ey RESEARCH ONLINE University of Woll(tngong
Research Online

University of Wollongong Thesis Collection University of Wollongong Thesis Collections

2014

[nvestigation of superconducting thin films and
multilayered structures for electronic applications

Sergey Fedoseev
University of Wollongong

Research Online is the open access institutional repository for the —
University of Wollongong. For further information contact the UOW = RE 5 E A R C H D NLINE

Library: research-pubs@uow.edu.au


http://ro.uow.edu.au/
http://ro.uow.edu.au/
http://ro.uow.edu.au
http://ro.uow.edu.au/theses
http://ro.uow.edu.au/thesesuow
http://ro.uow.edu.au/
http://ro.uow.edu.au/

UNIVERSITY OF WOLLONGONG

COPYRIGHT WARNING

You may print or download ONE copy of this document for the purpose of your own research or
study. The University does not authorise you to copy, communicate or otherwise make available
electronically to any other person any copyright material contained on this site. You are
reminded of the following:

Copyright owners are entitled to take legal action against persons who infringe their copyright. A
reproduction of material that is protected by copyright may be a copyright infringement. A court
may impose penalties and award damages in relation to offences and infringements relating to
copyright material. Higher penalties may apply, and higher damages may be awarded, for
offences and infringements involving the conversion of material into digital or electronic form.




UNIVERSITY OF [Z22
WOLLONGONG ()

Institute for Superconducting and Electronic Materials

Investigation of superconducting thin films and multilayered

structures for electronic applications

Sergey Fedoseev

""This thesis is presented as part of the requirements for the
award of the Degree of

Doctor of Philosophy
from

University of Wollongong"'

August 2014



ABSTRACT

The grand challenge in twenty-first-century physical and material sciences is related
to enabling continued advances in information processing and data storage beyond
conventional silicon based electronics. Recent researches in oxide electronics suggest
that it may be plausible to implement complex systems at the device level, thereby
drastically increasing computational density and power efficiency. High temperature
superconducting (HTS) ceramics YBa,Cu3zO7.; (YBCO) is currently one of the most
promising candidates for the creation of sophisticated cryo-electronic devices such
as: Josephson junctions, microwave filters, single photon detectors, and etc. One of
the important problems in YBCO thin film technology is an enhancement of
superconducting properties of epitaxial films which allows the creation of reliable
cryo-electronic  devices with high performances. Heteroepitaxial structures
consisting, for example, of YBCO layers and layers of different superconducting
cuprates having a very similar crystal lattice are likely to have enhanced
microstructural properties and possibly better performances of Josephson junctions.
The same multilayering approach can be successfully implemented for the
fabrication of superconducting single photon detectors on the base of extremely thin

heteroepitaxial structures grown on monocrystalline substrates.

The doped perovskite manganite La, Ca MnO, (LCMO) is one of most

extensively studied material for future oxide electronics due to the interactions
between the electronic, magnetic and crystal lattices, and the wide range of phases
that can coexist. This is very attractive ferromagnetic oxide because of its colossal
magnetoresistance (CMR) and so the great application potential for magnetic
memory and spintronics devices. Due to increasing demands for high quality
manganite thin films with good electrical and magnetic properties, there is an
important issue to grow epitaxial films of LCMO on conventional substrates as well

as the creation of multilayered heterostructures and superlattices.

The interplay between superconductivity (S) and ferromagnetism (F) in
hybrid structures is one of the fascinating fields of modern research. Such artificially
made bilayers, multilayers, and superlattices could have clear advantage over
naturally grown layered crystals due to the fact that the thickness of magnetic and



superconducting components can be tailored individually. The oxide based doped
Mott insulators, like high temperature superconductor (YBCO) and ferromagnetic
manganite (LCMO) are of particular interest for making S/F hybrids.

This thesis is focused on fundamental studies of both the fabrication by
Pulsed Laser Deposition (PLD) and characterization of: YBCO based multilayered
device structures for practical applications, LCMO thin films and LCMO/STO
superlattices, as well as YBCO/LCMO hybrid structures and superlattices with thin
insulating interlayer.

During this work, a few additional related research and technical problems
have been addressed. An emphasis was made onto automation and optimization of
PLD technique (to prepare thin films of the highest quality especially for longue size
samples | = 8 cm). Optimal deposition conditions for thin films of YBCO, LCMO
and their hybrids were defined that has significantly increased the productivity of
PLD system and the samples reproducibility.

Multilayered approach has been employed for fabrication of step-edge
YBCO/NdBCO multilayered Josephson junction. The results demonstrate significant
enhancement of the tunnelling current in the multilayered junctions compared to the
single layered ones. We attribute the result observed to the formation of a more
suitable microstructure in YBCO/NdBCO multilayered films, which reveals (i)
smoother surfaces, (ii) fewer and shallower voids, (iii) a larger density of extended
defects that provide stronger pinning, (iv) a smaller number of facets at the boundary,
and (v) thinner and more uniform barrier at the junction boundary, providing more
homogeneous tunnelling properties across the junction. As a result, the multilayered
junctions show higher I. and IR, values, and an uniform distribution of the
Josephson current.

The properties of multilayered YBCO/SmBCO/YBCO thin films structures
with reduced thicknesses (< 90 nm) were investigated. It was found that as the film’s
thickness decreased there was a decrease in superconducting characteristics (Tc, Jc)
of the structure. The properties obtained were rationalized using SEM and MOI
visualization techniques. It was demonstrated that the thinner samples had very poor
structural homogeneity, and thus magnetic flux could easily penetrate the sample

along many defects. If an epitaxial growth of initial layers of YBCO and SmBCO is



improved, the multilayering approach may enhance structural and electromagnetic
properties of the films at very thin (tens of nm) thickness.

High quality epitaxial LCMO films on different substrates were manufactured
by PLD method and their magnetic and transport properties were investigated. It was
shown that the Curie temperature for LCMO samples is strongly dependent on film
thickness and substrate type having the trend of significant reduction as the film
thickness decreases. LCMO films thicker than 150 nm have demonstrtated bulk-like
behaviour with metal-insulator transition at T, = 250 K. All LCMO thin film samples
demonstrated CMR with negative magnetoresistance minimum in the vicinity of

metal-insulator transition temperature.

Magnetic and transport properties of multilayered hybrid structures based on
YBCO/STO/LCMO multilayers with thin insulating interlayer were investigated.
Although measurements show the coexistence of ferromagnetism at high
temperatures (T > T.) and superconductivity at low temperatures (T < T.) in hybrid
structures, they demonstrate no enhancement in the critical current compared to
single YBCO films, but hybrids with YBCO as the first grown layer always have
better superconducting properties. In the hybrid structure of S/I/F type (YBCO
micro-bridge on top of buffered LCMO film) the possibility to control the micro-
bridge resistance by injection of an in plane current through LCMO layer was
demonstrated. The application of injection current dramatically changes the shape of
R(T) curve, it leads to the decreasing in T, demonstrate the drop in resistance before
Tp, and the reduction in resistance at room temperature. The tri-layers hybrid
structure of F/I/S type (LCMO on top of buffered YBCO micro-bridge) also
demonstrated the unusual R(T) behaviour, with a sharp dip in resistance below T. It
was also found that electroresistance and magnetoresistance around Tgmin Can be
tuned by electric current, which may have applications in controlling the properties
of such YBCO/LCMO hybrid based devices.

We have managed to establish an acceptable technology for combination of
manganite films exhibiting the CMR effect with HTS (YBCO) films for novel hybrid
functionalities and devices, so that the relevant magnetic properties of ferromagnetic
layer would be exhibited below the superconducting transition temperature. So the

LCMOI/STO superlattices with very thin sub-layers (~3-7 nm) were grown by PLD



on different substrates and their properties were investigated by means of magnetic
and transport measurements. We have obtained Tcyuie = 75 K which is even below
liquid nitrogen temperature (and T, = 91 K for YBCO films). Importantly, the
resistivity vs temperature curves of superlattices below the metal-insulator
temperature have remarkable sharp features exhibiting about two order of magnitude
drops of resistivity, which result in the positive peak of magnetoresistance in excess
of 1800% at 75 K. This behaviour was explained in the framework of the phase
separation theory for manganites for the well-organized 3D structures, which
experience dimensional transitions of their spin-charge transport properties. The
significant result is that because the structure of the superlattices can be easily
controlled, it can enable the prescribed tuning of the magnetoresistance properties

required for applications.

Four series of cuprate/insulator/manganite superlattices with STO, PBCO,
and CeO, as insulating layer between YBCO and LCMO sub-layers were fabricated
by PLD. It was shown that superconducting properties of such superlatices may be
significantly improved to be compared with single layer YBCO film by the
introduction of an STO insulator with thickness d; > 1 nm. All samples (even with
thinnest LCMO sub-layer) demonstrated the suppression of superconductivity by
means of critical temperature and critical current.  Superlattices of type
(YBCO/PBCO/LCMO),, have a quite different shape of resistance vs temperature
R(T) curves for two mirror samples depending on LCMO or YBCO was the first
grown layer. If the LCMO layer was grown first the superconductivity is depressed
significantly and ferromagnetic properties (LCMO-like behaviour) become more
pronaunced. The similar behaviour of the mirror sample with LCMO as a first
grown layer and even well-defined re-entrant resistance peak at T = 46 K (for the
current | = 10 pA) was observed in the superlattices of type (YBCO/CeO,/LCMO).
It was shown that the re-entrant resistance is stable and it can be controlled by the
external magnetic field and applied current which is interesting for possible practical

applications.
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Chapter 1

Superconductivity and Magnetism

The interplay between competing superconductivity and magnetism in hybrid
heterostructures attracts much attention, which gives opportunity to study
fundamental problems in physics and open the door for possible applications such as:
magnetic sensors, magnetic recording and spintronic devices. In this thesis, | chose
multilayered heterostructures and superlattices based on thin films of YBa,Cu3O-
(YBCO) and Lag 7Cap 3 MnO3 (LCMO) as candidates to study some of novel physical
phenomena. In the following pages, | present some basic introduction about
superconductivity, magnetism and the interaction between high temperature
superconducting and ferromagnetic oxides. The properties of LCMO and YBCO thin
films, as well as YBCO/LCMO hybrid structures are also discussed.

1.1 Superconductivity: YBa,CuzO7.;

Superconductivity is characterized by zero resistance and perfect diamagnetism. It is
a macroscopic quantum mechanical phenomenon. Superconductivity appears below a
transition temperature T, when the conduction electrons form Cooper pairs. In 1911,
superconductivity was first discovered by H. Kamerlingh Onnes in mercury. It was
found that the resistivity of Hg suddenly dropped to zero at 4.2 K. For the
introduction to superconductivity one can refer to the books written by Tinkham [1]
and Schmidt [2]. According to the Bardeen-Cooper-Schrieffer theory (BCS) [3] the
mechanism of superconductivity is related to the attraction between electrons with
energies close to Fermi surface. The attractive potential is believed to come from
electron-phonon interactions. The range of the interaction is equivalent to the
coherence length & which varies from a material to a material over a wide range. A
consequence of this attraction of two electrons is a formation of Cooper pairs. At
normal conditions electrons occupy all levels from the bottom of a conductivity band
to the Fermi surface because of the Fermi distribution. Electrons making the Cooper
pair have spins directed antiparallel. When some physical interaction changes the

spins direction from antiparallel to parallel the Cooper pairs will be destroyed killing



the superconductivity. Superconductivity disappears under the influence of following
factors:

1) rise of temperature above critical value, T;

2) application of a strong magnetic field;

3) high density of electrical current which is bigger than the critical value, J..

According to the different behaviours in magnetic field, superconductors are
classified into two groups: Type | and Type Il superconductors. When a type |
superconductor is exposed to a low applied magnetic field H, it penetrates the
superconductor only a small distance A, (London penetration depth) and A decays
exponentially to zero. This is called the Meissner effect. The phenomenon of
repulsion of the magnetic field is produced by a thin screening current that flows
around the edge of the superconducting sample and is known as the Meissner

current.

H

c

Normal state

@ Meissner state

Temperature (a) Temperature (b)

|

. T Magnetic flux
Magnetic flux

Magnetic Field
Magnetic Field

'
! Defect

Meissner state

T

c

Figure 1.1 Phase diagrams of Type—I (a) and Type—II (b) superconductors.

Figure 1.1 illustrates how all superconductors are divided into two families:
Type-1 and Type—Il superconductors. The response to an applied magnetic field is
quite different in the two cases. In a Type—l superconductor, there is an exact
cancellation of an applied magnetic field H by an equal and opposite magnetization
(M) up to so called critical magnetic field Hc. Above the critical field
superconductivity vanishes. Type—Il superconductor demonstrates its basic feature
compared to Type-l superconductor when the magnetic field reaches the critical
value Hc (see Figure 1.1). The magnetic field starts to penetrate into the

superconducting material and creates superconducting current vortices. This state is
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called mixed (or vortex) state. As long as vortices are stationary (pinned) the
magnetic fields can penetrate while still maintaining zero electric resistivity paths
through the material. As the temperature or the external magnetic field is increased,
the normal regions are packed closer together. The penetration increases until the
upper critical field He;  is reached. At this stage the superconductor is fully
penetrated by magnetic field and the normal state is restored.

The vortices interact with each other and arrange themselves in a regular
structure known as vortex lattice (Abrikosov vortex lattice) [1]. The vortex matter
can also interact with the defects of the material. These Abrikosov vortices can be
pinned by the defects. Vortices trapped in these pinning sites are effective for
blocking the motion of the whole flux line lattice due to the vortex interaction [4].
However, an applied current gives a Lorentz force F. which drives the flux vortices

and produces dissipation. The Lorentz force on each vortex per unit length is given

by

F = Jq)o/C (11)
where, ¢ is the magnetic flux quantum, J is the current density, and c is the speed of
light.

When the Lorentz force F_ exceeds the pinning force Fp , the flux lines start a

viscous flow:

nvL = F|_ - Fp (12)
Here, v is the velocity of the vortex and 7 is the viscosity coefficient of the vortex
matter. The vortices move perpendicular to the current direction and an electric field
Eo is induced in the direction of applied current J, that is

Eo = (v./c)B (1.3

Then, the flux flow resistivity p; can be written as

pr = dEg/dJ = poB/nc? (1.4)
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It is found that pr is independent of the critical current of the sample, or the pinning
force Fp. Furthermore, ps is closely associated with the normal core resistivity pn

using the Bardeen and Stephen expression [3]:

Pt = an/ch (1-5)

The understanding of how the flux moves and penetrates a superconducting material
under an applied field and in the presence of a current is useful for practical

application of superconductors.

The discovery of High Temperature Superconductivity (HTS) by Bednorz
and Miiller at the IBM laboratory in Switzerland in 1986 [5] has opened a new era of
superconductor research. HTS cuprates based on YBa,Cu3O;.; (commonly named as
YBCO) are very practical for potential applications at liquid nitrogen temperatures
(77 K), which will dramatically improve performance while also lowering costs. The
oxidised compound YBCO, which is superconductive around 92 K, has a layered
perovskite orthorhombic unit cell, as seen in Figure 1.2, with the lattice parameter of
a=3.82A,b=3.89 A and c = 11.68 A [6]. Both a-axis and b-axis films are referred
to as a-axis since a and b sub-lattice constants are so close that it is difficult to
distinguish between the two. Growth of YBCO thin films is often classified as c-axis
or a-axis. Since the cuprate superconductors exhibit strong anisotropy in the normal
and superconducting properties, this anisotropy can produce significant differences
in properties along the a-b plane and c-axis. C-axis refers to films grown with the c-
axis vector parallel to the normal vector of the substrate. Practically, to get a higher
quality for superconducting films the c-axis has to be oriented perpendicular to the
substrate, so that current can be applied easily along the a-b plane [7]. The YBCO
structure consists of two CuO, planes separated by a Y atom. The Yttrium atom's
primary role is simply to hold the CuO, planes apart and does little electrically.
Outside the CuO,-Y-CuO; sandwich, the BaO plane and Cu-O chains are placed.
The superconductivity in this material is determined by electrons moving within the
copper-oxide (CuQ;) layers. The neighbouring layers act to stabilize the structure
and provide electrons/holes into the copper-oxide layers. The oxygen content in

YBCO directly influences the quality of the material very much. When ¢ is smaller
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than 0.7, the crystal structure of YBCO exist in orthorhombic phase, whereas, if 0 is
greater than 0.7, YBCO is more deoxygenated and exists in its non-superconducting
tetragonal phase. Hence, growth in low O, partial pressures result in the tetragonal
system with a = b. Evidently, YBCO, like all cuprates, is very sensitive to carrier

doping and is only superconducting for a particular range of doping levels.

CuO2

Planes

Figure 1.2 Crystallographic structure of YBCO.

A summary of the optimal doping YBCO (YBa,Cu3Og93) properties is shown
in Table 1.1 including the superconducting transition temperature T, coherence
length, penetration depth, the resistivity in the normal state (at 100 and 290 K) and so
on, taken from Ref. [8]. Compared with the conventional superconductors, YBCO
has a higher superconducting transition temperature, a very small coherence length £,
and a large anisotropy in the transport properties of the normal state and in the
penetration and coherence lengths. YBCO is a Type Il superconductor. It displays a
d-wave pairing symmetry but the possible mechanisms responsible for

superconductivity in YBCO are not so clear and additional study is needed.
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Table 1.1 Properties of optimal doped YBCO [8].

Properties Symbol | Values along | Values along General
the thec values %
a-b plane direction
Critical Temperature T, 92K
Resistivity at 100K p(100K) 70 - 250 9-18 mQ-cm
uQd-cm
Resistivity at 290K p(290K) 180 - 550 11-21 mQ-cm
uQ-cm
Critical  density of | J¢ (77K) 5x10°
current at 77K Alcm?
Critical  density  of | J; (4.2K) 6x10"
current at 4.2K Alcm?
Penetration Depth A 26 - 260 nm 125 - 550 nm
Coherence Length & 1.2-4.3nm 0.2-0.8nm
Lower Critical Field He 5-18mT 53-520 mT
Upper Critical Field He 110-240T 29-40T

Epitaxial films of YBCO have much higher J. values than it was reported for
the bulk samples [9]. These high values are elated to the high density of defects that
are presented in YBCO films and acted as pinning centres [10, 11]. For practical
applications the strong pinning is very important because it reduces the dependence
of critical current on the applied magnetic field and the temperature. There are many
different types of defects found in YBCO films: stacking faults in the ab-plane,
lattice mismatch edge dislocations, twin boundaries, antiphase boundaries, low- and
high-angle grain boundaries, etc. [12]. These defects are mostly formed during the
process of the film growth, and their density depends on the substrate structure, the
quality of its surface, and the depositions conditions. The investigation of
superconducting properties of YBCO epitaxial thin films is presented in more details
in Chapter 3.

1.2 Ferromagnetic Manganites: LayzCa;sMnOg3

Rare earth manganites are oxide compounds with interesting structural and physical

properties, like doping dependent electric conductivity, ferromagnetism and large

magnetoresistance values. Thin films can even exhibit a colossal magnetoresistance
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(CMR) which means the change in resistivity for many orders of magnitude upon
application of small magnetic fields [13]. Magnetoresistance (MR) is a change in
resistance of the material under the application of external magnetic field, B. The MR

can be defined as:

MR = [(pg — po)] /po]x100% (1.6)

where pg and po are resistivities in presence and absence of magnetic field B
respectively. The enhancement in the resistivity under applied field is known as
positive MR while the suppression in resistivity under applied field is named as
negative MR. Manganites exhibit large negative MR under the application of
magnetic field.

LaMnO3 is the parent compound of the rare earth manganites. It is an
antiferromagnetic insulator. The crystal lattice of most manganites is nearly cubic
and perovskite-like (see Fig.1.3) which is similar to the oxide high temperature
superconductors [14]. Chemical substitution in LaMnO3 is possible at all lattice
sites. La®" can be replaced by the rare earth elements, Y and Bi, as well as by
divalent (Sr, Ca, Ba, Pb), tetravalent (Ce, Te, Sn) and monovalent (K, Na) elements.
Non-trivalent substitutions act as dopants: they induce a mixed Mn valence and,

thereby, charge carriers.

eo00 O

A ‘ ‘ La*, Y, Bi, rare earths R= Pr- Tb
@O~ e

doping : Sr**, Ca, Ba, Pb; Ce**, Te; K*, Na

Figure 1.3 Schematic of the unit cell of the perovskite-type lattice of doped
LaMnOs;. Mn on the lattice B site is centred in an oxygen octahedron. La on the
lattice A site can be replaced or partially substituted by several metal ions of
appropriate ionic radius. Non-trivalent metals act as dopants [15].
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We will discuss only the doped LaMnOj;. Depending on temperature and
carrier concentration, it can be a ferromagnetic metal, ferromagnetic insulator, or
antiferromagnet. The phase diagram of the Ca-doped LaMnOs, which is
La;—«CaxMnOs is presented in Fig. 1.4. When doped with 1/3 Ca which is located at
the La sites, the obtained phase is a ferromagnetic metal Lay;3Ca;3sMnO3 (LCMO)
with a bulk metal/insulator transition (MIT) temperature of 275 K. Above this
temperature it is a paramagnetic insulator.

La, Ca MnO,
350 ' I i I ! I ' I i I ! I ! I i I ! I

5/8

3/8

300

IS
Foe
@

250

200

Temperature (K)
Z

-e 000000000000 S 000 0 Na—

100 : —
50 g s s CAF |
|+ CO: .
0 ik T A PR G T TR S T W
0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0

Cax

Figure 1.4 Phase diagram of La;—,CayMnOs;. FM: Ferromagnetic Metal, FI:
Ferromagnetic Insulator, AF: Antiferromagnet, CAF: Canted Ferromagnet, and CO:
Charge/Orbital Ordering [16].

This metal-semiconductor phenomenon was early explained by double
exchange model theory [17]. In case of Mn*3-O-Mn*™, Mn ions can exchange their
valence between Mn* and Mn** with simultaneous jumping of gq electrons in the 3d
shell from Mn*® to Mn** ions (see Figure 1.5). However, anti-ferromagnetic behavior
occurs for Mn*3-O-Mn*? whereas antiferro/ferromagnetic interaction is observed for
Mn**-0O-Mn**. Referring to Figure 1.5, the crystal field splitting A ~1.5 eV is lower
than the exchange energy Jy ~ 2 eV so that, on a Mn®" site, three electrons occupy
the three tyy7 levels, and the remaining electron lies on the first eqt level. The
introduction of Mn** thus represents a form of hole doping of the g Ssubband. Then,

the double exchange mechanism, proposed by Zener [17] takes place between Mn
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mixed-valence sites across O and contributes to the effective delocalization of these
eg 1 electrons among all Mn sites. These exchange interactions require that the initial

and final states be degenerate in energy.

Mn3+ Mn#+

Figure 1.5 Schematic of the double exchange mechanism in manganite between the
o orbitals of Mn** and Mn** sites across the oxygen 2p orbitals. For Mn*', the lifting
of degeneracy between the two eq levels, and between the top two tyg levels, reflects
the Jahn—Teller (JT) distortion of the oxygen octahedra around this site [18].

The temperature dependence of the resistivity of single-crystal
Lao 7Cap3MnQOs is presented in Figure 1.6. It is seen that there are three regions with
substantially different p(T) dependences: the region of a ferromagnetic metallic phase
below 220 K; the region of the magnetic phase transition in the range 220 - 250 K;
and the region of the paramagnetic semiconductor phase at T > 250 K. Near the
Curie point, a weakly pronounced temperature hysteresis was observed [19]. At T <
150 K, the resistivity is described satisfactorily by the expression p(T) = p(0) + AT?,
where p(0) = 0.13 mQ-cm and A = 2.3 x 10> mQ-cm/K2. At 150 < T < 220 K, the
resistivity grows somewhat more rapidly, reaching the value of 1.87 mQ-cm at 7 =
220 K. In the ferromagnetic region, the dependence of the magnetoresistance on the
magnetic field is as follows: under weak fields, Ap/p > 0; with increasing field, the
magnetoresistance first grows, then diminishes, and changes its sign at a certain
value of B. The reason for the change in the sign of Ap/p is that in weak fields, the
dominant role is played by the anisotropy, and in the paramagnetic semiconductor
region, by the suppression of spin fluctuations. The detailed discussion of magnetic

and transport properties of LCMO epitaxial thin films van be found in Chapter 5.
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Figure 1.6 Temperature dependence of resistivity for the single crystal LCMO [19].
In the inset: the temperature dependence of the local activation energy.

1.3 Interplay between superconductivity and magnetism in artificial

heterostructures

The study of the interaction between ferromagnetism and superconductivity in
superconductor/ ferromagnet heterostructures received increased interest in the late
1990s. This research activity was motivated by realizing that LCMO was a half-
metal with a fully spin polarised conduction band and thus ideally suited for an
efficient spin injection into adjacent materials, while YBCO was known as a

superconductor with a complex d-wave symmetry order parameter and very high

superconducting transition temperature. YBCO/LCMO heterostructures were

expected to be suitable candidates for the creation of spintronic devices [21]. At the
same time there was technologically possible to realize the high quality
heteroepitaxial thin films of YBCO and LCMO as their lattice parameters were very
close to each other [22]. Despite of generally incompatible phenomena,
ferromagnetism and superconductivity can really coexist in YBCO/LCMO hybrid
structures. The suppression of the superconductivity in such hybrids is a consequence
of the Pauli principle. In superconductors the electrons of a Cooper pair have
opposite spins. In other words, both electrons are not in the same state, which would
happen if they had the same spin direction. When the exchange field of the
ferromagnet is strong enough, it tries to align the spins of electrons in a Cooper pair

parallel to each other which destroys the superconductivity. As concerns the
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superconductor/ferromagnet interfaces, this proximity effect means that the
superconducting condensate decays fast in the region of the ferromagnet.

The coexistence of superconductivity and ferromagnetism in
cuprate/manganite hybrid structures was investigated by many research groups.
Ferromagnet/superconductor bilayers [23-27] usually demonstrate features related to
both materials with mutual suppression of superconductivity and magnetism. Figure
1.7 shows the typical plot of magnetization as a function of temperature for such
bilayered hybrid. It can be clearly seen, that the sample orders ferromagnetically at T
~ 145 K and has a superconducting transition at T = 87 K. There is a diamagnetic
signal occurring below T in the zero field cooled measurement. This demonstrates
that below this temperature both superconducting and magnetic ordering appears in

the same sample.

125 —t
- LCMO - YBCO
1007 s 50 nm / 100 nm

_25ﬁli :====_“_

0 50 1(|) 1530 200 250 300
Temperature (K)

Figure 1.7 Temperature dependence of the magnetization in a bilayer consisting of
50 nm LCMO and 100 nm YBCO [23].

It was found [28] that the T. depression at the interface of hybrid structure
might be related to proximity effect (for short length scale) but the depression
mechanism occurring at longer scale (with YBCO layer thickness > 5 unit cells) is
most likely due to pair breaking by spin-polarized carriers entering the
superconductor. The clear evidence for long-range proximity effect was found in
YBCO/LCMO bilayers [29] and trilayers [30]. This effect survived for LCMO film

thicknesses of up to ~ 30 nm which is an order of magnitude larger than the
11



coherence length in LCMO. On the other hand in [31] was shown that the increase of
LCMO layers conductance in LCMO/YBCO/LCMO trilayers is associated with the
induction of the triplet correlation to LCMO over an effective penetration depth &
However in very resent publication [32] with help of the sophisticated XSTS and
EELS/STEM technics it was found that although proximity effects based solely on
charge transfer can be excluded, it is possible that mechanisms involving coupling
between charge and other degrees of freedom with longer length scale could have an
important role in explaining the long-range proximity effect in YBCO/LCMO
systems. Possible mechanisms are, for examples, strain fields or long-range electron—
phonon coupling which is a consequence of long-range Coulomb forces in
conjunction with a short-range orbital reconstruction at the interface. For a detailed
discussion of the interaction between superconductivity and magnetism in
LCMO/YBCO heterostructures, see Chapters 6 and 8.
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Chapter 2
Samples Preparation and Characterization

2.1 Photolithography with Mask Aligner

Optical lithography comprises the formation of images with visible radiation in a
photo resist using proximity or projection printing. These methods rely upon a mask
to form the beam for the necessary image to be formed on the resist. The basic setup
for optical lithography is shown in Figure 2.1. Optical lithography, in its current
form, is bound by some key parameters — numerical aperture, depth of field, and
resolution. The unexposed parts of the resist gradually receive radiation because of
diffraction in the system and scattering in the resist and substrate layers, and hence,

this affects the resolution of the system [1].

Light
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Figure 2.1 Basic outline of optical lithography processes. The diagram shows the
optical radiation entering the system, which is then filtered by the chromium mask.
The image is then projected on to the resist, and any non-exposed material removed
during development. The sample then must be etched and after resist removal it
contains necessary pattern [1].

Modern optical lithography offers higher resolution than proximity and

contact printing, and resolutions of 0.35um have been reported. Projection printing
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relies on an image formation system between the mask and the resist. Because the
beam is focused between the mask and the resist (wafer in Figure 2.2), the resolution
of the system is very good. We can also see that the projection system consists of
several sub-systems, each of which can be manipulated to improve the overall
resolution of the system. The numerical apertures of the lenses can be increased up to
around 1.6. However, a greater improvement in resolution will be given by
decreasing the wavelength of the exposing radiation (as we want to make the
resolution as better as possible). Therefore, we must look at going beyond optical

wavelengths with a view to using ultra-violet radiation in lithographical systems.
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Figure 2.2 Schematic view of the exposure system in proximity optical lithography
with mask aligner. Resolution enhancements can be applied at various stages [1].

Modern photolithography is based on implementation of mask aligners for samples
patterning. These are machines which actually transfer the pattern onto the wafer. A
mask is placed above the wafer (see Figure 2.2). The mask has the desired pattern on
it. A high intensity ultraviolet light is placed over the mask. The light only transmits
through the openings in the pattern allowing the pattern is burned into the photoresist

on the wafer. In this work the Suss MJB3 Mask Aligner (see Figure 2.3) was used
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mostly for all samples patterning. It allows the creation of samples with the

resolution pattern around few micrometers.

Figure 2.3 Suss MJB3 Mask Aligner at the Clean Room of ISEM used for sample
patterning in this work.

2.2 lon Beam Milling

lon milling is a mechanical process which makes use of noble gases, most
commonly, argon [2]. Unlike chemical etching, it involves no chemical reactions
with the etch species. In simple terms ion beam milling can be viewed as an atomic
sand blaster. In place of actual grains of sand, submicron ion particles are
accelerated and bombard the surface of the target work while it is mounted on a
rotating table inside a vacuum chamber. The target work is typically a wafer,
substrate, or element that requires material removal by atomic sandblasting or dry ion
etching.

As with any etching process, a selectively applied protectant — a photo
sensitive resist (photoresist), is applied to the work element prior to its introduction
into the ion miller. The resist protects the underlying material during the etching
process (which may be up to four hours or longer, depending upon the amount of
material to be removed and the etch rate of the materials). Everything that is exposed
to the collimated 5 inch diameter ion beam etches during the process cycle, even the

photoresist. The key however is that the photoresist’s etch rate is lower than that of
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the material that is being etched (generally the target metal etches at a rate 3 to 10
times faster than the photoresist), so while everything etches to some degree, when
the process is complete, the metallization that defines the circuit remains. Different
formulations of photoresist can be used depending on the type of metal and the

amount of material to be removed.

Argon ions strike the target materials while they rotate. This ensures uniform
removal of waste material resulting in straight side walls in all features with zero

undercutting. This leads to a perfectly repeatable circuit time after time.

This precision and its attendant repeatability is ultimately the key strength of
the wide collimated ion beam milling process. Other methods of etching or cutting
such as the chemical process or laser simply do not deliver the same level of
precision that an ion beam etch can. Furthermore, some materials such as Platinum
cannot be etched effectively using a chemical process while other materials are not as
suited to other methods of etching or cutting. The lon Beam Milling process comes
as close as possible to a universal etching solution.
The diagram in Fig. 2.4 shows a simplified view of the function of the ion beam

miller.
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Figure 2.4 lon beam miller operation [2].
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Argon ions contained within plasma formed by an electrical discharge are
accelerated by a pair of optically aligned grids. The highly collimated beam is
focused on a tilted work plate that rotates during the milling operation. A
neutralization filament prevents the build-up of positive charge on the work plate. As
noted in the picture, the work plate is cooled and rotates so as to ensure uniformity of
the ion beam bombardment. The work plate can be angled to address specific

requirements, but it usually sits at an 8° to 10° angle to the ion beam.

The ion beam sputtered away the surface of the film at a rate which varies
with material on the surface. The rate of surface particle loss depends on the
momentum transfer, which depends also on the mass of the surface particle in
relation to that of Ar®, and the bonding energy of the surface particles. In this way,

the carbon-based photoresist milled away at a slower rate than the thin film.

The milling chamber is pumped down to below 2x10® mbar before
introducing a small amount of Ar gas. During the milling process, the chamber is
kept at a pressure of 10 mbar. The good vacuum will minimize collisions between
the Ar’ ions and the residual gas molecules, allowing the ejected ions to travel in
straight lines towards the target electrode with maximum energies. The higher
vacuum also reduces possible reactions between the film surface and gaseous

impurities during the milling process.

Figure 2.5 “Mantis” chamber at the Clean Room of ISEM for lon Beam Milling of

thin films.
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In this work the lon beam milling with “Mantis” equipment (see Fig.2.5) was
used for micro-bridges fabrication (especially for our superlattices) because it has
several significant advantages over chemical etching [3]. lons in the beam, are
accelerated by a strongly vertical electric field, and with a low chamber pressure,
impinge almost completely vertically on the film surface. It can be used to pattern a
wide variety of materials, including ternary and quaternary compounds, such as
YBCO and LCMO.

2.3 Scanning Electron Microscopy

The scanning electron microscope (SEM) is one of the most versatile instruments
available for the examination and analysis of the microstructural characteristics of
solid objects [4]. The primary reason for the SEM’s usefulness is the high resolution
that can be obtained when bulk objects are examined; values on the order of few
nanometers are now usually quoted for commercial instruments, while advanced
research instruments are available with achieved resolutions of better than 1 nm. The
basic components of the SEM are the lens system, electron gun, electron collector,
visual and recording cathode ray tubes (CRTS), and the electronics associated with
them. In the SEM a fine electron probe is produced which rapidly scans (rasters)
across the area of interest. The signals generated in the latter case are detected and
converted to CRT electronic signals, which are then fed to a cathode ray tube (CRT).
The CRT and the scanning coils are linked through the same scan generator, so that
the image appearing on the CRT corresponds spatially to the area of the sample
scanned (see Fig.2.6).

The interaction of the electron beam with the specimen produces a variety of
signals that are used for imaging and spectroscopy. These signals are not generated at
a point, but rather within a volume known as the interaction volume.

The incident (primary) electrons lose energy as they penetrate the sample,
giving rise to an X-ray continuum, which consists of all possible wavelengths
corresponding to the range of energies of the incident beam. The hi