blic TILT AMWGLE &
(b) Film normal

Film transverse
cross-section

1 & CuO-layer
E——
Flus line
v v
© LorentzForce F,

Figure 1.10 (a) lllustration of intrinsic pinning YBCO films [Roas 1990];
(b) Configuration of the sample vs B field, fromialind can be defined; and
(c) Direction of current, magnetic %Id and Loremdrce when H is parallel
to theak-plane



1.5 Criteriafor choosing appropriate pinning centers

Having discussed the structure, motion and pinmhmagnetic vortices, we
are now in the position of determining the moseetifve pinning centers in YBCO.

First, the coherence length in YBCO is very smalnpared to that of low
temperature superconductors. This means the supmhrcting state is more
susceptible to local disruptions from interfaceslefects on the order of a single unit
cell, such as the boundary between twinned crgtadains or atomic defects such as
oxygen vacancies and dislocations. Therefore, pmoenters with a size on the order
of ¢ would be enough to accomplish this task. At thmes@ime, this is preferable
since it will minimize the reduction in the supemndaocting volume portion.

Second, since the density of vortices increases witreasing field, the
required fieldB for a given application will dictate the densifydefects incorporated

inside the YBCO. Thus the pinning center densityusth be equal to or comparable
to the vortex density given by the equaticBFCDO/az, wherea is the distance

between neighboring vortices.

Lastly, from the observation of intrinsic pinningne can deduce that strong
pinning sites can be created along the c-axiseifpihning centers can hold the entire
flux length corresponding to columnar defects thawerse the whole film thickness.
Also, to have a less anisotropic@profile, pinning sites should be introduced at all
angular orientations.

In Chapter 2, a summary of reported artificial pnghcenters incorporated

inside YBCO superconductors will be given and remnmaj issues will be presented.
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The succeeding chapters will enumerate the stydigdermed in this work to provide

solutions to the identified issues.
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Chapter 2

Artificial pinning landscapesin YBa,CuzO7.; films

The application of YBZ w075 (YBCO) in high temperature superconductor
coated conductors (HTScc) has been a focus ofaugoresearch for the last decade.
Aside from the fact that YBCO has @ df ~90-92 K, it is also known for carrying a
high critical current density {J] on the order of 0A/cm? at 77 K and H=5 T. But in
order for it to be applicable in various electripawer devices and systems, YBCO

should satisfy the industry requirements summarnzédble 2.1 [Larbalestier 2001].

Table2.1: Summary of requirementsfor device application of HTS.
L Je Fied Temperature le Wirelength
Application acm?) | M ® (A) m
Fault current limiter 1910 0.1-3 20-77 1610° 1,000
Large motor 10 4-5 20-77 500 1,000
Generator 10 4-5 20-50 >1,000 1,000
SMES* 10 5-10 20-77 ~10 1,000
Transmission Cable tao <0.2 65-77 100 per stran 100
Transformer 10 0.1-0.5 65-77 1010° 1,000
*SMES, superconducting magnetic-energy storage.
Data supplied by R. Blaugher.[Larbalestier 2001]

The ultimate requirement for coated conductorstoisfabricate tapes in
kilometer lengths that can carry large currentstenorder of a few hundreds to a

thousand Amperes per centimeter width. Since &pkBCO thin films with

thickness less than 048m have a Jof 4-5 MA/cni at 77 K and zero applied
magnetic field, the capability to carry large @dti currents will require YBCO films

of similar J to have thicknesses of a few to several microraetdnfortunately, J
19



suffers a dramatic decrease with increasing YBQ@ fhickness whether on single
crystal oxide or on bi-axially textured metal substs [Luborsky 1988, Busch 1991,
Foltyn 1993, Miura 1997, Foltyn 1999, Parantham@6(?2 Kang 2002 and Foltyn
2003], as illustrated in Figure 2.1 [Christen 200Thus, an alternative way to
increase dwould be to increase.Jrhis will be the ideal route since thinner filnvsl

be required to produce the requirgdahd the processing time of HTScc’s will be

reduced.
O STO x-tal
O  YSZ x-tal
T T A |BAD-YSZ(1-best)
5 _O:D‘b\\\
47 &:'D S \‘\ @® ORNL-Ni (best)
~ 3t g BN . I (Alcm)
o N N ‘\\ [
E .‘\ \\ L \‘.\
S 2| % a0 . ¢
< ) el
= N " 500
4 1F Sl N ‘\_\\ .
'l: 0.8 - \~‘~-_~\ ~~—‘: 300
= 06| el
mo I 1200
m 04} ~ ]
. . R, L
0.2 1 s L .
YBCO thickness (um)

Figure 2.1 Thickness dependence ahJYBCO films deposited on single
crystal substrates and bi-axially textured metaksates. [Christen 2000]
Currently, high-quality un-doped YBCO thin filmsveaself-field (SF) Js of
around 4-5 MA/crfy which is only one-tenth of the depairing Burthermore, the.J
of YBCO typically drops by a factor of 10 from sé&#ld (SF) to an applied field of 1
T. In addition, the layered structure of YBCO iglly anisotropic and yields an
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anisotropic transport property that is observabhenvd is plotted as a function of
field orientation [Roas 1990]. Due to this anispiyrothe versatility of YBCO for
applications in different field orientations is te@d. To address these issues, various
artificial pinning centers (APCs) were generatedsida the YBCO films.
Interestingly, most of these APCs were modeled #fie naturally occurring pinning
sites inside the YBCO film, which is illustrated Fgure 2.2 [Foltyn 2007]. The
artificial pinning sites that will be discussedtite next sections are: point defects in

the form of nanoparticles and columnar defects gged by high-energy ion

bombardment and self-assembling, vertically-alignadodots.

Surface roughness or
a-axis grains

In-plane misoriented grains
and grain boundaries

Threading

Precipitates Twin boundaries dislocations

S - | b 7, = g
LR T \\ < '\:$;| YBCO
]P;_r} L ¥ :__F_.__‘\\_:_"'_:,{;"'}-. . : \ G- axes
. vco Y — ’ _ B ‘
: o 5
SN N sa
N @
b -2 — L \ ——
Substrate = | ——
3 : = :
\\ Out-of-plane Voids ! f{: ]
< Planar defects, misoriented Anii-phase
"\\ Point defects for example Misfit dislocations arains domain boundaries
\ stacking faults
Figure 2.2 lllustration of the different naturally

occurring pinning sites in YBCO films. [Foltyn 2007

2.1 Nanoparticles
Nanometer-sized pinning centers are highly delarebYBCO films since the
size of the vortex core is on the same order ofnitage. Extremely small pinning

centers will also minimize the reduction in the exgonducting volume thus allowing
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incorporation of defects with higher density. Howevthe density of native
nanometer-sized point defects in YBCO films is owiy the order of 1%10"
defects/crh [Van der Beek 2002] and only corresponds to a hiadgfield of 0.021-
0.21 T. Thus, it is necessary to artificially ingorate nanoparticles in the YBCO film
to enhance the matching field.

Hauganet al [Haugan 2004] incorporated second-phas8aCuG (211)
nanopatrticles inside the YBCO film by alternatin@GO and 211 multilayers via a
pulsed laser deposition (PLD) technique. The 2)erlacan grow into islands of
nanopatrticles inside the YBCO lattice because dffarge lattice mismatch of ~2-
8% with YBCO. Figure 2.3(a) shows that the 211 mpamticles with estimated areal
density of >4x18" particles/crh were dispersed uniformly across the YBCO film.
Furthermore, transmission electron microscopy (TEalysis showed that these
nanoparticles grew randomly inside the YBCO matAxcomparison of the field
dependence ofcJor a standard YBCO and YBCO/211 films is shownHigure
2.3(b) and a significant improvement ig & H > 0.5 T was observed for the
YBCO/211 film. At a higher field of 1.5 T an incisain J of >300% was achieved.
This increase in high-field;dn the YBCO/211 film is attributed to the incredse

density of point defects in the YBCO film.
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Figure 2.3 (a) SEM micrograph of a YBCO/211 filny) (-H comparison of
YBCO and YBCO/211 films. [Haugan 2004]

Even though the density of point defects was reatsykincreased in the
YBCO/211 films, the defects are still randomly oted leading to an un-optimized
pinning force per unit length. Also, although sfgrant improvement in Jwas
observed at higher field, only a slight improvemeat observed at low field. Lastly,
no significant reduction in the-8 anisotropy was realized.

2.2 Columnar defects

As shown in Chapter 1, columnar defects are censdlto be the most
effective pinning centers in YBCO. However, theyomlaturally occurring c-axis
oriented linear defects in YBCO films are dislooas [Dam 1999] and
measurements of the angular dependence foir dhese films did not show a peak
when the external field is applied parallel to fhe’'s c-axis, suggesting that these
dislocations are not strongly correlated columnefeds. Thus, the only route to

introduce columnar defects in YBCO is through atd methods.
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2.2.1 Via heavy-ion irradiation

Columnar defects have been generated in YBCO suorgitals by very-high-
energy heavy ion irradiation [Civale 1991 and KndEibaum 1996]. Due to the
ballistic motion of the high energy ions, columneacks of damaged YBCO were
produced. The crystals were irradiated with 580 M&Vions with the incident beam
2°, 3¢° and 48 away from the c-axis. The irradiation dosage wassen to match the
vortex density at fields of 1, 3 and 5 T. Electraitrographs of the columnar tracks
are illustrated below in Figure 2.4(a). The columtracks consist of discontinuous
columns with a diameter of ~50 A and a separatfoh06 A. Figures 2.4(b) and (c)
show J versus H for the crystals with different irradatidosage at 5 K and 77 K,
respectively, where H is parallel to the columnafedts and to the c-axis.
Comparison with an un-irradiated crystal revealeat the irradiated crystal's Wwas
greatly enhanced. Furthermore, it was observetditieal of Sn-irradiated crystals is
monotonically increasing with dose suggesting thigther heavy-ion doses will
further enhance.JMeasurements of dvhen the flux line is aligned to or tilted away
from the axis of the damaged tracks proved thatstheng pinning is due to the
alignment of the flux lines with the damaged colsmrHowever, a reduction in the

peak when H is in the ab-plane was observed daa tignment effect.
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Figure 2.4 (a) TEM cross-section of the ion-irraelia YBCO
crystal; J-H comparison of ion-irradiated YBCO crystals with
different ion dose at (b) 5 K and (c) 77 K. [Cival@91]

Although these linear defects have been provenetahe most effective
pinning centers in YBCO, this method is not pradtior scale-up because it is too
expensive and it can render the metallic substeatmactive. Thus, it is necessary to
create columnar defects in YBCO via growth. In tiegt subsection, recent advances
in doping YBCO films with columnar defects are dissed.
2.2.2Viagrowth

a. BaZrO3 (BZO) nanorodsinsertion

One of the most recent studies focuses on dopingCQBwith BZO
nanopatrticles [Driscoll 2004, Yamada 2005, Goyad30Kang 2006, Peurla 2006,
Peurla2007, Pompeo 2008, Mele 2008]. Because BZO hagga lattice mismatch
with YBCO, it has been observed that the BZO narapes developed into nanorod
structures inside the YBCO film and grew paraltetiie normal to the film surface. A
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TEM micrograph (Figure 2.5(a)) shows that the BZ&hadots are aligned along the
crystallographic c-direction in YBCO and have anaier ~2—-3 nm and a separation
distance of ~15 nm. Also, it was observed thatafeal density of the BZO nanorods
is on the order of 1&-10'%cn?, which corresponds to a matching field of 8-10rfie
J-H plot in Figure 2.5(b) shows that theigd enhanced over the full field range. Also,
the slope of the linear part of thgH plot, a, was reduced to 0.3. Consequently the
J. sk to I 57 ratio is about 15-20, which is a factor of 4 lowhan the un-doped
YBCO film. The observed peak in the@ plot when H is along the c-axis (Figure
2.b(c)) demonstrates that the enhancementimchused by the correlated pinning of
the BZO nanorods. Furthermore, comparison &8 between YBCO/BZO and
YBCO/211 films revealed that both have a H||ab gmatkthe latter has no H||c-axis
peak proving that the former has more superioripmnThis further emphasizes that

columnar defects are stronger pinning centers ploamt defects.
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Figure 2.5 (a) TEM micrograph of YBCO/BZO film shimg c-axis alignment of the BZO
nanorods; (b) dH comparison of YBCO and YBCO/BZO film; and (¢}&comparison of
YBCO and YBCO/BZO filmat 1 T and 77 K. [Goyal 2005



Although a remarkable increase in in-field IJas been observed in the
YBCO/BZO film, its self-field 4 is not improved as compared to an optimized flat
YBCO film. Furthermore, thelis significantly reduced in these films.

b. BaSnO3 (BSO) nanorodsinsertion

BSO nanorods in YBCO films have been observedawehbetter in-field
performance than the BZO nanorods. [Varanasi 2008@anasi 2008(b) and Mele
2008]. Also, insertion of BSO, which has a smal&tice mismatch of ~6.6% with
YBCO, did not diminish the Jof YBCO as much as BZO insertion did [Mele 2008].
The T; values are 87.74 K for the BZO-doped sample an8l78R for the BSO-doped
sample. TEM cross-sections of the BZO-doped and -B&Ged YBCO films are
shown in Figure 2.6(a). The BZO nanorods becameilyeeurved with increasing
film thickness. However, the BSO nanorods grew almparallel to thec-axis
direction of the film. Since the nanorods work aaxes correlated pinning centers,
the length of the straight portion is very impottém obtaining a large pinning force
when Bis applied parallel to the c-axis. From TEM crosst®nal images, the
effective length (which is the ratio between thagh of the straight part of the
nanorod and the film thickness) of the BZO nanorisd82 nm while that of the
BSO nanorod is 138 nm. The effective length of the BSO-doped filntvisce that
of the BZO-doped film. As a result, a much morerioyed pinning along the c-axis
was observed on the former film as depicted innlbeh higher J6 peak when H is

along the c-axis in the BSO-doped YBCO film (Fig@ré(b)).
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Figure 2.6 TEM micrograph of (a) BZO-doped YBCdnfiand (b) BSO-doped
YBCO film; (c) 3-8 comparison of YBCO/BZO and YBCO/BSO fiims at 1 T
and 77 K. The inset illustrates the effective léngf the BZO and BSO
nanorods[Mele 200¢]

5
o
|
T

c. Rare-earth Tantalite (RTO) insertion

RTO nanorods are the most recent self-assemblddmoar defects
incorporated in YBCO films [Harrington 2009]. YBCidms containing RTO, with
lattice mismatch ranging from 1.4-4.7%, did notfeufany T. degradation even for
RTO concentrations up to 8 mol.% . The TEM crosdise in Figure 2.7(a) shows

the c-axis aligned RTO nanorods. The rods are yignéar and extend through the
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J, MAcm®

whole film thickness. The RTO nanorods are ~5 nghewcomparable to the width of
BZO and BSO nanorods, and the density correspandsrtatching field of ~3.8 T. A
comparison of the field dependence gffdr three different types of RTO-doped
YBCO films and an un-doped YBCO film is shown ingtie 2.7(b). The film
thickness is ~0.5 pm. Significant improvement ia & particularly at high field, was
observed in the RTO-doped YBCO films. Theénlthe RTO-doped YBCO film is far
superior to that of the BZO-doped YBCO film (Figsr2.7(c) and (d)) over all field

orientations of the RTO-doped YBCO film.
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Figure 2.7 (a) TEM cross-section of an RTO-dopedC@Bfilm; (b) J-H
plot of three different kinds of RTO-doped YBCOniiland an un-doped
YBCO film; Comparison of g6 plots for the RTO-doped YBCO films,
BZO-doped YBCO films and un-doped YBCO film at ()l and (d) 3 T.
[Harrington 2009]
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However, even though an improvednvas observed at all the field strengths,
it is important to note that the dt SF in the un-doped YBCO film is far lower than
the reported Jvalues in optimized un-doped YBCO film of the sathiekness (0.5
pm) [Wang 2008].

2.3 Remaining I ssues

Although significantly enhanced in-field. dvas achieved in YBCO films
containing artificially incorporated pinning cerdefew of them reported significant
enhancement of; At self and low field. This is unfortunate becabggh J at low
field is necessary for device applications suchrassmission cables [Larbalestier
2001].

Since the pinning force is defined as the gradi¢tihe energy of a vortex as a
function of position, it follows that the strengph a pinning center is determined by

the gradient of the order parameter between thersapducting and normal region,

au, _ oy(r)

F O o O o This suggests that maximum pinning can be aekiaf the

inhomogeneity inside the YBCO film is a void. In&ters 4 and 5, we show how the
nanotube pores generated inside the YBCO film dmlithe d value at self field as
compared to that in optimized un-doped YBCO films.

Furthermore, since almost all of the reported naeterrsized columnar
defects are aligned nearly perfectly along the is;athe in-field 4 is not much
improved or even reduced at field orientations a@vg from the c-axis. This is

unfortunate for many applications of YBCO coateddiectors, such as motors and
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generators, wherein the generated strong magielticthay bend or twist causing the
vortices to stray from the correlated pins. Broadgror splaying the orientation of
columnar defects in YBCO films may provide an efifie solution to this problem.
In Chapters 6 and 7, we show that a simple progkdspositing BZO-doped YBCO
films on vicinal substrates leads to enhancet all field range and orientation.
Lastly, the electronic properties of the RTO-dopy@&LO films suggest that a
large improvement incxtan be achieved in YBCO films if the degradatior¢ and
self field ¢ caused by lattice strain and lattice contaminatioming insertion of
nanorods can be eliminated. In this study, we alsow that by employing vicinal
growth, the degradation in.Twas significantly reduced. In addition, the ladtic
contamination was also retarded. This allowed trmerof BZO-NRs in a higher

concentration leading to record highvalues.

31



Chapter 3
Experimental Techniques

3.1 Fabrication of doped and un-doped YBCO films

All YBCO films studied in this work were fabriet using a pulsed laser
deposition (PLD) technique. In this method, whichillustrated in Figure 3.1, a
focused high energy UV laser beam, with dimensibd.b mm x 3 mm, is used to
ablate a very thin layer of the target materiakteAfards, the ablated material, which
is contained inside the plume, is deposited onas@h substrate mounted on a heater
block. Deposition is done inside a high vacuum dbamand the target material is
rotated to ensure uniform ablation over the tasyeface. The deposition conditions
were optimized for the flat YBCO film at a depositi temperature of 790 °C,
substrate-to-target distance of 5.5 cm,p@rtial pressure of 300 millitorr, deposition

rate of 13-15 nm/min and annealed at 500 °C wahti G.[Haugan 2003]

“\SUBSTRATE

Figure 3.1 lllustration of a pulsed laser deposisgstem.
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YBCO films were doped with nanotube pores by dé@pay the latter on as-
received commercial vicinal SrTiQ(STO) substrates. A schematic diagram of a
vicinal substrate is shown in Figure 3.2. The \atisubstrate is formed when the latter
is cut in such a way that its c-axis is orientddva degrees away from its normal. As a
result, the vicinal substrate shows a step-likdaser morphology. When YBCO is
deposited on the vicinal substrate, the growth nafdée latter switches from island-
type to step-flow-type [Lowndes 1992]. Consequentlhe YBCO film's
microstructure becomes anisotropic in the planiefsubstrate. The direction parallel
to the surface steps is denoted as the longitudinattion, whereas the perpendicular,
the transverse direction. The vicinal angles engian this study are flat=0°, 5°, 10°

and 20°.

[ X-ray source X-ray detector E
[ ~ e
| | N\, // I
f 68 MNy A\O
)Sr‘ri(),‘ [001) . goreey ¢ | . VAN B
3 1 SrTiO, [010] P R
| P ‘

SrTiO; |

Figure 3.2 Schematic diagram of a vicinal STO galst
[Mechin 1998]
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Splayed BaZr@(BZO) nanorods were incorporated inside the YB@@ by
depositing BZO-doped YBCO on vicinal STO substrafBise BZO concentrations
used for this study are: 2 vol.%, 4 vol.% and 6%ol
3.2 Characterization of surface morphology

The surface morphologies of the films studieceh&ere investigated using a
JEOL scanning electron microscope (SEM) and Veedomnia force microscope
(AFM). In an SEM, a sample is imaged by using derasl high-energy beam of
electrons. Figure 3.3 illustrates the schematicaotypical SEM. The electrons
produced by the electron gun are attracted to tloele@ and accelerated towards the
sample stage. On its way down, the electron beatolisnated by a condenser lens
and then focused by an objective lens. Scanninig eoé used to raster the electron
beam across the sample surface. When the elecaam lzollides with the sample
surface, electrons are emitted off the latter dredemitted electrons are collected by

an appropriate detector and fed into a cathodéutas/ [Goldstein 2003].

Scanning Electron Microscope

Electron source

Anode

Condenser lense
Electron beam —

& E Scan coils

Secondary
electron detector i M

www.substech.com

Objective lens

Sample

Figure 3.3 Schematic diagram of a scanning electron
microscope. [www.substech.com]
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On the other hand, the AFM employs a microscaldilever with a sharp tip
at the end to scan the sample surface. This istifited in Figure 3.4. The sample is
mounted on a stage controlled by piezoelectronsenehts that facilitate tiny but
accurate and precise movements, which enable the precise scanning of the
sample’s surface. The interaction between the nigh the sample surface causes the
cantilever to deflect. This deflection is typicaligeasured by using a laser spot

reflected from the top surface of the cantileveo ian array of photodiodes [Cohen

2008].

Detector and
Feedback
Electronics

Photodiode

' L357
R
L
9
\ J/
\ /
Vi

% /
— LY ,-/
Sample SurfaM Cantilever & Tip
. PZT Scanner

Figure 3.4 Schematic diagram of an atomic force
microscope. [http://en.wikipedia.org]

3.3 Characterization of crystalline structure

The crystalline structure and phase purity of files were investigated by
using a Bruker D8 x-ray diffraction (XRD) systemiffiaction occurs when x-rays
incident upon a samplare scattered by the atoms in the latter and underg

constructive interference in accordance to Bralyts(nA =2d sind). A diffraction
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pattern is obtained by measuring the intensity aattered waves as a function of
scattering angle. Very strong intensities knownBaagg peaks are obtained in the
diffraction pattern when scattered waves satisyBhagg condition [Warren 1990 and
Kittel 1995]. A typical illustration of an XRD syain is depicted in Figure 3.5. It is
composed of an x-ray source, detector and samatge shounted on a goniometer.
The crystalline orientation is determined by doa@-26 scan. Rocking curves ar-
scans are used to determine the out-of-plane aéghwor thin films. This is achieved
by setting the x-ray source t (which corresponds to a certain d-spacing) and
allowing the detector to graze at a certain range angles. The full-width-at-half-
maximum (FWHM) of the peak is then measured. Ondtrer hand, ap-scan is
employed to determine the in-plane alignment of ftmes. A pole figure (acquired
from Oakridge National Laboratory) is measured fated scattering angle (constant d
spacing) and consists of a seriegpefcans (in-plane rotation around the center of the

sample) at different tilt oy (azimuth) angles.

Sample stage

Figure 3.5 Schematic diagram of an x-ray diffractsystem.
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For the case of the vicinal films, the followingegg$s were done to determine
the crystalline integrity. First, thigand B were set to the angles corresponding to the
(005) peak of YBCO. Then thewas set to the vicinal angle of the substrate aapd
scan was performed. The peak of ¢hscan corresponds to the orientation where the
surface steps are parallel to the plane of theceoand detector. After the proper
orientation of the planes was determined,tfamgle was optimized. Finally, tite20
and rocking curves of the (005) peak were obtafoedhe vicinal films. The in-plane
alignment was determined by first setting the 20 and y angles to the angles
corresponding to the (103) planes (which are 18°,&hd 45°+8,, respectively) and
thene-scans were done. The FWHM of the peaks inptiseans were then measured.
3.4 Microstructure characterization

To study the cross-section of the films in thisrkyaransmission electron

microscopy (TEM) was done in the Air Force Resedatioratory. Cross-sections
were prepared using a FEI Nova 600 NanoLab and BB&@3used ion beam systems.
Care was taken to cut the cross-sectional foilpgraticular to the vicinal steps, so
that the effects of the modulated surface could diectly observed. The
microstructures of the films were studied usinghdips CM200 and FEI Titan TEM
operating at 200 kV and 300 kV, respectively [Ba689].
3.5 Fabrication of YBCO microbridges and contact pads

A standard photolithography technique, whichlligstrated in Figure 3.6(a),

was employed to fabricate microbridges on the fishglied in this work. Due to the

anisotropic nature of the vicinal films, two pergeular bridges with dimensions of
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20 um x 500 um were patterned on the films; ongderis parallel to the surface steps
(longitudinal) while the other perpendicular to theps (transverse). The film was
spin-coated with an S1813 positive photoresist wliickness of approximately 1.3
um for 60 seconds at ~4000 rpm. The film was thakell at 90 °C for 5 minutes.
Afterwards, the film was exposed to UV light forG-8econds using a Karl-Suss Mask
Aligner and then developed in a 1:3 solution of noposit developer and deionized
water. The exposed film was etched using 0.05%cndcid and the remaining
photoresist was rinsed off using acetone. Silvertax pads were deposited on the

films by using DC sputtering. The final circuitiisistrated in Figure 3.6(b).
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Figure 3.6 lllustration of (a) the photolithograppyocedure
[www.hitequest.com] and (b) final circuit with caat pads.

3.6 Characterization of electronic properties

After patterning, gold wires are attached to tbetact pads using indium. The
film is then mounted on the probe stage using atkemperature Apiezon N grease
and the gold wires are soldered to the contactspdste stage can be rotated to a
maximum of 120° clockwise and 120° counter-cloclkewi$ransport measurements
were done using the standard four-point probe tgcienin an 8 T-superconducting

magnet. The resistance versus temperature amg function of applied magnetic
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field strength (#H) and orientation (¥) were measured. For thg@lmeasurements,
the samples were mounted in such a way that theiias always in the maximum
Lorentz force configuration. An illustration is aln in Figure 3.7. Jwas
determined by applying the 1pV/cm criterion. A Kédty 2430 Pulsed-Current source
with pulse width of 500 ms was employed for |-V m@ements for minimal Joule
heating. A Lakeshore 330 temperature controller amdHP 34420A nanovoltmeter

were used in these measurements.

Film normal

Film transverse
cross-section

Figure 3.7 Schematic of-8 measurement.

3.7 M agneto-optical imaging

Magneto-optical (MO) characterization was perfadnrethe Applied Physics
Laboratory at the University of Wisconsin using edBped magneto-optical garnet
film with in-plane magnetization grown on gadolimugallium garnet substrates
[Polyanskii 1999 and 2003]. The sample was mourdada cold finger of a
continuous flow optical cryostat capable of cooling~6 K located on an X-Y stage
of a polarized optical microscope in reflective raod silicone heat sink compound
created a tight temperature contact between therhotace of the sample and the

cold finger. To register the normal component & thagnetic flux distributioflz on
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the sample surface the indicator film was placedhentop sample face without any
restraint. A silicon diode and the LakeShore terapge controller adjusted the
sample temperature. The external magnetic field agsied perpendicular to the
film plane by a small solenoid surrounding the céither [Polyanskii 1999 and
2003]. A digital camera was used to record the ragoptical images. A
deconvolution procedure [Perkins 2002] and depthasmeements of the flux
penetration into films [Brandt 1993 and Polyandl@b6] were used to calculate the J

distribution and its anisotropy in flat and vicirsgimples.
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Chapter 4

Enhancing self field and low field J. via nanotube pore pinning

High 1 at applied magnetic fields <0.2 T is necessaryttier application of
YBCO films in electrical devices such as transnoissi cables. This can be
accomplished by doping YBCO films with low densif¢97 pins/um), strong
pinning centers. From the discussion in Chapteh@,immobilization of magnetic
vortices would be optimum if the change in the orgarameter between the
superconducting phases and surrounding pinningered abrupt and enormous. In
other words, strong pinning can be achieved if ¥@d pores are utilized as pinning
centers. Furthermore, since columnar defects hagr bbserved as the most efficient
pinning center, it is most favorable that the vads columnar or tube-like. Also, the
dimensions of these columnar voids should be onotder of a few to a hundred
nanometers since the size of the vortex core ighensame order of magnitude.
Columnar voids on the order of a few microns wilgnsficantly reduce the
superconducting volume. However, it is difficult tgenerate nanotube pores in
YBCO films and it is especially challenging to carithe pore size and density.

In this chapter, we report enhancedalues up to 8.3 MA/chat 77 K and SF
in YBCO films by doping nanotube pores of low dénsin the order of several

pores/um. The process we have developed for fabricatiothee porous YBCO
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films has two important components: nanoparticlaegationand substrate miscut,

both are used for controlling mechanical strainf@YBCO lattice at nanoscale.

4.1 Surface mor phology, cross-section and crystalline structure of porous vicinal
YBCO films
Figures 4.1(a) to 4.1(d), taken by SEM, illustrtte surface morphology of

0.2 um thick YBCO films deposited on flat},3.0° and 20° vicinal STO substrates. It
is noticeable that the surface morphology of thenal films is highly porous while
the flat film’s surface morphology is smooth anchsle The vicinal angle of the STO
substrate does not seem to affect the pore desigitificantly in the angle range of 5°-
20°, while the morphology of the pores experieneesystematic change with
increasing vicinal angle. At smaller vicinal anglése pores are more isotropic while
at larger ones, they seem to be squeezed alortgatieverse direction (perpendicular
to the surface steps) and become considerably teoysn The pore density of the
porous vicinal films is 53 pores/prhand the pores’ dimensions are in the range of a
few to a few hundreds of nm when thg(angle between the film normal and the c-

axis) is in the range of 5-20
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Figure 4.1 SEM pictures of Oim thick YBCO
films deposited on STO substrates with
different vicinal angles: (a) flat, (b) 5°, (c) 10°
and (d) 20°. [Wu 2008]

It should be mentioned that on vicinal substratesst pores run through the
entire or a large portion of the film thicknesstaga few micrometers. This is revealed
by the TEM cross-section of a 1 pum-thick porous YB@m on a 15° vicinal STO
substrate depicted in Figure 4.2. It is noticedbé the pores seem to initiate near or
at the substrate-film interface. The inset of Fegdr2 shows the TEM image of the
film/substrate interface of the same film. Surfasteps, on which anti-phase
boundaries (APBSs) initiatean be clearly visualized. The step width is inridwege of
3-5 nm and the step height is comparable to thesclattice constant ofBCO. It is
also shown that the ab-planes of these porousalidilms are tilted from the film-

substrate interface bydyand the film-substrate interface is mostly filledh defects
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such as stacking faults. Although the interfacéighly defective, the YBCO Ilattice
looks nearly perfect above ~5-10 nm from the ieiesf after the appearance of
stacking faults. This means that the lattice stdaiga to vicinal growth may initiate at

or near this thickness.

Figure 4.2 TEM cross-section of a Juth thick YBCO film deposited on 15°
vicinal STO substrate. Its inset shows a TEM imafighe film/substrate
interface of the same film. [Wu 2008]

The YBCO films grown on vicinal STO substrates araxis oriented as
confirmed in XRDB-20 scans. In addition, no other impurity phases waséle
from the XRD spectra. The c-axis of the vicinal YB@Ims is tilted away from the
normal by an angle close to the miscut angle ofstifestrates. Figure 4.3 depicts an
XRD (005) pole figure of a 2.Am thick YBCO film on a 10 miscut STO substrate.

The split center pole is because of detector sédarand the extra four poles are due
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to the YBCO (104) reflections having the same deBaas (005). The tilt angle of
~11.0 is clearly shown. This indicates that the YBCIm$& grew epitaxially under

the influence of the miscut substrate. The epatagrowth of the film is evidenced

from the four clear poles.

Figure 4.3 XRD (005) pole figure of a
2.0 pm thick YBCO film on 10°
vicinal STO substrate. [Emergo 2004]

4.2 Nucleation and evolution of nanopores

To understand the mechanism of the nucleation efopares, very thin
YBCO layers were grown on top of vicinal STO suatds. Figure 4.4(a) shows the
AFM image of an 8 nm-thick 20° vicinal YBCO film.aMoparticles (NP) with density
of ~9.3x10/cn? were observed on the surface of this film. Howevee, density of
NP’s was reduced to ~3.4x16én? when the film thickness was increased to 16 nm, as
shown in Figure 4.4(b). An AFM scan of this film higher magnification, as
illustrated in Figure 4.4(c), shows the presenceaasfopores. A closer inspection of a

nanopore reveals the presence of a nanopartithe diottom of the nanopore (Figure
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4.4(d)). Indeed, a line scan of the same nanopamérms the existence of a hump on
its base. Interestingly, the density of these nareg corresponds closely to the
difference between the density of nanoparticlethen8 nm and 16 nm thick films.
This strongly suggests that the NP’s seem to cagatlye nucleation of nanopores. As
a matter of fact, a TEM cross-section of a nanopdustrated in Figures 4.5(a) to (c),
reveals a nanoparticle underneath the nanoporair@ig.5(b)). Chemical analysis

revealed that the nanoparticle is composed@;YFigure 4.5(c)).

Figure 4.4 AFM images of (a) 8 nm-thick and (b) A-thick YBCO films
deposited on 20° vicinal STO substratsspectively. The nanopores just initiated atop
NPs are circled on (c); (d) AFM image of a selegiete and the inset shows the depth
profile. The x-direction in the inset is the scarection defined by the green line in (d). A
NP at the bottom cthe pore can be clearlvy see€[Data taken by Guowei XI|
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50 nm

Figure 4.5 (a) TEM cross-section of a nanopore;TBM image of the base f anopore
showing a nanoparticle underneath; (c) higher g image of the nanoparticl®ata taken
by Dr. Hong Hui Chou.]
Interestingly, YBCO films grown on flat LAO subates with a buffer layer
of Y03 nanoparticles also exhibited a porous microstrecttdlowever, the pores in
these films were annihilated at film thicknessesatgr than 0.45 pm, which is
contrary to the nanopores in vicinal films thatgerup to a film thickness of 3 pm.
This suggests that the strained lattice in vicinal YBfi@s plays a vital role in the evolution
of the pores through large thickness.
4.3 Comparison of critical current density and pinning force density between
dense and porous YBCO films
Figure 4.6(a) compares the longitudinglad 77 K of three porous YBCO
films and a reference YBCO film as a function ofgmetic field (H) on a log-log
scale. The H field was applied along the normaheffilm. It is clearly seen that all
of the porous YBCO films carry significantly highdrvalues than their reference

counterpart in SF and low H fields. The SFvdlues of these three films are in the

range of 8.0-8.3 MA/cfy which is significantly higher than that of thefexence
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YBCO film. Notice that the flat YBCO film’sJof ~4.0 MA/cnfis within the range
of J values obtained from optimized standard YBCO fikwithout impurity doping
[Foltyn 2007]. A similar trend was also observedother temperatures and the
longitudinal 4 comparison of the same four samples at 65 K isvehim Figure
4.6(b). The SF.values in the range of 15.2-17.5 MAfcwere obtained on porous

YBCO films as opposed to 7.8-8.5 MA/Efior the reference samples.
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Figure 4.6 Comparison of the longitudinglvalues of a reference and
three porous vicinal YBCO films with H||film normat (a) 77 K and (b)
65 K. All samples have thickness 0.2 un. [Wu 2008
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We argue that the significant increasedn df these vicinal samples is due to
the strong magnetic pinning provided by the nanetptres. The pinning potential of

the nanopore surface can be approximated from thalde derived from the relation

VvV OIN for the flux creep [Tahara 1991 and Blatter 19%hce the N value is
proportional to the pinning potential and the laiteproportional to o) a correlation
between theJand N value is expected. Indeed, in low field agH+0.01 T, the J
values were found to follow the trend of the N \alas shown in Figure 4.7(a).
Furthermore, the N value and df the porous vicinal films follow the same field
dependence up to H~0.05 T as shown for the 20°Isamg-igure 4.7(b). However,
the N value and.Hiverge from each other above H~0.05 T. While otkasons may
exist, the lower accuracy in approximating the Nugamay be a dominant reason at

higher H due to the more broadened I-V curve asvehno the inset of Figure 4.7(b).
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Figure 4.7 (a) Comparison of the and N values of the four samples shown in
Figure 4.6 at 77 Kand 0.01 T. (b) Normalized Neeahnd Jas function of H for a
porous 20° vicinal YBCO film. Inset refers to th¥ lcurves at different applied H
fields. [Emergo 2008]
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At low H fields, the J, values of the vicinal films are comparable, whish
plausible since ] is the J in the ab-plane and should not be affected bynaici
angles. At higher H>0.01 T, the Jalue in both flat and vicinal samples decreases
monotonically while a qualitative difference exist® the former, J decreases
gradually with increasing H field. In the lattelnetd decreases more rapidly after an
apparent “shoulder” in the-H plot, occurring at H~0.01-0.02 T. This shouldeay
correspond to the applied H where the density ajmatic vortices exceeds the pores’
matching field H~ 6-16 mT estimated from the pore density #8 pores/prh This
shoulder was also observed in the normalized Néi @i the porous vicinal film in
Figure 4.7(b). It is plausible that a switch fromrg surface pinning to bulk pinning
may have occurred near this shoulder. However,stvitch is not expected to occur
in the flat YBCO film since it has the same pinnimgchanism for the whole field
range.

Above the H, the J, in porous YBCO samples is determined by the bulk
pinning centers available. The defects that weretipmbserved in these porous
vicinal films include nanoparticles (where the moreicleated), stacking faults along
the ab-planes and anti-phase boundaries (APBs)edte and screw dislocations that
may serve as dominant pinning centers in the fBCY samples are eliminated in
the vicinal samples when the growth mode is swidcfrem island-type [Hawley
1991 and Gerber 1991] to step-flow type [Lownde82]9Also, the columnar defects
that were observed on nonporous vicinal film witlnehsions of 2-3 nm that traverse

the entire film thickness [Lowndes 1995] were nbserved in the porous vicinal
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films. However, we are not ruling out the existent®ther types of defects in these
porous vicinal films, but we argue that their densnay be small.

Since most of the nanoparticles observed in oarsfiare nucleating sites for
the nanopores, the nanoparticles and nanoporeshaay more or less the same
density, on the order of §+6-16 mT. Furthermore, even though other planaeasf
parallel to the ab-planes such as stacking fawt® lbeen observed on these porous
vicinal films, they are not expected to make siigaifit contributions to the; J when
H is not parallel to them. Nevertheless, they a@eeted to improve the Jwhen H
is parallel to the ab-plane (H||ab). As a mattefacot, a study on the H-orientation
effect on J, of these vicinal films [Emergo 2009(a)] showedighdly higher J peak
at H||ab compared to that of a standard YBCO filhus, the most likely remaining
defects in the porous vicinal film that may sergeballk pinning centers are APBs.
The APBs observed in nonporous vicinal YBCO filme anostly observed at the
film-substrate interface with a vertical length affew unit cells. They are planar
defects along the L-direction with a matching fi¢lg, estimated to be ~60 T for
APBs with a mean distance of 6 nm [Haage 1997].exbeless, the benefit of APBs
on pinning was observed in thg Jneasured in the low field region of H~0.1-0.3 T
[Cantoni 2005]. Thus, the higheg Jalues observed in porous vicinal films in the
intermediate field region of kkH<0.3 T may be due to the APBs.

To further analyze the factors affecting the H-demnce of thec] in the
porous vicinal films, the H-dependence of the pugriiorce per volume (f is shown

in Figure 4.8, comparing three films: a flat YBC&n 8° nonporous vicinal YBCO
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(derived from Cantonet al’s study [Cantoni 2005]) and a 10° porous vicinal Y&C
For the vicinal samples, fs along the longitudinal direction. At H<0.03 the 10°
porous vicinal YBCO shows the stronggstduggesting the pore surface pinning is
stronger than the APBs pinning in the nonporousglcsample and the bulk pinning
in the flat sample. However, the crossover at H3(.0of the §'s of the porous and
nonporous vicinal films (which more or less coiregdwith the gH “shoulder”
discussed above) may signify the switch from pardase pinning to the APBs
pinning. Notice that the nonporous vicinal film Haigher § at H>0.05 T than the
porous vicinal film, which is not unexpected sirthe former has much higher APB
density than the latter. At H~0.1 T, thg durves for the two vicinal samples
experienced a crossover with that of the flat YB&fnple and above H~0.1 T the
flat YBCO film has the highest.fOne possible explanation for this crossover & th
the APBs are relatively weaker pins since theigtens only a few percent of the
whole vortex length at 200 nm film thickness. Capsmitly, their effective pinning
strength may be lower than that of the throughkiiéss screw dislocations and
randomly distributed second phase inclusions in ftae YBCO films. A similar
crossover of thegJ in porous vicinal samples with the af the flat sample observed
at H~0.25 T may be due to the same reason. Iniaddibur recent experiment on
adding BZO nanorods to the vicinal YBCO films shothat this crossover can be
eliminated, supporting the argument that the cnemsas caused by lack of the

pinning centers in vicinal YBCO films [Emergo 20ay(
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Chapter 5

Anisotropy of the normal and superconducting properties of porous vicinal

YBCO films

YBCO is composed of superconducting layers andsirmsulating blocks,
which results in a large anisotropy of the resistj\yp(T), and J [Matshushita 2007].
In fact, the room temperature resistivitysdox) along the c-axis is an order of
magnitude higher than that along the ab-plane. ,Allse p(T) along the ab-plane
shows a metallic behavior while thg(T) along the c-axis exhibits either a
semiconducting or metallic behavior depending one tloxygen doping
[Friedman1990, Takenaka 1994]. Consequently, thibowing along the c-axis is
much lower than that in the ab-plane. Finally, &cwuksed in Chapter 1, the i3
much smaller in an applied magnetic field paralethe c-axis than in a field parallel
to the ab-plane.

It has been reported that the growth mode of ;tBgO;5 (YBCO) films
switches from island-type [Gerber 1991 and Hawle€391] to step-flow type
[Lowndes 1991 and 1994, Haage 1997, Habermeier,1B8&z 1999 and 2000,
Jooss 1999, Czerwinka 2002, Cantoni 2005 and Dju®095] on vicinal SrTi@
(STO) substratesyhere the c-axis is tilted at a small andg) (with respect to the
normal to the substrate [refer to Figure 3.2]. Tafly, the vicinal substrates are pre-

annealed at high temperatures in ultrahigh vacummich facilitates cleaning of the
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substrate surface and generating prominent sudies on the substrate [Lowndes
1991 and 1994, Haage 1997, Habermeier 1998, Bi@#® hnd 2000, Jooss 1999,
Czerwinka 2002, Cantoni 2005 and Djupmyr 2005]. Mmwnal YBCO film on
annealed STO substrates has a dense microstrudgthrsteps on the film surface. In
the direction along the steps, the so called logial (L) direction, electrons move
along the ab-planes while in the direction perpemdr to the steps (transverse or T-
direction), the electrons’ path has an anle with respect to the ab-planes.
Consequently, higher resistivity is anticipatednglahe T-directiony) as compared
to the longitudinal resistivityp, due to the intrinsic anisotropy of the YBCO
[Friedman 1990 and Takenaka 1994]. The out-of-pland in-plane resistivity
anisotropy ratiods/pay) on single crystal YBCO has been reported to i@at6l00 K
[Friedman 1990 and Takenaka 1994] while on vicMBICO films, very scattered
values of the ratio, ranging from 35 to 100, hawerb reported at the same
temperature [Haage 1997, Habermeier 1998, Czervdfika and Pedarnig 2002].

It should be pointed out that the YBCO latticesigined in vicinal growth,
which may sensitively dictate the electronic stmoet and therefore affect the
resistivity anisotropy. The critical current degsi is also anisotropic between the L
(J,L) and T (d7) directions in a vicinal YBCO film. This anisotrgpps, however,
affected by both intrinsic electronic structure aextrinsic defect structures. The
latter may behave differently in different magnetields (H). For example, the
antiphase boundaries (APBs) that occurred on tlenipent surface steps of the
vicinal substrate have been found to provide strpagsverse pins to the magnetic
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vortices in low fields, leading to higheg,;J The { anisotropy /X 1~1.67 was
reported on a 0.Am thick YBCO on an 8° STO substrate [Cantoni 2085]higher
fields, H > 0.3 T, however, the effect of APBs waand to be minimal and the J
anisotropy was reported to be ~1 on the same sample
On the other hand, when a YBCO film is depositedaly on an as-received
commercial vicinal substrate, the microstructurehef vicinal YBCO film becomes
highly porous, as discussed in Chapter 4 [Emerdg®2&mergo 2005, Polyanskii
2005, Wu 2008 and Emergo 2008]. Also, a signifisanhanced Jhas been
observed in these porous vicinal YBCO films, whialses a question about the roles
the pores play in the intrinsic electronic struetand magnetic pinning properties. A
systematic study of the transport properties, aldrly the anisotropy of the
resistivity and the Jas function of magnetic field, is important to dhasights on
this matter. Motivated by this, we have made a aemjve study of the transport
properties of porous YBCO thin films and referen¢cBCO films made under
optimized conditions. In this chapter, we repont experimental results.
5.1 Anisotropy of resistivity
The resistivity ) vs. temperature (T) plots for the flat, 20° and 20 vicinal
YBCO films are shown in Figure 5.1. The longitudiresistivitiesp,(T) of the vicinal
YBCO films are comparable, despite some subtleefices, to the resistivity along
the ab-planegy,) of the flat YBCO film in the entire temperatui@nge of 100-300 K.
Table 5.1 summarizgs. andpr for the 5, 10° and 20 YBCO films at 300 K. The
300 K resistivity in the flat and longitudinal diténs in vicinal YBCO films is in the
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range of 230-26QuQEm, which is typical of a standard c-axis orien¥8ICO film
measured in this work and reported previously riann 1990 and Takenaka 1994].
The ratio of the resistivity at 300 K and 100 psdox/pP1ook) Of the vicinal samples
ranges from 3.07-3.63, which is withit14% of the flat sample’pspox/P100k Of 3.18.

It should be mentioned that this ratio decreaséls iwcreasind,. As a matter of fact,
this ratio change results in a 20% differencepipat 100 K between the 5° and 20°
samples, as listed in Table 1. In addition, theflthe vicinal samples in the range of
89.24-89.36 K is comparable but slightly lower ththat (89.89 K) of the standard
sample. The slightly convep, -T curves for all four samples indicate that minor
oxygen deficiency may occur in all samples. Thisnse to be reasonable considering

they were made in the same run under identicalgsing conditions.
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Fig 5.1 Resistivity versus temperature plots of ihgitudinal
and transverse bridges of Quen-thick porous 5 10° and 20
vicinal YBCO films. [Emergo 2008]
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“ﬁf&? (Fp‘LQ E‘;;‘f‘)) (“gém) (“ggm) (“f%m) (%Tégﬁb) (%C(/)g&b) (qcc/)g?b)
(300K) | (300K) | (100K) | (100K)
flat | 263.6 | 263.6 | 82.77 i 1 i i
5° 234.3 302 63.84| 394150 129 3982 6174
10° | 2348 | 5041| 6670|] 411822 215 3902 6174
20° 236 | 1339.4| 77.00| 4969.11 568 4097 6453

Table 5.1 Summary qap, pr, Pc @nd anisotropydr/pL, pd/Pay) for porous 5,
10° and 20 vicinal YBCO films at 100 K and 300 K. [Emergo &)O

The transverse resistivifyr(T) of vicinal samples [dash-dot lines in Figure.
5.1 is systematically higher and increases mono#tlyiwith 6, (as listed in Table 1)
due to the increasing contribution of the c-axisnponentp(T). To assess this

contribution quantitativelyp.(T) was estimated using the rotation of the restgti

tensor byo, expressed a$c=(pT-p,_CO§9V)/ (sinzev) [Yun 2000]. Thep(T) data

are depicted in Figure 5.2. It is shown that pbd curves of all three vicinal YBCO
films are comparable over the temperature rangd0ff-300 K with a metallic
behavior, which is characteristic of an optimalkygenated YBCO film [Takenaka
1994]. However, the calculatgut values of all three vicinal YBCO films, on the
order of 3900-500QQ[@m at 100 K (as summarized in Table 5.1), are higten the
reportedp. value for an optimally doped (~6.93 oxygen pet ggil) twinned single-
crystal YBCO of ~340QuQldm [Friedmann 1990 and Takenaka 1994]. A possible
reason for the observed highgris the minor reduction of Tcaused most probably
by minor oxygen deficiency as suggested in phel study. For a 120 nm-thick

nonporous YBCO film on annealed 10° STO substrai@ageet al reported an
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increase in the. to ~6000uQ[dm at 100 K [Haage 1997], which is about 76% higher
than that of the twinned crystal [Friedmann 1996 dakenaka 1994]. Considering
the decrease incbf ~3-4 K [Haage 1997] for this nonporous vicisample, it seems
that the highep. in our porous vicinal samples cannot be fully acted for by the
minor T, decrease of ~0.5-0.7 K. Another factor that camsep. to change is the
uni-axial pressure along the c-axis [Crommie 198@isically,p. increases when the
c-axis is expanded. Indeed, a 0.05% c-axis lattarestant increase was observed in
the x-ray diffraction study of the 1@orous YBCO films, which is expected to raise
pc by ~16% according to a previous report [Crommi82]9This, together with the
~10% p. increase due to the; Teduction, is close to the ~218p increase observed
on this sample. Furthermore, the observed systenratiease irp; with increasing
vicinal angle is not unexpected since therdduction and c-axis expansion increase

with increasing vicinal angle.
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Figure 5.2 Temperature dependencedf the porous § 10° and
20° vicinal YBCO films. [Emergo 2008]
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The resistivity anisotropy ratios at 100 K and 30Cor the three vicinal
samples are listed in Table 5.1. Since the temperaiope op. is smaller than that
of pap, higher resistivity anisotropyp{/pa,) was observed at lower T, as shown in
Figure 5.3(a). The anisotropy increases by abo& @&®m 300 K to 100 K. The
normalizedpd/pap vVS. T curves for § 10° and 20 vicinal samples nearly coincide in
the normal state as shown in Figure 5.3(b), inthgathat the integrity of the YBCO
lattice and its electronic structure in vicinal YBCfiims are well maintained at
relatively small vicinal angles up to 20This argument is further supported by the
comparable values @i/pap at 100 K of our porous YBCO films (61.7-64.5) wittat
of single crystal YBCO film (~60) [Friedmann 199@Gda Takenaka 1994]. It is
interesting that the three vicinal samples havg etsep/pap ratios at 100 K since

the increase i, affects both th@. andpa, in a similar way.
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Figure 5.3 (a) Temperature dependencepgdpa., for the
porous 8, 1¢° and 20 vicinal YBCO films; (b) Normalized
temperature dependence p§/pap for the three samples
mentioned above. [Emergo 2008]

5.2 Anisotropy of flux penetration

Figures 5.4(a) and (b) illustrate the magneto-aptfMO) images taken at T
=10 K and H= 28 mT on a flat and a 10° vicinal YB@n with film thickness of
0.2 um. The flat sample (Figure 5.4(a)) has moréess uniform superconducting

properties everywhere around the sample [Polyan2Ri05]. In homogeneous
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superconductors of square or rectangular shapegnetia flux starts penetrating at
the middle of the sample edges [Polyanskii 199@] torms a “roof” pattern with
well-developed diagonal lines (discontinuiiyline). These diagonal lines represent
the region where the current changes directiond3y Bhese dark color contrast lines
are well visible in the MO image in Figure 5.4(a)hén H field was increased to 28
mT). The flux carrying regions have the bright cast. The dark square at the center
of the sample expels the external magnetic field anly the Meissner current
circulates in this area. In contrast to the flampkes, the 10° vicinal YBCO film
(Figure 5.4(b)) shows a very anisotropic flux peagdn along the longitudinal and
transverse directions. The magnetic flux exhibitspacific filamentary pattern and
penetrates more easily along the longitudinal) @rection due to the planar anti-
phase boundaries (APBs) [Jooss 1999] generatedcinal films during epitaxial
growth. The APBs serve as strong pinning centerly éor magnetic vortices
traveling transverse with respect to the APBs [ad§97]. It is clearly seen in
Figure 5.4(b) that the magnetic flux penetrates the sample along the Rlirection
deeper than in the flat sample.

Figures 5.5(a) and (b) show, respectively, theastimnes and map of
magnetization current extracted by a deconvolupmtedure [Perkins 2002] of the
same sample in Figure 5.4(b) at 10 K and 120 m&. d&iculated images confirmed a
very anisotropic current distribution in the vidifdm. The streamlines are much
more dense in the direction of the growth steps @ntsequently the.J is much

larger than ¢r. Figure 5.5(a) illustrates that the streamlinesthe magnetization
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current flow uniformly along all edges of the sampind change direction by 90°
directly on thed-lines where the strong contrast appears on MO @naghe map of
current distribution shows different intensity c@asts, which reflect the values Qf |
flowing parallel and perpendicular to growth stefpbe segments on the top and
bottom of the image are brighter than in the dicgcperpendicular to the steps of
growth. The intensity of the contrast ratio reffe¢he anisotropy of the critical
current. The ¢ is about 3.5 times higher than thgr &nd this ratio is in good
agreement with the anisotropy of critical curretatisen by MO on a similar YBCO
sample (0.24 um thick 10° vicinal film at 4.2 K [&tge 1996]).

In order to study the temperature and field depeceke of the Janisotropy of
the 10° vicinal YBCO film, the lengths of the flpenetration Hrom the edges of
this sample andl2widths (width of flux-free Meissner region) were asered. The
J's along the longitudinal and transverse directi@tsdifferent temperature and
applied field were calculated using the proceduescdbed in references [Brandt
1993] and [Polyanskii 1996]. The same procedure aygsied to calculate the of
the flat film. It was observed that thg; #lo not depend on H for 88<80 K as long
as H is below the field of full flux penetratiorrigure 5.6 presents the T-dependence
of  in the 0.2 um thick flat and 10° vicinal YBCO filntgsken at 10 KT<80 K. As
seen from the plot, the. J (closed triangles) is much higher than the (tlosed
squares). The flat sample (closed circles) hagmluies higher than.J at T< 15 K.
However, with increasing temperature theoflthe flatsample decreases faster and
becomes lower than;J and even lower than.g at = 50 K. The plot of the
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anisotropy of Jin the 10° vicinal YBCO sample is shown as a functof T in the

inset of Figure 5.6. The solid circles are the M(ezimental data in the zero field-
cooled (ZFC) regime, and the open circles, areddleulated ratio of PL/PT in
remnant mode. Both measurements show the samésresainely, the influence of

the growth steps is slowly disappearing with insneg temperature.

=

I mm — —

Figure 5.4 MO images of flux behavior in the 0.2 gimck (a) flat and (b) 10°
vicinal YBCO samples taken at temperature T=10 Id & 28 mT. v is the
sample width, B is the width of flux-free Meissner region aRtl andPT are the
depths of flux penetration parallel and perpendicuo the steps of growth,
respectively. [Polyanskii 2005]

I mm  —

Figure 5.5 (a) Contours of the magnetization curstreamlines and (b) current
distribution map calculated by deconvolution pragedfor MO image of the
same sample in Figure 5.4(b) taken at 10 K anddi20O[Polyanskii 2005]
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Figure 5.6 Temperature dependence.@f dhe 0.2 um thick flat (circle) and 10°
(square and triangle) vicinal YBCO samples. Insketdependence of the; J
anisotropy (J. /&) in the vicinal sample. [Polyanskii 2005]

5.3 Anisotropy of transport J.

The transport] (solid) and Jr (open) of the % (red), 10 (green) and 20
(blue) porous vicinal YBCO films are shown as fuoictof magnetic field at 77 K in
Figure 5.7. The highly anisotropig dbserved in the MO images were also observed
here. Quantitatively, in the SF, the ratio gf/J. 1 is around 2.45 for the 10° sample.
Figure 5.7 also reveals that the ahisotropy is strongly affected by the applied
magnetic field and the detailed analysis will beegi in Figure 5.8. The low-field (SF
and 0.01 T) and high-field (1 T} anisotropy is listed in Table 5.2 fof,5.0° and 20
films, respectively.

The detailed analysis of thgJof the vicinal films with respect to applied

magnetic field was given in Chapter 4. It was obsérthat the ] at low field is not
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affected by the substrate vicinal angle. The Vhlue of the vicinal samples, on the
other hand, decreases with increasing vicinal adgéeto the increasing contribution
of the c-axis component. However, it is interestiogpoint out that the Sk Jdin the

5° YBCO film is still 32% higher than that of thatfYBCO film's J. Since the APB
pinning is known to contribute along the L-directionly, this higher Jr in porous
film with small vicinal angle may be attributedttee strong pore surface pinning. For
the 10° and 20films, the Jr is lower than thecdin the flat sample due to a more
reduced cross sectional area of the current flothénab-plane. It should be noticed
that the observed g on the 10° porous vicinal film is ~35% higher ttiaat reported
on an 8° nonporous vicinal YBCO film [Cantoni 2005indicating the benefit of

strong pore surface pinning in improved at SF and low H.

T T bRl | T T
10" o £
b I — Ao -
O——0-0-0 DED:EE’.
O——0-0-0-—0m-0g
<_10°+ 3
g 1 T=77K
s ] —ml—5° JC’L
g —0—5°J,
ik ] 100,
1077 10°0 E
] —m—2003
—0—20°J
T LR | LR | LA | LR |
1E-4 1E-3 0.01 0.1 1
H (T)

Figure 5.7 (a) H-dependence of the transpqrahd J 1 values
of 0.2um thick porous § 10° and 20 vicinal YBCO films.
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A similar J-H trend can be observed along the T-direction tfer same
reasons discussed for the L-directign lh fact, the switch from pore surface pinning
to bulk pinning may occur in the T-direction. Theperimental data supporting this
argument are the similar locations of the H~0.0120r “shoulders” in the L- and T-
directions, which is expected from the same pomesite in the two directions. To
quantify the Janisotropy, Figure 5.8 shows the ratio gffd t as a function of H for
the three vicinal YBCO films. It is interesting tote that the three curves follow the
same trend qualitatively with a constapadisotropy ratio at low fields (H<0.01-0.02
T) followed by a rapid decrease of this ratio aghier H fields to a new constant

above H~1 T. Generally, theanisotropy increases with vicinal angle.
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Figure 5.8 H-dependence qf ). 1 of the porous § 10°
and 20 vicinal YBCO films at 77 K. [Emergo 2008]
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The constant anisotropy observed for 0 T<H<0.0ludgssts the same or at
least similar pinning mechanisms (such as the porface pinning) determining J
and J.r in this field range and the anisotropy may beilatted to the c-axis
contribution in the T-direction. One interestingsebvation worthy of mentioning is
that the ratio of the.Jbetween L- and T-directions is comparable to t#usorof
resistivity between T- and L-directions at 300 K fdl three vicinal samples (see
Table 5.2). The rapid decrease in anisotropy at 0€H<0.2 T may be due to the
rapid diminishing of the APBs’ pinning strength. Wéhthe mechanism is not fully
understood, Jooss al also observed this rapid decrease in anisotrapy $.01 T to
0.2 T on a nonporous 0.24m-thick YBCO film deposited on annealed®°18TO
substrate at 5 K [Jooss 2000]. At higher fields tiwo J directions only have
isotropic pinning centers and exhibit the samedfielependence and constant
anisotropy. Furthermore, we have observed tha 6r2um-thick 10° YBCO film,
the anisotropy value of ~2.45 obtained from thagpert measurement is 38% higher
than the previously reported anisotropy value ab~+theasured by MOI at SF and 77
K [Polyanskii 2005]. The MOI anisotropy of this spl® was observed to be 23%
higher than the reported MOI anisotropy of ~1.2&inonporous vicinal film of the

same vicinal angle and thickness [Djupmyr 2005].
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Miscut | I, /J.+ It I 1
Angle | (SF,77K) | (0.01T,77K) | (1T,77K)
flat 1 1 1
5° 1.46 1.40 1.19
10° 2.45 2.29 1.21
20° 4.86 4.92 2.02

Table 5.2 Summary & /J 1 for porous 8, 1 and 20
vicinal YBCO filmsat 77 Kand 0 T,0.01 Tand 1 T.

71



Chapter 6

Improving J¢(B,0) by incor porating splayed BaZr O3 (BZO) nanorods

In Chapters 4 and 5, tremendous improvement itothdield J was achieved
by doping the YBCO film with nanotube pores. Uniorately, the Jdrops rapidly at
H >20 mT due to an insufficient density of the name pores. Furthermore, at H
>0.2 T, the un-doped flat YBCO film has highertdan the porous vicinal YBCO
films because the edge and screw dislocationsntiagt serve as dominant pinning
centers in the un-doped flat YBCO samples are ehted in the vicinal samples
when the growth mode is switched from island-typestep-flow type [Lowndes
1992].

High I values at H >1 T are necessary for the applicatioiBCO films in
devices such as motors and generators [Larbal@i®r]. During the past decade or
S0, many exciting results have been obtained bgrpurating strong pinning centers
in YBCO films in order to enhance the in-fielgdahd reduce the; &nisotropy with
respect to the orientation of the applied magnigid [Foltyn 2007].Nanopatrticles,
such as BaZr@nanorods(BZO-NRs), which self-assemble into columnar defect
along the c-axis of the YBCO matrix have been fotmdramatically improve.Jby
factors of 1.5-5 in applied magnetic fields and éovthe Jsr (& in self field) to dst
ratio as compared to that in un-doped YBCO filmsigBoll 2004, Yamada 2005,

Goyal 2005, Kang 2006, Peurla 2006, Pe@0®7, Pompeo 2008, Mele 2008]. In
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addition, the strong correlated pinning provided thg aligned BZO-NRs in the
YBCO film resulted in a prominent peak in the argudependence of {J-0) when
the applied magnetic field H is parallel to thexisa(H||c). Consequently, the J
anisotropy between the H||c and H||ab directiorns dexreased. However, since the
BZO-NRs are aligned nearly perfectly along the s;athe in-field J is not much
improved or even reduced at field orientations dévg from the c-axis. This is
unfortunate for many applications of YBCO coateddectors, such as motors and
generators, wherein the generated strong magielticthay bend or twist causing the
vortices to stray from the correlated pins. Splgytolumnar defects in YBCO films
may provide an effective solution to this problerm fact, theoretical work by T.
Hwa et al predicted that splayed columnar defects forceexodgntanglement and
enhance J[Hwa 1993]. In addition, YBCO single crystals caiming splayed
columnar defects produced by high-energy Sn iomdiation was observed
experimentally to carry higheg(B) than those with more or less the same density o
uniformly oriented columnar tracks [Civale 1994].

Strain manipulation may provide a promising appho& achieve splayed
BZO-NRs via growth. In fact, the mechanism propose@xplain the formation of
BZO-NRs along the c-axis of YBCO films is similaw that responsible for the
vertical assembly of quantum dots (QDs) in heteitagp of semiconductors of large
lattice mismatch [Gao 2008]. The strain generatedich is determined by the
elasticity of the embedding material, serves asideation site for succeeding QDs

[Zhang 2004]. TheoreticgHoly 1999] and experimental [Springholz 1998] sasd
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have also shown that the complexity of the QD starkan be determined by the
elasticity of the embedding matrix and/or the gtowdirection of the QDs. This
implies that the alignment of the BZO-NRs in YBCQ@yrbe manipulated by altering
one or both of the above-mentioned parameters.i@naV SrTi0G; (STO) substrates
[Lowndes 1992], an anisotropic elastic strain i@ ¥BCO film exists [Haage 1997]
due to the mismatch between the substrate stepthaig the YBCO'’s unit cell. This
additional strain may produce a possible contrghefalignment of the BZO-NRs. In
this chapter, we show that a relatively simple expental method of depositing on
vicinal substrates - can be used to increase theage splay of the BZO nanorods
almost to the optimum predicted by theory [Hwa 1993s a consequence, a strong
benefit is realized and the & strongly increased for a wide range of angles,
compared to non-vicinal growth.
6.1 Surface morphology, cross-section and crystalline structure of vicinal
YBCO/BZO-NRsfilms
A comparison of the surface morphology between witehal YBCO and

vicinal YBCO/BZO-NRs films was made and scanningceion microscope (SEM)
images are shown in Figures 6.1 (a) and (b). Titlargy difference between the two
morphologies is the reduced density of nanoporek reamopore dimension in the
presence of BZO-NRs. This may be attributed to rthech reduced nanoparticle
formation with BZO-NRs doping. Our recent investiga suggests that these

nanoparticles serve as catalysts for nanopores.JU@8] It is also possible that the
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nanopores became squeezed by the additional BZQ-NRggesting that the

nanopores absorbed the strain induced by the ioset BZO-NRs.

b

Latie e ] 5° YBCO/BZO

Figure 6.1SEMimages of the surface morphology of 0.2 um tl(a) 5°
porous vicinal YBCO film andb) 5° vicinal YBCO/BZ(-NRs film.

A cross-sectional TEM image of the vicinal YBCO/BZ@Rs film is shown
in Figure 6.2. The BZO-NRs initiate near the filoisstrate interface and traverse
through the whole film thickness. The average widtlthe BZO-NRs is 5.72+1.62
nm, which is within the range of reported valuesy& 2005, Peurla 2006 and Mele

2008]. The ab-plane is tilted by ~5° with respexthe film-substrate interface and
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corresponds very well to the substrate miscut arf@msequently, the c-axis is tilted
by ~5° to the right of the vicinal YBCO/BZO-NRsifilnormal. Previously, our group
have reported that in the flat YBCO/BZO-NRs filninet BZO-NRs’ mean splay
around the c-axis is 5.3£2.4° [Baca 2009]. Reprade nanorods in Figure 6.2 are
labeled with white dashed lines and their andlesyith respect to the c-axis are also
included. The majority of the BZO-NRs is tilted tards the film normal with an
angle of up to 20° from the c-axis and thus, iseexgd to shift the.d peak to the
left of the c-axis direction. This asymmetric otegion of the BZO-NRs is a
manifestation of the anisotropic strain inducedvimynal growth. The mean splay of
the BZO-NRs around the c-axis is 9.7 = 3.0°, whgllmost twice that observed in
its flat counterpart. The splayed BZO-NRs are etgreto improve thec.Jvalues via
vortex entanglement as observed in Sn-irradiatedC®Bsingle crystals [Civale
1994]. Furthermore, it has been established tisgtlay angle of ~10° around the c-
axis results in the best values [Hwa 1993, Hardy 1996, Krusin-Elbaum 1986 a
Park 1997]. Due to the splayed distribution of BB2O-NRs, it is difficult to
determine the absolute defect spacing and matdielty B,,. However, an estimate
yields an average separation of 15.15+6.93 nm agpndthBhe range of 4.3 T-30.6 T.
The B, of ~9 T reported on flat YBCO/BZO-NRs films conteig a similar BZO

concentration falls within this range [Goyal 2005].
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Figure 6.2 Cross-sectional TEM data of a 0.2
pm thick 5° vicinal YBCO/BZO-NRs film.

Analysis of the lattice constants from the x-rayfrdction patterns, as
illustrated in the position of the (005) peaks igufe 6.3, showed that the c-axis of the
flat YBCO film increased from 11.74 A to 11.82 Aampinsertion of BZO-NRs. This
confirms previously reported c-axis expansion gt ¥ BCO/BZO-NRs films [Mele
2008]. Since the expansion of the YBCO'’s c-axisléetp an increase in the separation
between the superconducting Gu@lanes, T is usually reduced [Crommie 1989].
Thus, this expansive c-axis strain could be therduin the observed reduction of T
in flat YBCO/BZO-NRs films [Mele 2008]. On the othéand, the c-axes of the
YBCO and YBCO/BZO-NRs films decreased to 11.55 Al d1.56 A respectively

when grown on the vicinal substrate. Consequeltttig, slight compression of the c-
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axis is expected to improve; JTCrommie 1989] and indeddansport measurements
showed that the vicinal YBCO/BZO-NRs film has @of ~88.30 K, in contrastto & T
of ~86.14 K in the flat YBCO/BZO-NRs film. Finallyjgigure 6.3 also shows the full-
width-at-half-maximum (FWHM) of the (005) peak fitve four films. The addition of
BZO-NRs in the flat YBCO film increased the FWHMIn ~0.24° to ~0.34°. On the
contrary, the FWHM decreased to ~0.15° when the BWR3 were incorporated
inside the vicinal YBCO film, which is comparable the vicinal YBCO film’'s
FWHM of ~0.13°. This demonstrates that aside froispeising the BZO-NRs’
orientation, the vicinal growth also promotes hbetig/stalline alignment and reduces

T. degradation.
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Figure 6.3 FWHM of the (005) peak of the flat artdpBrous
vicinal YBCO and flat and 5° vicinal YBCO/BZO-NRifnfis.

6.2 Normal state propertiesof vicinal YBCO/BZO-NRsfilm
Figure 6.4 illustrates the temperature dependericth@p, for the four

samples shown in Figure 6.3. The flat YBCO/BZO-NiRa (blue) has the highesgt
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in the normal state while the vicinal YBCO samplgreén) has the lowest.
Interestingly, thep, of the vicinal YBCO/BZO-NRs film (red) is much l@vthan that
of its flat counterpart. At 300 K, th@ of ~252.60uQ-cm of the former is about
39.5% lower than that of the latter. In fact, theT curve of the vicinal YBCO/BZO-
NRs film almost coincides with that of flat YBCOmM (black), suggesting that the
detrimental strain on the flat YBCO/BZO-NRs lattitet causes clreduction anc,

increase could be eliminated by introducing adddicstrain via vicinal growth.
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Figure 6.4 Temperature dependence of the longidhdasistivity,

pL(T), of 0.2 um thick flat and 5° porous vicinal YBCand flat
and 5° vicinal YBCO/BZO-NRs films.

6.3 Comparison of J. in YBCO films containing splayed and non-splayed BZO-
NRs
The J's as a function of H (when H is parallel to thends) for the four
above-mentioned films are shown in Figure 6.5. Fhealue at self field of the flat
YBCO/BZO-NRs film falls within the range of repodi@alues [Goyal 2005 and Mele

2008]. The Jsr of ~5.4 MA/cnf in the vicinal YBCO/BZO-NRs film (red) is lower
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than that of vicinal YBCO film (green), which is stoprobably due to a more
effective defect-YBCO interface and therefore highmning potential energy in the
latter case [Wu 2008]. A possible culprit can abeothe decreased superconducting
volume in the vicinal YBCO/BZO-NRs film. Neverthske the Jsr in the vicinal
YBCO/BZO-NRs film is ~100% and ~28% higher thanttb&the flat YBCO/BZO-
NRs (blue) and flat YBCO (black) films, respectivelThis is not surprising
considering the combined benefits of better abgleonduction and higher. Th the
vicinal YBCO/BZO-NRs film. Comparison of the gk for the flat YBCO and flat
YBCO/BZO-NRs films at the same reduced temperathoaved that the latter’s lower
J.sr is not entirely due to its lower.TWang 2008]. The change in temperature
corresponds to only a ~60% increasedg:df the flat YBCO/BZO-NRs film [Wang
2008]. In the applied field of 30 mT < K5 T, the vicinal YBCO/BZO-NRs film
carries the highest among the four samples.

The inset of Figure 6.5 illustrates the compariebénl. as a function of H
(when H is along the c-axis) for 1.0 pm-thick #aud vicinal YBCO/BZO-NRs films.
The J-H trend of the two films follows the samgH trend of the 0.2 pm-thick films
at H< 2 T. However, at H> 2 T, a crossover between #lseod the flat and 5° vicinal
YBCO/BZO-NRs films occurs signifying a weakenedrpirg along the c-axis of the
latter. This suggests that the alignment of BZO-MR#g the c-axis in vicinal films

is not preserved at higher thickness.
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Figure 6.5 Jvs H plot of 0.2 um thick flat and 5° vicinal YBCidms and
flat and 5° vicinal YBCO/BZO-NRs films in log-logale. Inset: Jvs H plot
of 1.0 um thick flat and 5° vicinal YBCO/BZO-NR#nfis in log-log scale.

Figure 6.6 depicts the pinning force densky/Y=J(H)xH) as a function of
H for the four samples mentioned above. The flad atinal YBCO/BZO-NR
samples both show a strong peak in the H field eaofg?2-3.5 T, suggesting that the
BZO-NRs are responsible for pinning in both cas@srestingly, the peak location for
the vicinal YBCO/BZO-NRs sample is at ~2.5 T whitat of the flat one is higher at
~3.2 T. This peak location has been observed terdkpn the defect density of the
film but it does not correspond to the matchinddfifvlacmanus-Driscoll 2004 and
Mele 2008]. At the peak, thig,/V~12.8 GN/n? of the vicinal YBCO/ZO-NR sample
is about 44% higher than that of its flat countetrpahich may be attributed to the
improved pinning efficiency by “splaying” the BZORNcolumnar defects [Hwa 1993,

Civale 1994, Hardy 1996, Krusin-Elbaum 1996 andkP#&97]. The FWHM of the
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Fp/V peak in the former is about 4.3 T as comparesl 20T in the latter case, which is
probably caused by the lower density of BZO-NRgha vicinal YBCO/BZO-NR
sample. This suggests that better oveFgllvV performance may be obtained by

increasing the volume portion of the BZO-NR dopimgicinal YBCO film.
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Figure 6.6 Field dependence of the pinning forcesdg (F/V)
for the flat and vicinal YBCO films and flat and cinal
YBCO/BZO-NRs films.

6.4 Angular dependence of J.in YBCO films doped with splayed BZO nanorods
Figure 6.7(a) compares the angular dependencgaiflJ T and 77 K for the
four samples shown in Figure 6.6. Note that thé @eak of the vicinal YBCO/BZO-
NRs film is shifted to the left of the c-axis ditien by ~20°, confirming the tilt angle
observed from the TEM data. In fact, a comparisbthe J-0 plots at 5 T and 77 K
in Figure 6.7(b) shows that the peak is actuall°~fo the left of the c-axis,
suggesting that the majority of the BZO-NRs artdilin this direction. Finally, the

utmost advantage of the splayed BZO-NRs is thelaéity of strong pins on a
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wider field orientation. As a matter of fact, thieimal YBCO/BZO-NRs film carries
the highestJin all the field directions at both fields. At 1 the J of ~0.76 MA/cnt

at the valley of the . curve of the vicinal YBCO/BZO-NRs film is 97.5%11%
and 200% higher than that of the flat YBCO, flat GB/BZO-NRs and vicinal
YBCO films, respectively. Furthermore, this splayalignment of the BZO-NRs
reduces the anisotropy of theal different magnetic field orientations, resudtin a
peak-to-valley ratio of ~1.88 on the vicinal YBC@®B-NRs film, which is less than
half of that on the flat YBCO film (~3.79) and wal YBCO film (~3.75). The
benefit of splaying the BZO-NRs is more apparetitigh field especially at the H||ab
direction as shown in Figure 6.7(b). The much enbdmeak at H||ab of the vicinal
YBCO/BZO-NRs film suggests that vicinal growth malgo generate defects along
the ab-planes.

The J-0 plots at 1 T and 77 K for the 1.0um-thick flat amctinal
YBCO/BZO-NRs films are shown in Figure 6.7(c). THfc peak in thedb curve is
still very prominent in the flat YBCO/BZO-NRs filngsuggesting that the BZO-NRs
are still aligned along the c-axis. However, thedalened H||c peak in the 5° vicinal
YBCO/BZO-NRs film is very broad and asymmetricabnirming that the BZO-
NRs’ alignment along the c-axis is diminished ahl@r thickness resulting in lower
J. at H> 2 T. Nevertheless, the 5° vicinal YBCO/BZ®\film carries the highest J
for all field orientations. This implies that thewmal growth helped release the strain
during BZO-NRs insertion by broadening the aligntn@hBZO-NRs, thus allowing

us to achieve high(B,0) in thick films.
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Figure 6.7 (a) J0 plot at 1 T and 77 K of 0.2 um thick flat and &§rous
vicinal YBCO films and flat and 5° vicinal YBCO/BZ@Rs films; (b) &6 plot
at5 T and 77 K of 0.2 pm thick 5° porous vicindQO film and flat and 5°

vicinal YBCO/BZO-NRs films; (c) 40 plotat 1 T and 77 K of 1.0 um thick flat
and 5° vicinal YBCO/BZO-NRs films.
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6.5 Effect of vicinal angle on the H-dependence of J.in BZO-doped YBCO films
YBCO/BZO-NR films with 0.2 pum thickness were depedion flat, 5°, 10°
and 20° vicinal STO substrates. All the vicinal @8/BZO-NR films have higher T
than their flat counterpart, and thevalues are summarized in Table 6.1. Furthermore,
the flat YBCO/BZO-NR film has the highest resisyvisuggesting that the latter is

subjected to higher lattice strain, and may contaome defects.

Te J Crossover
Miscut (K) | (MA/cm?) Field
Angle (SF,77 K) with Flat
(Hllc)
Flat 86.33 2.72 -
50 88.30 5.44 5T
10° 89.38 6.38 1.25T
200 89.07 5.39 06T

Table 6.1 Summary of . Tk at 0 T and 77 K and crossover Hj|c field
for the flat, 5°, 10° and 20° vicinal YBCO/BZ-NRs films

Figure 6.8 depicts the field dependence ©ofvllen H is along the c-axis for
the four YBCO/BZO-NRs films and the skvalues at 77 K are summarized in Table
6.1. All the vicinal films have higher self fielsha low field (H<0.3 T) Jthan the flat
YBCO/BZO film, which is attributed to the higheg @nd better crystalline alignment
in the vicinal films. However, it is interesting tmte that the Jvalues at high field
decreases with increasing vicinal angle. The magretids where the cross-over

between the & of the vicinal YBCO/BZO-NR films and the flat Y\80/BZO-NR
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film occur are summarized in Table 6.1. The dedngasross-over field suggests a

decreasing density of c-axis aligned BZO-NRs wiitréasing vicinal angle.
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Figure 6.8 JH plots at 77 K for the flat, 5°, 10°
and 20° vicinal YBCO/BZO-NRs films.

Figure 6.9 illustrates the angular dependenceTaabd 77 K of the four films
mentioned above. The direction parallel to the filormal is labeled in the plot. It is
observable that the-8 plots of the flat and 5° YBCO/BZO-NR films exhilpeaks
when H is along the c-axis. These are manifestatudrthe strong pinning due to the
c-axis aligned BZO-NRs which were indeed observedhfthe TEM cross-sections
of the flat and 5° YBCO/BZO-NRs films (Figures 6.1#&) and (b)). However, the
absence of the.-d peak at H||c for the 10° and 20° vicinal YBCO/BEBs films
suggests that the alignment of BZO-NRs along trexis-is destroyed at higher
vicinal angle. Furthermore, the decreasiggat) H||c with increasing vicinal angle

implies that a systematic change in the alignmdnthe BZO-NRs occurs. As a
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matter of fact, Figure 6.10(c) shows that the 1@fnal YBCO/BZO-NR film has a
lower density of BZO-NRs along the c-axis and ahbigdensity of BZO-NRs along
the ab-plane; and, interestingly, Figure 6.10(dpvah that the BZO-NRs are
completely aligned along the ab-plane when thetsafigsvicinal angle was increased
to 20°. The 40 peak in the H|jab-plane exists for all films. Metifrom the TEM
cross-sections in Figures 6.10 (a)-(d) that thelabe is tilted from the film-substrate
interface by an angle corresponding to the sulestigtnal angle. These tilts result in
the shifting of the J0 peak at H||ab in Figure 6.9. The flat film’s loweyak when H
is along the ab-plane implies a decrease in theiqpgnalong the ab-plane, which can
be attributed to reduced ab-plane alignment. Onatifeer hand, all vicinal films
exhibited enhanced i the H||ab direction. As a result, the 5° YBCBIBNR film
gives the optimal {B,0) because it takes advantage of the strong pintiirggto the
correlated BZO-NRs along the c-axis while presagihre integrity of the ab-plane. It
is expected that the 20° vicinal YBCO/BZO-NR filmlmhave the narrowest and
highest 40 peak when H is along the ab-plane since the ntgjofithe BZO-NRs

are aligned along this direction.
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Figure 6.10 TEM cross-sections of BZO-NRs doped
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10° and (d) 20° vicinal STO substrates. [Baca 2009]
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Chapter 7

Effect of BZO-NR concentration on the physical andransport properties of

vicinal YBCO films

The application of YBCO for devices such as supsiccting magnetic-
energy storage requires highfdr H >5 T. A possible route to accomplishingstis
to insert strong pinning centers, such as BaZr@norods (BZO-NRs), with density
comparable to the desired matching field. Unfortelyait has been observed that the
critical temperature () and low field d of YB&CuO;s (YBCO) films were
significantly reduced upon insertion of BZO-NRs axegraded further with
increasing density of BZO-NRs [Peurla 2006]. A m@ble cause of these
degradations could be chemical contamination dugirmonium substitution in the
lattice. As a matter of fact, Driscoét al reported the presence of E& Y Os
particles in YBCO films doped with 5 mol.% BZO [Maanuss-Driscoll 2004]. On
the other hand, YBCO films doped with self-assembbre earth tantalite REaG,
(RTO, where RE = rare earth, Er, Gd and Yb) did shbw any chemical
contamination and consequently nodegradation [Harrington 2009]. Another likely
reason could be the lattice strain produced byldlge lattice mismatch of ~8.55%
between the YBCO's (ab= 3.86 A) and the BZO's (a9 4d) lattice constants
[Driscoll 2004, Yamada 2005, Goyal 2005, Kang 20Réurla 2006, Peurla007,

Pompeo 2008, Mele 2008]. Interestingly, insertidrBaSnQ (BSO), which has a

89



smaller lattice mismatch of ~6.6% with YBCO, didt miminish the T of YBCO as
much as BZO insertion did [Mele 2008]. In additiéh,Meleet al observed that the
expansion along the c-axis is smaller in YBCO/BSRsNilm as compared to that in
YBCO/BZO-NRs film [Mele 2008], suggesting that thatter experiences more
lattice strain. Furthermore, YBCO films containifTO, with lattice mismatch
ranging from 1.4-4.7%, did not suffer any degradation at all [Harrington 2009].
This is true even for RTO concentrations of up ta8l.% [Harrington 2009]. In
contrast, a recent study done by M. Peetlal showed that increasing the BZO-NR
concentration increased the lattice strain and exqursntly decreased the and low
field J of YBCO films [Peurla 2007]. These observations les to hypothesize that
the lattice strain seems to be a dominant caug®msgble for the observed degraded
T. and low field J in BZO-NR-doped YBCO films. As a matter of facthen BZO
nanoparticles were introduced in YBCO via a chefsotution deposition technique
[Gutierrez 2008], the BZO nanocomposites did notgepitaxially with the YBCO
matrix and the J(~91 K) and self field Jat 77 K (~6.5 MA/crf) were not reduced
in these films. This suggests that the strain duattice mismatch seems not to be the
case here. In this light, we believe that reduamngswitching the lattice strain in
YBCO during BZO-NR insertion is necessary to avdid and low field 4
degradation.

In the previous chapter, we have shown that incatptg BZO-NRs in
porous vicinal YBCO films resulted in improved dver the range of fields and

orientations. Furthermore, degradation in the atijjse structure, Jand low field 4,
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typically observed in flat YBCO films doped with BENRs was almost eliminated
when the BZO-NRs were incorporated in the porousnal YBCO films. This
suggests that the density of BZO-NRs may be inectasthout undue damage to the
porous vicinal films. In this chapter, we reportr @asults on the effect of the BZO-
NR concentration on the physical and transport g@nigs of porous vicinal YBCO
films.
7.1 Effect of increasing BZO-NR concentration on th crystalline integrity of flat
and vicinal YBCO/BZO-NRs films

YBCO doped with 2 vol.%, 4 vol.% and 6 vol.% BZO-BlRere deposited on
flat and 5° vicinal STO substrates. The0 scans of the un-doped and BZO-doped
flat and 5° vicinal YBCO films are shown in Figur@sl(a) and (b). The peak
intensities in the plot were normalized using trRCO (005) peak intensity and the
dashed lines represent the (PPeaks of the YBCO lattice. All films are highlyaxis
oriented for all concentrations of BZO-NRs. Figuré&(a) illustrates the evolution of
the crystalline structure for the flat YBCO film thiincreasing BZO concentration.
The presence of the BZO (200) peak, marked withsterisk, suggests that the BZO
grew epitaxially with the YBCO film. In additionhé higher BZO (200) peak in the 4
vol.% flat YBCO/BZO-NRs film as compared to thattbé 2 vol.% flat YBCO/BZO-
NRs film suggests a higher density of BZO-NRs le former. However, it is
interesting to note that the BZO (200) peak de@@aghen the BZO concentration
was increased to 6 vol.%. It is also noticeabléha®-20 scans that there are strong

peaks corresponding to the different orientatiohy¥'Ba,ZrOs (YBZO), which are
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encircled in the plots. This suggests that the cedul; observed in flat YBCO/BZO-
NRs films can be attributed to the substitutionZofin the YBCO lattice, which
confirms a previous report [Macmanus-Driscoll 200B{irthermore, the observed
doubling of the YBZO peaks when the BZO concendrativas increased from 2
vol.% to 4 vol.% suggests that the observed monotoh degradation in
YBCO/BZO-NRs films with increasing BZO concentratifPeurla 2006] is also due
to worsening lattice poisoning. However, the disidd YBZO peaks and the
absence of other anomalous peaks when the BZO wmwatien was increased to 6
vol.% suggest that the excess BZO may have growsr@musly inside the YBCO
film. Figure 7.1(b) shows th8-20 scans of the 5° vicinal YBCO films containing
different BZO concentrations. The BZO peaks in ¢hiélsns are not as prominent as
those observed in the flat YBCO/BZO-NRs films whbka BZO concentration is less
than 6 vol.%. Furthermore, the YBZO peaks in theibhal YBCO/BZO-NRs films
did not become obvious until the BZO concentratias increased to 6 vol.%. This
implies that the vicinal growth at small angle rdg&athe substitution of Zr in the

YBCO lattice.
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dashed lines represent the (PPeaks of the YBCO film while the asterisk marks
the BZO (200) peak. The YB&rOgs (YBZO) peaks are encircled in red. [Emergo

2009(b)]

The full-width-at-half-maximum (FWHM) values of th@O05) and (103)

peaks of the eight films depicted in Figure 7.1evereasured and are summarized in

Table 7.1. The flat YBCO/BZO-NRs films have greatemplane and out-of-plane

misalignment as compared to all of the vicinal YBBDO-NRs films. This suggests

that the vicinal growth promotes better crystallgtreicture, which could allow better
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electronic conduction along the ab-plane of thenaikcfiims leading to lower room
temperature resistivities even in the presenceigii density BZO-NRs [Crommie
1989]. The in-plane and out-of-plane misalignmehthe flat YBCO film increased
by 35% and 50%, respectively, when the BZO coneéintr was increased to 2
vol.%, which is expected due to the increased rstiraduced during BZO-NR
insertion. However, the misalignment of the flat GB/BZO-NRs film decreases
with increasing BZO concentration. As a matteraaftf the FWHM of the (103) and
(005) peaks of the 6 vol.% flat YBCO/BZO-NRs filmeamore or less the same as
those of the un-doped flat YBCO film. This somehsvggests that the substitution of
Zr in the YBCO lattice is triggered by the film'seed to minimize crystalline
disorder. On the other hand, the (103) peak FWHNues of the 5° vicinal
YBCO/BZO-NRs seem to fluctuate within ~15% of tloditthe un-doped 5° vicinal
YBCO film. In contrast, the FWHM of the (005) peappears to increase
monotonically with increasing BZO-NRs concentratitmdeed, the FWHM of the 6
vol.% 5° vicinal YBCO/BZO-NRs film is ~480% high#nan that of the un-doped 5°
vicinal YBCO film. This illustrates that the insen of BZO-NRs degrades mostly
the out-of-plane alignment of the vicinal YBCO fgnand not the in-plane alignment.
This also suggests that the maximum BZO conceatratillowable to maintain
crystalline integrity in the vicinal film is 4 véb.

Lastly, the c-axis lattice constants for the eifilmis mentioned above were
calculated from the position of the (005) peaks amel summarized in Table 7.1.

Again, in general, the flat YBCO/BZO-NRs films halmger c-axes than all the 5°
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vicinal YBCO/BZO-NRs films, confirming the presenckan expansive strain in the
former [Mele 2008]. On the other hand, the addaloanisotropic strain existing in
the vicinal films creates a compressive strain gltve c-axis of the latter. Since the
separation between the superconducting planes ondess dictates the resulting, T
all the vicinal films are expected to have highgs Than all the flat films [Crommie
1989]. Interestingly, the c-axes of the flat YBC@MB-NRs films show a similar
trend in the FWHM of the (103) and (005) peaks wikpect to increasing BZO
concentration. The c-axis constant increased b§ A.&hen the BZO concentration
was increased to 2 vol.% but the former decreasethe BZO concentration was
increased. As a matter of fact, the 4 vol.% andlE6% flat YBCO/BZO-NRs films’
c-axes are 0.03 A and 0.07 A, respectively, smahan that of the un-doped flat
YBCO film, suggesting that the formation of secarydphases, such as YBZO, is
indeed strain related and switching the directidnttee strain may hinder the
formation of unnecessary poisoning of the YBCOidatt In contrast, for BZO
concentrations less than 6 vol.%, the c-axis ofsth¥ BCO/BZO-NRs film is within
+0.01 A of that of the un-doped 5° YBCO/BZO-NRgfjl which implies that the
addition of BZO-NRs does not significantly alteetlattice of the vicinal YBCO film.
However, a significant increase of 0.09 A was obeserin the c-axis of the 6 vol.%
5° vicinal YBCO/BZO-NRs film as compared to that it un-doped counterpart.
This plus the observed significant increase indbeof-plane misalignment and the
enhanced YBZO peak are expected to considerablyadegthe superconducting

properties of this film.
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Sample | FWHM | FWHM | c-axis | psook Te
(%BZ0) (103) (005) A) | Q-cm)| (K)

Flat 0% 0.20° 0.24° 11.74 267.20 89.89

Flat 2% 0.27° 0.35° 11.82 423.48 86.14

Flat 4% 0.23° 0.34° 11.71 475.74 86.02

Flat 6% 0.20° 0.27° 11.67 564.68 84.45

5° 0% 0.20° 0.13° 11.55 21422 89.%5
5° 2% 0.17° 0.15° 11.56 257.65 88.30
5° 4% 0.20° 0.17° 11.54 246.16 89.]12
5° 6% 0.19° 0.76° 11.64 306.15 88.93

Table 7.1 Summary of FWHM of (103) and (005) peakd c-axis
length of the flat and 5° vicinal YBCO/BZO-NRs fitndoped with
different BZO concentration.

7.2 Effect of increasing BZO-NRs concentration on he room-temperature
resistivity and T,

Figure 7.2(a) shows the temperature dependencleeofesistivity along the
longitudinal direction ) for all of the eight films mentioned above. Thalid
symbols correspond to the flat YBCO/BZO-NRs white bpen symbols correspond
to the vicinal YBCO/BZO-NRs films. Notice that theook of the un-doped flat

YBCO film falls in the range of reported room tengtere resistivities of high
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quality YBCO films [Foltyn 2007]. The resistivityt 800 K of the flat YBCO/BZO-
NRs film increases with increasing BZO concentratidhis is shown in more detail
in Figure 7.2(b) and the values are summarizedainld 7.1. Although the BZO and
YBZO peaks in theb-20 scans of the flat YBCO film containing 6 vol.% BZO
shrank, the observed increaseipox for this film confirms the presence of additional
BZO nanodots and secondary phases, which may perded in their orientations.
Furthermore, the flat YBCO/BZO-NRs films have ovkhagher p.’s at 300 K than
those of their vicinal counterparts, which is expdcdue to the higher density of
secondary phases and higher crystalline disordéreifiormer. The room temperature
p. of the vicinal YBCO/BZO-NRs film also increases thwviincreasing BZO
concentration, as shown in Figure 7.2(b). Howetee, rate of increase is much
smaller in the vicinal YBCO/BZO-NRs film as compdreéo that of the flat
YBCO/BZO-NRs films. In fact, the@spox values ang-T curves of the 2 vol.% and 4
vol.% vicinal YBCO/BZO-NRs films are very comparablto each other.
Surprisingly, although significant out-of-plane alignment and YBZO density were
observed in the 6 vol.% 5° vicinal YBCO/BZO-NRsniil its resistivity is still
considerably smaller than that of its flat coungéetp

The T’s as a function of BZO concentration for the fed 5° vicinal
YBCO/BZO-NRs films are shown in the inset of Figut2(b) and the values are
summarized in Table 7.1. In general, all 5° viciY®CO/BZO-NRs films have
higher T values than their flat counterparts, which is etpé due to the higher

density of secondary phases and longer c-axeseiratter. The J decreases with
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increasing BZO concentration for the flat YBCO/BAMRs films. As a matter of fact,
the T, dropped by almost 6 K, when the concentration wasased from 0 vol.% to
6 vol.%. On the other hand, the'sTof the vicinal YBCO/BZO-NRs films fluctuate
only within ~1.25 K of that of the un-doped 5° vial YBCO film. The lower T
observed in the 2 vol.% 5° vicinal YBCO/BZO-NRgviilmay be due to degradation
during patterning. This indeed shows that the wakigrowth impedes the (T
degradation during BZO-NRs insertion. Howeversitriteresting that the.of the 6
vol.% 5° vicinal YBCO/BZO-NRs film is not significdly reduced even though the
latter has a more elongated c-axis plus higherbpiane misalignment and YBZO

density as compared to the other vicinal YBCO/BZRsNilms.

98



600

solid symbols-flat

500
open symbols-vicinal
400
— red-0%
5
300
% blue-4%
Q
200
100
:
b
0 I L - T T T T T T T T T
0 50 100 150 200 250 300
T (K)
800 : : : :
90 | 1
00| ® ’ ®)
~ < 881
e 1 =871
O 600 ] — g ]
86
c::';_ Ol - \ ] .
\; 500 84 - : - : /
S BZO concentratioWl
™ n —Hl—flat
Q i
400 5o
300+
|
200 T T - T - T
0 2

Figure 7.2 (a) Resistivity as function of temperattor the flat and 5° vicinal
YBCO/BZO-NRs films containing 0 vol.%, 2 vol.%, 4\ and 6 vol.% BZO
concentration; (bpseok as function of BZO concentration for the flat add
vicinal YBCO/BZO-NRs films. Inset: Jas function of BZO concentration for

4
BZO concentration (vol%)

the flat and 5° vicinal YBCO/BZO-NRs films.

99




7.3 Effect of increasing BZO-NRs concentration onhie critical current density
Figure 7.3(a) shows the ds a function of H (when the latter is parallettie
film’'s c-axis) at 77 K for the eight films mentiotheabove. The solid symbols
correspond to the flat YBCO/BZO-NRs while the omgmbols correspond to the
vicinal YBCO/BZO-NRs films. The Jvalues at self field of the flat YBCO and flat
YBCO/BZO-NRs films are in the range of reportedues. As expected, the flat
YBCO/BZO-NRs films carry the lowest Sk at all BZO concentrations. Also, the J
at SF for all films decreases with increasing BZ&haentration resulting from the
combined effects of decreased dnd superconducting volume portion due to the
increased BZO-NR and YBZO densities. For the fl8C0O/BZO-NRs films, the
decrease in SK.ds more or less linear with the increase in BZ@aamtration, as
shown in more detail in Figure 7.3(b). However, tbe vicinal YBCO/BZO-NRs
films the drop is not directly proportional to tlecrease in BZO concentration,
suggesting an optimal doping level. As a mattdiaof, the change in the SEid not
very significant when the BZO concentration wagaased from 2 vol.% to 4 vol.%.
Thus, the vicinal growth allows insertion of a heglBZO concentration in YBCO
films, which is necessary for improving the higkldi 3, without sacrificing the low
field J. Lastly, it is expected that all films will suffdf degradation at self field when
the concentration is increased to 6 vol.% as dtrebadvanced YBCO poisoning.
For the flat YBCO/BZO-NRs films, thec;Jat H> 3 T (when HJ|c) was
improved when the BZO concentration was increasauoh £ vol.% to 4 vol.%. This

is most likely due to the increase in the densitB60O-NRs aligned along the c-axis,
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which is supported by the observed increase ilB#@ (002) peak depicted in Figure
1(a). Quantitatively, thecJat 5 T increased by ~80% when the BZO concentratio
was increased from 2 vol.% to 4 vol.%. Considetimgt the pinning force density is
proportional to J this suggests that ~20% of the additional BZOoparticles either
grew in different orientations or substituted iresitie YBCO lattice to form YBZO.
In contrast, thevalue at high field of the 5° YBCO/BZO-NRs film cteased when
the BZO concentration was increased from 2 vol.% twl.%. Since the Jand J at
self field were not degraded in this film, it is stdikely that the decrease in high

field J is due to the diminished density of BZO-NRs alijlaéong the c-axis.
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The angular dependences qfat 1 T and 77 K for the eight samples
mentioned above are depicted in Figure 7.4. Thie sold open symbols correspond
to the flat and vicinal YBCO/BZO-NRs films, respsely. For all BZO
concentrations, the flat YBCO/BZO-NRs films showpeak when H is along the c-
axis, confirming that the BZO nanoparticles assewohlimto columnar defects aligned
along the c-axis. The decreasing peak with incngad8ZO-NRs concentration
suggests that the additional BZO-NRs are only llaf applied fields greater than 1
T. On the other hand, for the vicinal YBCO/BZO-Nfm, the J-0 peak when H is
along the c-axistE0°) is only observable when the BZO concentraisoaqual to 2
vol.%. This confirms that the low Yalues at H>3 T in vicinal YBCO/BZO-NRs film
is indeed due to the lack of c-axis aligned colundefects. However, the-0 peak
when H is in the ab-plane is enhanced significamtlyhe vicinal YBCO/BZO-NRs
film when the concentration was increased to 4% 0As a matter of fact, an amazing
J. value of ~4 MA/crfiwas achieved in this film at 1 T. This correspotala pinning
force density of ~37.37 GNfinThis implies that the vicinal film retards latic
degradation by switching the alignment of additioBZO-NRs along the ab-plane.
Also, the diminished Jvalues over the entire field range for both Hjjd &l||ab
directions in the 6 vol.% vicinal YBCO/BZO-NRs filruggests that the optimal

BZO concentration in the vicinal YBCO/BZO-NRs filis14 vol.%.
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Chapter 8

Conclusions

Addressing issues involved in improving(B0) is necessary for making
YBCO suitable for power-related device applicatioms this work, significant
enhancements in. dver a wide range of field strength and orientatieere achieved
in YBCO films by tailoring pinning structures akthhanometer scale.

Through-thickness nanopores were incorporated enti@ YBCO films by

depositing the films on as-received commercial natiSTO substrates. The,®;
nanoparticles were observed to catalyze the nucteaf nanopores while the vicinal
growth promoted the evolution of the nanoporesughout the film thickness. The
porous vicinal YBCO films contain uniformly distibed nanopores of density around
2-8/unf, which appears to be independent of the substieitgal angle 6,) over the
range 5-20°. The pores’ dimensions are in the rafgefew to a few hundreds of nm.
The morphology of the pores experiences a systemhatinge with increasing vicinal
angle. The pores are more isotropic at smalleresnghereas they become squeezed
along the transverse direction (perpendicular te Hurface steps) and become
considerably anisotropic at higher angles.

The resistivitiesp. along the longitudinal direction of the porous inai
YBCO films were found to be close to those of thavicinal reference YBCO films

in the normal state. The anisotropy of the resistip/pap iIs comparable to that
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observed in twinned YBCO single crystals. In addhfithep/pap vs. T curves of the
three vicinal films more or less overlap in the pemature range of 100-300 K. These
results, together with the sub-Kelvin discrepancy of these samples with respect to
the reference nonvicinal YBCO films, suggest tha effect of nanopores on the
electronic properties of the porous vicinal filrssminimal.

The MO images showed that the magnetic flux petietran the flat samples
is isotropic while it is highly anisotropic in theéicinal samples. A significantly
enhanced,] (& along the longitudinal direction), up to 8.3 MAftimt 77 K and self
field has been obtained for the porous vicinal YB@@s. The close correlation
between the Jvalue and the pinning potential energy, Suggests that the strong
pinning on the nanopore surface is responsiblé®observed high, &nd higher pore
density may allow one to extend the hightd higher H fields. The highek 9 (&
along the transverse direction) in porous vicin8CO films as compared to that of
nonporous vicinal counterparts implies that therggmc pore surface pinning also
enhances the. Yalues along the transverse direction. A significdecrease in the J
when the applied magnetic field exceeded the madchield of the nanopores, i
suggests a switch from pore surface pinning to Ipitiking, which justifies the need
to further increase the density of the nanoporesifgh-field applications.

Splayed BZO nanorods were generated by depositingl.2 BZO-doped
YBCO films on 5° vicinal STO substrates. The intaypbetween the lattice strain
caused by the large lattice mismatch between YB@G® BZO and the anisotropic

strain due to the vicinal growth resulted in thepairsed orientation of BZO-NRs in
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the range of 9.7 + 3.0° around the c-axis. Thensost twice the range observed in its
flat counterpart and corresponds to the optimahyspingle predicted by theory. The
splayed BZO-NRs proved to be more effective in pignmagnetic vortices, as
demonstrated by the higher maximum pinning foragsdg and higherJH) upto 5T
in the 5° vicinal YBCO/BZO-NRs films as compared tte flat YBCO/BZO-NRs
films. Furthermore, the splayed BZO-NRs can prowigire isotropic strong pins to
the vicinal YBCO/BZO-NRs films leading to an enhadc] at all orientations of the
applied magnetic field. Finally, the additional bé&hof the vicinal growth is the slight
compression of the c-axis of the YBCO film and ioyed out-of-plane alignment,
resulting in minimized J degradation and enhanced electronic conductiomgate
longitudinal direction. This suggests that a higbencentration of BZO-NRs can be
inserted in the vicinal YBCO films with minimal dehental consequences.

YBCO films doped with 2 vol.% BZO nanorods were agfed on flat, 5°,
10° and 20° vicinal STO substrates to determineeffext of the vicinal angle on the
alignment of the BZO-NRs. It was observed thatpgbkek of the J6 plot when H is
along the c-axis disappears and thealue decreases with increasing substrate vicinal
angle. This plus the narrowing and increasing pieathe Hllab direction when the
vicinal angle is increased suggest that the BZO-HIgsg the c-axis can be switched
to align along the ab-plane @&t= 20°. This shows a novel method of employing the
vicinal growth to control the alignment of BZO-NRside the YBCO film.

Lastly, 2 vol.%, 4 vol.% and 6 vol.% YBCO/BZO-NR#fs were deposited

on flat and 5° vicinal STO substrates. The flat Y®B8Z0O-NRs films contained a
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higher density of secondary phases (such as YBZ@)maore lattice misalignment
than the vicinal YBCO/BZO-NRs films upon increadele BZO concentration. This
suggests that the vicinal growth impedes latticsgung in BZO-NRs doped YBCO
films and results in slower degradation gfand low field d values. The diminished
J-6 peak when His along the c-axis and the enhang@dgpdak when H is in the ab-
plane for vicinal YBCO/BZO-NRs films containing BZ&ncentrations greater than 2
vol.% suggests that the vicinal growth prevents tlegradation of normal and
superconducting properties of the BZO-doped YBCIth fby aligning the excess
BZO-NRs along the ab-plane. At the moment, furtardies are necessary to
determine the mechanism of nanotube pore and BZGexRation in vicinal YBCO
films. A detailed microstructural study of veryni8ZO-doped YBCO films deposited
on vicinal STO substrates may provide a clue f@. th

All samples studied in this work were depositecsmgle crystal substrates so
the next logical step is to transfer the techniguereating nanotube pores and splayed
BZO-NRs to YBCO coated conductors. A major compomérnhese techniques is the
vicinal growth, so the first and foremost challemgéo create a vicinal template on the
coated conductor substrate. An ion beam assistpdsd®mn technique could be

helpful in creating these templates [Vallejo 2006].
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