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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].
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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.

Resolution enhancement technologies

Modified illumination

o @ e «——— Light source
«—— Effective
Conventlonal Quadle pole sourcele

Phase shmmg

«— Condenser lens
MaSK m ‘ v‘

Phase Q7 O ™0
Alternate  Attenuated

Pupil filtering

Mask

Pupil h
function
Phase distribution
Multiple exposure

Projection lens
«— Aperture (pupil)

Multiple mask

FLEX
«— Wafer

i e [
thin resist film Wafer stage

Others

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 high-energy
primary electrons may penetrate some distance into the sample before being scattered
outside of the sample again by the Coulombic repulsion of the electron cloud in the
solid. It has been experimentally determined that a significant fraction of the
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incident electrons that strike a flat, bulk target placed normal to the probe
subsequently escape through the same surface that they entered. The re-emergent
beam electrons are called backscattered electrons (BSE). The strength of the
scattering will depend on the atomic number of the scattering atom, so that atomic
number contrasts. Backscattered electrons provide an extremely useful signal for
imaging in scanning electron microscopy. Backscattered electrons respond to
composition (atomic number or compositional contrast), crystallography (electron

channelling), and internal magnitude fields (magnetic contrast).
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Figure 2.6 (a) Scanning electron microscope schematic diagram [5]. (b)Scanning
electron microscope at the Clean Room of ISEM used for the investigation of thin
films and hybrid structures.

The primary or backscattered electrons may knock electrons out of the conduction
band of the solid. These secondary electrons are relatively low in energy, and so can

only escape from a region near the surface of the sample. This signal is thus often
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used for generating topographic information. The electron probe and the CRT are
linked through the same scan generator, so that both sample and screen are scanned
in the same X-Y grid pattern. The intensity of the signal reaching the detector from a
given point on the sample is used to adjust the brightness of the CRT at the
corresponding point. The result is the construction of a map of the sample [6]. Figure

2.6 shows a scanning electron microscope and an image analyser used in this work.

2.4 Measurements of magnetic and transport properties

The most sensitive way to measure small magnetic fields employs a SQUID, or
Superconducting Quantum Interference Device. This is based on flux quantization
within a superconducting loop containing two Josephson Junctions (see Fig.2.7).
Magnetic flux through the loop changes the relation between the phase difference
across the two junctions.The phase difference of two current paths around a loop is

based on the flux through the loop:

qd
A=

In order to avoid scattering of these two paths, this phase difference must be a
multiple of 2, thus limiting the flux allowed within the superconducting loop to

multiples of @y:

nh nh 12
Qp= — =— =nPy = 2x10~“ Weber
q 2e
If a magnetic field 5 is applied such that given the area of the loop 4, the flux
contained should be @ = BA. For a general 5, this would not be a multiple of @&y, but
rather we could write it as n®, + 6®. Therefore, a screening current Is induces in the
superconductor to cancel out this additional 6& component of flux, keeping the flux

in the loop strictly to nd;.

If we pass a current through the loop, this would split equally between the

two arms in the absence of a field, as shown in Figure 2.7. If a magnetic field is
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applied, the screening current I adds/subtracts to the two arms, such that the current
in one arm is enhanced, and in the other, decreased. If 6@ is sufficiently large such
that the enhanced current exceeds the critical current, the material will go into the
normal state and a voltage can be measured across the device. Once 6@ exceeds
®,/2, the screening current is reversed as it now becomes more favourable to
generate an additional flux to bring the flux enclosed to (n + 1)®,. As the applied
field increases further, the screening current now falls back towards zero, as would
any measured voltage caused by driving the material into the normal state. Thus,
oscillations in the measured voltage are seen for each multiple of @&y. It is worth
pointing out that the flux quantum @&y is tiny - performing this measurement with a
loop of 1 mm radius would yield voltage oscillations for every nanotesla of applied
field. Consider also that it is possible to measure voltage on a much finer scale than
one complete oscillation: typical measurements give a sensitivity of 1:10* of an

oscillation, or 103 T.

<—— Voltage ——>

_ i? ¢ Current

— Magnetic

Josephson
P flux @

Junction

Figure 2.7 SQUID, or Superconducting Quantum Interference Device.

The SQUID is the most sensitive device available for measuring magnetic
fields: although it does not detect directly a magnetic field from the sample, instead it
drives the sample through a system of superconducting coils to convert the current
from the coils to an output voltage which is strictly proportional to the current
flowing in the SQUID coil.

The measurements were done by using a Quantum Design’s Magnetic
Property Measurement System MPMS XL at ISEM. This measurement system

comprises:
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- Temperature control system which gives a precise control of the sample

temperature in the range 2K to 400K;

- Magnet control system: the current from a power supply provides magnetic fields
from-5t05T,;

- Superconducting SQUID amplifier system detecting magnetic moments of a sample

which is used for the determination of magnetization.

The apparatus functions as a highly linear current to voltage convertor and
the variations in the current in the detection coils produce corresponding variations in
the SQUID output voltage which are proportional to the magnetic moment of the
sample. We get accurate measurement of the sample magnetic moment by measuring
the voltage variations from the SQUID detector as the sample is moved through the
detection coils. Figure 2.8 shows the MPMS setup at ISEM used in this work.

Figure 2.8 MPMS setup at ISEM.
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The measurement procedure

The sample is mounted in a sample holder that is attached to a rigid rod. This rod
will be put inside the MPMS and a stepper motor will make the sample go through
the detection coil in a series of discrete steps.

Magnetic measurements of critical temperatures

In this work, the critical temperature 7Tc of superconducting samples was
determined via magnetic measurements conducted on the same MPMS equipment
used for the determination of J. Meissner current flows in a superconducting
material at low temperature in a weak applied magnetic field. This Meissner
current shields the superconductor from the magnetic field. It creates a magnetic
moment, which has a direction opposite to the direction of the applied magnetic

field. When the temperature is increased close to T, magnetic flux begins to
penetrate the sample, and the magnetic moment decreases. Above Ic the
Meissner current completely disappears, and thus, the magnetic moment vanishes.
The MPMS allows the measurement of the magnetic moment and its variation during
the temperature changes from below T, to above T, in a small applied magnetic field.
In practice, the sample is cooled in zero fields (ZFC) to the temperature of about 10
K. Then a weak magnetic field (typically 25 Oe) is applied and the temperature is
progressively ramped to 95 K. Around T, the magnitude of the negative magnetic
moment decreases dramatically until it becomes zero when the sample reaches its
normal state. In some cases (especially for hybrid structures) it may reach positive
values after crossing the zero level line and it drops back to zero value.

The MPMS allows the measurement of the magnetic moment and its
variation during the temperature changes from below T, to above T. in a small
applied magnetic field. Then a weak magnetic field (typically 25 Oe) is applied and
the temperature is progressively ramped to 95 K. Around T, the magnitude of the
negative magnetic moment decreases dramatically until it becomes zero when the
sample reaches its normal state. The typical m(T) curve is shown in Figures 2.9. The
point where the magnetic moment reaches the zero level is identified as T¢. In this
work, the value of the transition width AT. is defined from the m(T) curve measured

in the (ZFC) regime (see Figure 2.9). This value is extracted from the difference
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between the two temperatures which correspond to m = - 0.1 and m = -0.5 in the
m(T) curve, with m being normalized to the value of the magnetic moment at 10 K.
The transition width is very important characteristics, because it shows the quality of
the samples and together with the critical temperature reflects the fraction of non-

superconducting phase in the material.
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Figure 2.9 Temperature dependence of normalized magnetic moment m = M/M(at
10K) measured in typical YBCO film for the determination of critical temperature T,
and transition width AT..

Critical current J. calculation

Current density indicates the amount of current a superconductor is able to carry and
it is one of the most important characteristics of superconductors. To obtain  J.
from the magnetization against the applied field data we use the relation between M
and J. given by the Bean model for a parallelepiped like sample

AM «12 +b

Je=Gr—a)
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where AM = M, - M. represents the irreversible part of the magnetization, while b is
the length of the sample, and d is its width. Since we work with data that result from

the screening of a volume we have to calculate the volume of the parallelepiped:

V=bxdxh

where h is a thickness of the film.

Now we use the volume to get the magnetization value per volume unit:

AM _ AM
V  3x10°6
and finally:

Jc = ATM * 2 % 10° (Alcm?)

Transport measurements

The standard method of determination of the superconductor critical temperature T,
comprises a conventional four—probe technique of measurement of R vs. T
dependency, where R is the electrical resistance and T is the temperature of the
sample [10]. This method requires the formation of electrical contacts on the sample
surface by soldering, vacuum deposition, pressuring etc. Generally, contacting is a
large disadvantage of this technique. In some cases, the electrical contacting can
cause a change of the chemical properties of the samples, mainly in the vicinity of
the electrodes. It is significant particularly for the thin film superconducting samples
[11]. To prevent such troubles, the method of ohmic contacts formation on the
surface of complex oxides was proposed. It consists of metallization by pulsed laser
deposition of Pd/Au, Cr/Au, or Pt/Au films in vacuum at the room temperature and
shortest distance between the target and substrate. The metallization at the room
temperature prevents possible de-oxidation and even decomposition of the sample
surface, and the high energy of particles in the laser plume provides their partial

implantation into sample surface which ensures a good adhesion of the metal layer.
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During four-probe measurements the current | was provided by a
programmable Keithley 6221 current source and the voltage V was recorded by a
Keithley 2182A nano-voltmeter. For the measured values the average between
measured voltages was taken. The bridge resistance (when the lithography was used
before the metallization) or sheet resistance of a hybrid structure were calculated as R
= V/I. Knowing the real voltage values the resistivity of the film p can be
determined; p = RxA/L ; where the film area A = AxW; h is the film thickness, W is
the film width, and L is the distance between the voltage contacts, as shown in Figure
2.10.

Figure 2.10 Sketch of the sample geometry for four—probe measurements. The
multilayered structure was grown by pulsed laser deposition onto 5x5 mm? LaAlO3
(100) single crystalline substrates. Afterwards, 100 nm/50 nm Pt/Au are deposited by
laser ablation on top of the film as contacts for the attachment of Au wires.

2.5 Magneto-Optical Imaging

Magneto-Optical Imaging (MOI) of flux structures is based on the magneto-optical
Faraday effect which describes empirically the rotation, ar , of the vector of linearly
polarized light propagating parallel to the magnetic field direction over a distance,
through a medium with longitudinal optical birefringence in a magnetic field, B,

28



[12], where V is a Verdet constant dependent on a light frequency. This is the origin

of a Faraday effect, which is represented schematically in Figure 2.11.

Light source M

Analyser

Figure 2.11 Faraday effect: The linearly polarized light sees its direction of

polarization shifted by an angle o when going through a magneto-optically active
crystal under an external magnetic field B, [13].

The eigenmodes of light propagation (left and right circular polarized) have a
different index of refraction directly proportional to the expectation value of the
magnetic moment along the propagation axis. This rotation of the polarization plane

in conjunction with polarization optics is used in MOI.

In a typical geometry for MOI the light passes through MO layer (MOL), is
reflected at the sample surface and passes a second time through the MOL, thus
doubling the rotation angle (see Fig.2.12). The measurement of ar can be made by
placing a crossed polarizer and analyser on the light path, before and after the double
crossing of the MOL. When a magnetic field is applied on a superconducting sample
covered by a MOL, the direction of polarization of the light focused on areas with
high flux density will be rotated, and the analyser will let some light through. On the
contrary, if the light beam is reflected above a flux free area, ar will stay constant
and equal to 0, and thus the analyser will block all the light. Therefore, on typical
MO images, the bright areas indicate regions in the mixed state whereas dark areas

correspond to flux free regions.
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Figure 2.12 Diagram of Magneto-Optical Imaging setup built and used in this work
[14].

The magneto-optical (MO) imaging technique has been used to study the local
magnetic flux penetration in the YBCO films. When the external field exceeds the
first critical field H¢;, the magnetic flux can penetrate Type-11 superconductor in
form of Abrikosov vortices (flux lines), each carrying one quantum of magnetic
flux, h/2e. The flux penetration is hindered by microscopic inhomogeneities which
pin (trap) vortices. As a result, a critical state is formed with some gradient of flux
density determined by the critical current [15]. The MO image shows flux
penetration in a zero-field-cooled film placed in a perpendicular magnetic field.
Similar to the Meissner state, the brightest areas are found at the edges where the
expelled flux concentrates. At the same time, the flux already penetrated deep inside
the superconductor from the sides of the square. Only the corners and the central part
remain flux free (completely black) [16, 17].

In this work, we used a home-built MOI set-up for the characterization of the
samples. The MOI set-up was constructed by Assoc. Prof. Alexey V. Pan at ISEM
(see Figure 2.13). The system can reach temperatures down to 1.9 K, owing to liquid
helium cooling, and an external magnetic field of up to 0.1 T can be applied.
Presented work used indicator (MOL) is ferromagnetic YIG film with in-plane

magnetization. During the measurements, the MOI indicator was placed in the path
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of the light beam between the polarizer and the analyser, which are positioned at 90
degrees to each other. In order tocapture magnetic features of the superconductors the

fast digital camera was attached to the microscope setup.

Figure 2.16 View of Magneto-Optical Imaging setup at ISEM.
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Chapter 3
Development and optimization of Pulsed Laser
Deposition process for the epitaxy of complex oxide

thin films and heterostructures

3.1 Introduction to Pulsed Laser Deposition Technique

The method of thin films deposition by evaporation of initial targets using the laser
radiation was developed very soon after the creation of powerful lasers in 1960’s.
Progress in laser technology, the understanding of processes of the interaction of
laser radiation with materials, and the condensation of the formed plasma plume have
created a basis for the further development of Pulsed Laser Deposition (PLD).
However, for a long period of time PLD was used only for the deposition of some
semiconductors compounds and for the spectral analysis of various materials. The
interest in PLD technology increased dramatically when it was found one of the most
suitable techniques for the epitaxial growth of high-temperature superconducting thin

films. PLD has following attractive advantages:

1. Moving of the evaporating component (laser) outside the vacuum chamber
will reduce the risk of contamination for growing thin films;

2. Extremely high power density of laser radiation (~10° W/cm?) on the target
allows the evaporation and deposition of any possible materials;

3. Very short laser pulse duration (~ 10 - 20 ns) allows the creation of the
stoichiometric condensate close to the substrate;

4. Relatively high deposition rates, typically ~ 1 A/s, can be achieved at
moderate laser fluencies, with film thickness controlled in real time by simply
turning the laser on and off;

5. High energy laser plasma make possible the reduction of the temperature for the
epitaxial growth and then it allows the formation of very sophisticated hetero-
structures;

6. The use of a carousel, housing a number of target materials, enables
multilayer films to be deposited without the need to break vacuum when
changing between materials.
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The basic idea of PLD is to exploit high-power laser pulses, e.g., from an
excimer laser (or 4-th harmonic of a Nd:YAG laser), in order to evaporate a small
amount of a solid target. The focused laser pulses are absorbed on the target surface
in very small volume. As a result, the supersonic jet of particles (laser plasma plume)
is ejected normal to the target surface (see Fig. 3.1). According to the evaporation
model the dynamics of these processes is defined by absorption of laser radiation by
resulting plasma plume. Increase of plume temperature leads to an essential role of
the radiant heat conductivity along with the electronic heat conductivity. Therefore
the depth of a layer heated by the laser pulse under the target surface could exceed
the depth of penetration of the laser radiation. During very short time the ions in this
layer receive a considerable energy which is much more than evaporation warmth of
a material. Then this overheated layer operates as explosive. The shock wave with
considerable energy penetrates the target which leads to the substance evaporation in

the returning wave [1].

Figure 3.1 Laser plasma plume from the target (on the right) directed to the heated
substrate (on the left).

The structure, composition, and parameters of plasma plume particles
propagating through the deposition chamber represent the big interest as they
basically define epitaxial process. The great part of plume ions possesses energy in
the range of 50 - 1000 eV. The power spectrum of neutral particles was defined by
registration of atoms emission, by resonant absorption, and by others methods.
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According to data received during experiments in spectral diagnostics of laser plume
with high time resolution, it may be concluded that the difference in scattering
speeds of ions and neutral particles was insignificant [2]. Hence, the real power
spectrum of particles which compose the laser plume has a wide strip with the
maximum around 100 eV.

The processes arising at the interaction of products of laser erosion with a
substrate surface have a great interest. It is well known, that high energy ions (E > 10
eV) can sputter the surface of a substrate. Depending on parameters of incident and
sputtered streams their interaction will vary.

According to experimental PLD data, the following mechanism of epitaxial
film formation was suggested. First, high energy ions arrive on a substrate and
sputter a part of superficial atoms. As a result of interaction of the incident plume
with the atoms which have been sputtered out from a surface, the impact area with
the raised temperature and the high concentration of particles can be formed. This
area will block for a while the direct penetration of an incident plume on a substrate.

In this case the film growth begins after formation of the thermalised region
which will be a source of condensed particles. Condensation rate will increase with
time and since the moment, when it will exceed the rate of incident plume the
thermalised region will start to break up. After its definitive decomposition the film
growth occurs from the direct plume only in which the particles energy decreases by
approximately to 10 eV. In the case of less dense or shorter incident plasma plume
the thermalised region probably is not formed. Processes of condensation and defect
formation in the growing film run in parallel until the particles energy will not
become less than the defect formation threshold. Thus, in the case of thermalised
region formation over substrate surface the film growth occurs from particles with
smaller energy and corresponds to more equilibrium conditions.

The explanation of epitaxy mechanisms in PLD is a most important and
difficult problem. It is known, that the most perfect epitaxial films turn out at the
step-layer mode of growth [3]. Realization of three-dimensional and island-based
mechanisms of growth in PLD can sharply worsen its advantages in comparison with
other epitaxial methods. The possible reasons leading to the transition from step-

layer mechanism to growth from the separate centres could be: residual pollution of
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substrate surfaces, mobility restriction of adatoms on a surface, influence of lattices
parameters mismatch in the hetero-epitaxy.

PLD can take place both in vacuum and in the presence of some dilute
background gas which is used to influence the composition of the film. In the case of
oxide films, oxygen is the most common background gas. Under proper process
parameters (e.g., the background gas pressure, the substrate temperature, the target to
substrate distance, and the laser fluence), the film grows epitaxially and the
stoichiometry of the film is a replica of that of the target. Process parameters have
also an effect on the growth rate of the film but if the fluence and the target-substrate
distance have been optimized, the rate remains nearly constant (approximately
1 A/pulse for oxides, such as YBCO) [4]. The basic experimental setup for oxide thin
films deposition using PLD includes: laser, vacuum chamber, substrate holder with
precise temperature control, and source materials (targets) mounted on a target
carousel. Figure 3.2 shows a schematic diagram of a typical PLD system with all

components listed above.

Excimer
laser
(248nm)

Figure 3.2 Typical PLD system setup [5].
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3.2 PLD process automation with LabView

PLD system used for a deposition of all oxide thin films and oxide multilayered
heterostructures, described in this thesis, includes following components (see Fig. 3.3
and 3.4):

1) Compex 301 KrF excimer laser with: wavelength 1 = 248 nm, pulse duration 7 =
25 ns, and fluence f=1-10 Hz.

2) Spherical vacuum chamber with the turbo molecular pump allowing maximum
vacuum level of ~107 Torr.

3) EXCEL INSTRUMENTS programmable target carousel with six target holders,
controlled by firmware for multi-layer deposition.

4) Substrate heater up to 900° C, controlled by EUROTHERM digital controller.

5) Two vacuum gauges for the pressure measuring from 1 atm to 10 Torr.

6) Analogue oxygen flow controller MKS Type 247.

Figure 3.3 General view of a PLD System at developed by TFT group (ISEM)

showing: vacuum chamber with a target carousel and excimer Laser Compex 301.

PLD parameters usually used for complex oxides deposition are presented in the

following table.
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Table 3.1 Requirements for PLD process of complex oxides [6].

Average Laser Laser Substrate Distance Oxygen Annealing
deposition fluence, energy, heater between pressure, | temperature
time, min Hz mJ temperature, target and mTorr and time,

°Cc substrate, °C/min
mm
10 1-5 430-450 780-800 60-80 300 400 /60

Manufacturing of a single sample usually takes a few hours. It needs the
presence of an operator at each stage of PLD process. At the beginning it’s necessary
to pump out the chamber, then to heat the substrate, next to fill the chamber with
oxygen, and as a final step it’s necessary to switch on the laser and start the
deposition itself. As usual all samples need to be post annealed for about one hour
after the deposition.

In order to optimize the PLD process, to make it simpler, and more
controllable 1 performed the automation of PLD system using computer interfaces
and LabView software.
Fig.3.5. It demonstrates three independent modules designed for the remote virtual

The block diagram of PLD automation is presented in

control of three main components of PLD system.

Figure 3.4 PLD System hardware front panel showing (from left to right): Oxygen
flow controller, pyrometer, vacuum gauges, substrate temperature controller, and
turbo molecular pump controller.

Temperature control module was designed for the precise remote control of a
substrate temperature during deposition and post annealing operations. Based on
RS232 interface and et3500 series LabView programs, this module gives the
possibility to choose and start the predesigned heating programs. It also displays the
actual substrate temperature, and keeps this temperature at the necessary level during

both the deposition and the annealing operations. The heating component of this
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software module was placed in the top central part of a LabView front panel (see Fig.
3.6) and it can be switched on by pushing “HEATING ON” knob. When the
substrate temperature reaches the necessary level the module may be switched out
using the knob “Heating Control OFF”.

The oxygen flow control module is placed in the right top part of virtual front
panel. This software module receives data from vacuum gauge via RS232 interface,
analyzes it, and decides whether the oxygen flow must be adjusted (see the flowchart
in Fig. 3.7). If the oxygen pressure is in the range (usually around 300 mTorr) then
the program terminates. When the oxygen flow isn’t in the range the virtual
proportional-integral-derivative (PID) controller starts to adjust the signal and
submits it for the digital-to-analogue conversion. NI_PID.vi from LabView files
library was used in this design. Because the gas flow controller installed in given
PLD system has only analogue input/output the USB-1208FS DAQ device was used
for signal conversion and interfacing. The virtual control of a gas flow can be
switched from the automatic mode to the manual one, as it may be seen from Fig.3.5
and Fig.3.6.

Laser control module is based on RS232 interface, which allows the real time
exchange of data between computer and laser Communication Unit in order to
display all possible laser parameters, as well as to control the laser fluence (repetition
rate) and the laser energy by tuning the applied high voltage. Laser software module
is placed in the centre of LabView front panel (see Fig. 3.6) and its operation can be
better understood by examining the flow chart presented in Fig. 3.8. Laser module
starts if the knob “Laser Control” is pushed. Then laser starts by pushing the knob
“LASER ON” and the program analyzes the information received from laser
Communication Unit and display all laser parameters. These are: high voltage, laser
energy, repetition rate, and laser gas pressure. If the laser gas pressure is not enough
for its operation the program is terminated and the announcement “Refill Laser”
appears on the front panel. The applied high voltage, which directly corresponds to
the output laser energy, and the repetition rate can be chosen and setting up very easy
from LabView front panel. The laser energy monitor visualizes each separate laser
pulse which allows the collection of information about laser energy fluctuation
during the deposition. In order to make deposition process more precise and simpler

the simple software timer is implemented to counts elapsed seconds and it
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automatically stops the laser operation if the time is out. The timer is setting up
before the deposition starts but it may be also switched off if necessary. In this case
the laser operation can be terminated by pushing the knob “LASER OFF”.

After completing the deposition the annealing software module can be
running if necessary. This module is placed at the bottom of a LabView front panel
and its operation obeys the same algorithm as was described for the substrate heating
software module. The annealing program starts if the knob “Annealing ON” is
clicked and stops after clicking on “Annealing Control OFF”. When all necessary
PLD operations are completed, all virtual instruments can be terminated by single

click on “PLD Control OFF” in the left bottom part of LabView front panel.

Temperature Controller (RS232) Oxygen Flow Controller (USB DAQ)
Start Keep Substrate | Keep Oxygen Pressure Oxygen
Substrate Temperature v 300 mTorr Pressure
Heating Indicator

¥

Start

. Temperature
Annealing

Monitor

i

Eximer Laser Controller (RS232) 4

Laser OFF I l Laser ON

3

H

Pulse Counter/Timer Laser

Energy
Count Monitor
Complete
Gas Pressure
Indicator

Set Voltage

Set Fluency

Figure 3.5 Block diagram of PLD process automation with LabView.

The programmable target carousel from EXCEL INSTRUMENTS (see Fig.
3.9) was used in all PLD processes. The carrousel was controlled independently via
RS232 interface. It allowed the fast and flexible tuning of each of six possible targets
before the deposition and provided the rotation and switching between targets during

the PLD process according to the preinstalled target sequence program.

40



Yacuum Chamber Pressure

3E-6

Deposition

Heating ON
Heating Control OFF
Frequency, (Hz)  Voltage, k¥

Laser

LASER CONTROL

LASER OFF

‘ LASER ON

Anneling

Annealing ON
Annealing Control OFF

Process Completed

PLD CONTROL OFF

i # 5 Substrate
ok 9 . Segment Time elapsed
J ® 780 o
Deposition Temperature Monitor piot 0 A
12,75+

Time.

HV,(kv) | Energy,(mJ) | Pressure, (mBar)

B e e

02 control

02 Control ON

02 Control OFF

Oxygen Pressure (mTorr)
301

AUTO

s

Manual Flow Control

900~}

§ 850}
2

4 800~
=

a5

700-

0

|
102
Time:

i 7

Laser Energy A= W
1] 35-
Seconds  Time Remaining %%~
4 200 3 3=
. v, 275-
- Count Complete stop Timer o
:
2=
- 1.75-
Display ON 15=
. 125-
Time Display OFF =
% Anneling Temperature i
; g # g TErhp Segment Time elapsed (min) 0.5+
o2 ) o 025+
Anneling Temperature Monitor Poto P i
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Figure 3.7 Flowchart of the oxygen pressure software module.
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Figure 3.9 Screen shot of a front panel of the Automated Target Carrousel.
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3.3 Chemical composition and surface quality of YBCO thin films

manufactured in automated PLD system

The surface chemical state of YBCO films was analysed by x-ray photoelectron
spectroscopy (XPS). The measurements were collected at room temperature by
standard dedicated laboratory equipment using non-monochromatised Al Ka x-ray
radiation (1486.6 eV) and a hemispherical electron energy analyser. Spectra were
recorded for both the surface as deposited film and the same film after sputtering of
about 30 nm of YBCO. The chemical quality of YBCO surfaces can be readily
assessed from the details of core level photoemission signals, which is very sensitive

probe of the surface quality.

9] y Ba 3d

Intencity (arb. units)

1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 3.10 XPS survey spectra of the surface of YBCO film grown on YSZ
substrate showing the core level signals identified and labeled.

Figure 3.10 shows XPS survey spectra of a surface of YBCO as deposited by PLD
film with thickness h = 200 nm grown on YSZ substrate. Recording this spectra in
high sensitivity mode allows to consider the main lines of all elements presented in
the surface layer of the material in amounts greater than 0.3 at. %. As could be
expected, there are peaks of the electronic levels of yttrium, barium, copper, and

oxygen contained in the composition of the YBCO film under study. The C 1s peak
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includes a signal from the carbon contamination of the random nature and it almost
completely vanished after sputtering of a film surface. Few YBCO samples
demonstrated some traces of Ni which could be the result of re-evaporation from
vacuum chamber walls. However this did not affect the superconducting properties
of such YBCO films.

The energy distribution curves for the core levels O 1s, Cu 2psj,, Ba 3ds2,55,
Y 3d are reported in Figure 3.11. All the spectra were energy referenced to the C 1s
peak binding energy (BE) at 284.7 eV. The sputtered surface spectrum (labelled as
bulk material) usually demonstrates more narrow peaks in comparison with as
deposited surface. XPS signals from this sample (see Table 3.2) are in general
agreement with data reported in the literature for superconducting YBCO films

deposited with different techniques [7].
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Figure 3.11 XPS spectra of the monitored emission lines of YBCO thin film grown
on YSZ substrate: (a) Y 3d; (b) O 1s; (c) Ba 3ds2:32; (d) Cu 2p32.12. The individual
core level spectra well agree well with those shown in [7, 8].
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Table 3.2 Positions of characteristic XPS lines for YBCO film grown on YSZ
substrate.

Electron orbital Peak Position, eV Reference Peak, eV [8]
Y 3dsp 156.8 156.3
O1s 532.0 531.4
Ba 3ds, 780.6 780
Cu 2pz2 933.9 933.3

Figure 3.12 shows typical SEM surface morphologies of the two YBCO films
with the same thickness (h =~ 200 nm) grown on YSZ and STO substrates with
optimal PLD parameters. It can be seen that both films have dense, crack-free
surfaces with evenly distributed pores. The average grain size was found to be of
about 200-500 nm which is typical for YBCO films deposited by PLD [6].

I 1pm JEOL 10/16/2009
X 20,000 15.0kV SEI SEM WD 7.9mm 1:34:30

lpm  JEOL 10/16/2009
X 20,000 15.0kV SEI SEM WD 8.0mm 2:21:32

Figure 3.12 SEM image of surface morphology of YBCO film grown on YSZ
substrate (a) and STO substrate (b).
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To further investigate the chemical composition of observed YBCO films, the
Energy Dispersive Spectroscopy (EDS) analysis has been performed on various areas
of a surface in the positions as seen in Figure 3.13a. Table 3.3 shows quantitative
data of EDS. The EDS results (see Fig. 3.13b) show the elemental composition ratio
of the YBCO in atomic percentage which is very close to the composition ratio of the
bulk YBa,Cu3O7.x. From the EDS analysis it can be concluded that there is no
evidence of impurity traces (except carbon) on as deposited YBCO film. It also
reconfirms the result of XPS analysis that all elemental compositions are in a good
ratio.

== 100nm JEOL 10/16/2009
X 50,000 15.0kvV SEI SEM WD 7.9mm 1:40:49
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Figure 3.13 SEM image of YBCO film grown on YSZ substrate (a), and EDS
spectra of this film (scanned area ‘004”) (b).

Table 3.3 Quantitative elemental analysis of YBCO/YSZ film obtained from SEM-
EDS spectrum as seen in Figure 3.3.4.

Chemical (@] C Cu Y Ba
Mass% Area 001 14.66 5.93 24.65 17.93 36.83
Mass% Area 002 10.02 4.66 28.52 15.71 41.09
Mass% Area 003 11.90 4.00 26.89 16.85 40.36
Mass% Area 004 11.10 4.05 27.45 15.91 41.49

Average Mass 11.92 4.66 26.88 16.60 39.94
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3.4 Optimization of PLD process for YBCO films by target-substrate
distance adjustment
3.4.1 Substrates used for HTS films deposition

Regardless of the details of the film to be deposited, a number of issues are critical in
substrate selection for HTS thin film growth. The best HTS films grown to date as
determined by critical current density, morphology, and stability over time are
epitaxial on their substrates. Epitaxial growth requires the controlled crystallographic
orientation of the film with respect to the substrate. In general, this necessitates
matching the film and substrate with respect to lattice parameters, atomic positions,
crystallographic orientation, etc. The better the match of all these parameters, the
more likely high the quality epitaxial growth is to occur. Table 3.4 summarizes main

characteristics of widely used substrate for the epitaxy of YBCO thin films.

Table 3.4 Monocrystalline substrates widely used for YBCO films deposition [10].

Substrate Structure/ Lattice Melting Thermal Dielectric Lattice

Constant (A) Temperature | Expansion | Constant | Mismatch

(°C) Coefficient to YBCO
(x10°/°C) (%)
SrTiOs Cubic, a=3.905 2080 10.4 300 0.12
LaAlO, Rhombo, a =3.790, ¢ =13 2100 9.2 24.5 2.8
YSZ Cubic, a=5.125 ~2500 10.3 27 31
MgO Cubic, a=4.21 2852 12.8 9.8 7.9

After the simple analysis of the above table SrTiO; (STO) can be chosen as
the best substrate for YBCO deposition because of the smallest lattice mismatch with
YBCO. That’s why this substrate became very popular for all cuprate thin film
deposition. However, STO is may be rejected because of its large dielectric constant
if high frequency properties of deposited superconducting film are predominant. The
best choice of substrate in this case may be MgO. The superconducting properties of
YBCO films grown on substrates with high lattice mismatches (as YSZ or MgO) can
be dramatically improved by depositing of a thin STO buffer layer (h ~ 20-30 nm)
directly on the substrate surface just before superconducting film deposition [9].

Superconducting properties of YBCO films epitaxially grown on different
substrates were investigating. The deposition parameters for all substrate types were
fixed as it was shown in Table 3.2. All substrates had an identical size 5x5 mm? and

the standard cleaning procedure was performed before PLD. In the case of YSZ and
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MgO substrates, a thin STO buffer layer was deposited on their surface just before
YBCO. The results of this investigation are presented in Fig.3.14 and Table 3.5.
They demonstrate one of the most important characteristics of HTS epitaxial film,
the critical temperature of superconducting transition T, as a function of a substrate
type. It can be seen that the best superconducting film with higher superconducting
transition temperature and lowest transition width was grown on STO substrate, but
superconducting properties of YBCO films deposited on YSZ and MgO substrate
buffered with STO are also good enough which makes them promising for future

high frequency applications.

Table 3.5 Deposition parameters and properties of YBCO films grown by PLD on
different substrates.

Substrate YBCO film STO Buffer Distance Critical
thickness, nm | Layer Thickness, substrate- Temperature AT, K
nm target, mm T., K
SrTiO; ~250 - 75 90 1.2
LaAIO, ~250 - 75 88 2
YSz ~250 30 75 89 1.8
MgO ~250 30 75 88 1.9
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Figure 3.14 Temperature dependence of normalized magnetization M/M(at 10K) for
YBCO thin films (h = 250 nm) grown on different substrates.

48


http://www.mticrystal.com/datasheet/SrTiO3.doc

3.4.2 Investigation of the influence of substrate-target distance on
YBCO thin films quality.

The quality of YBCO thin films grown by PLD technique is very sensitive to
deposition parameters such as: oxygen pressure, deposition temperature, annealing
temperature, laser fluence, laser energy, and distance between target and substrate.
It’s necessary to carry out a large number of experiments setting various deposition
conditions in order to find the best combination of parameters mentioned above.

In the Table 3.1 main PLD process parameters used by many research groups
were already listed. However few characteristics are still individual for each
separated PLD setup and vacuum chamber in use. This is the case of the distance
between the target and the substrate in PLD chamber which appreciably exerts
influence over the superconducting properties of deposited films. In order to find the
optimal target-substrate distance the surface morphology, critical temperature of
superconducting transition, and critical current density of YBCO films were
systematically studied. Three samples YSd1, YSd2, YSd3 were manufactured for
three different target-substrate distances d = 65, 75, and 85 mm with the condition
that all other PLD parameters were kept unchanged (see Table 3.6).

Magnetic measurements were made using the MPMS. Figure 3.15 shows the
temperature dependence of magnetization for different distances d which allows the
direct determination of critical temperature T, and AT.. The critical current density
(Jc) of films was deduced from the dependence of magnetization as function of
external field at 10 K and 77 K as it was described in Chapter 2.

Table 3.6 PLD process parameters used for YSd samples deposition.

Target YBCO
Substrate STO
Laser fluence 5Hz
Laser beam energy 430 mJ
Substrate temperature 780°C
Background oxygen pressure 300 mTorr
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Figure 3.15 Normalized magnetization curves for YBCO/STO films with 200 nm
thickness deposited at three different target-substrate distances.
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Figure 3.16 Critical current density (J;) as a function of applied magnetic field for
three YBCO films grown on STO substrate with different distances d. (a) at T = 10
K, (b)at T=77K.
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Measurements of a critical current density for all samples manufactured in the same
PLD conditions except the target-substrate distance d are shown in Figure 3.16 and
in Table 3.7. All films demonstrate a good quality and there is no any significant
difference between their superconducting parameters. For all films, J. monotonically

decreases with increasing applied field.

Table 3.7 Superconducting properties of YBCO/STO samples deposited at different

target-substrate distances.

Sample | YBCO film Distance Critical Jc(10K) Jc(77K)
thickness, substrate- | Temperature | ATc, Alm? A/m?
nm target, mm Tc, K K
YSd1 ~200 65 91 1.8 2.1x10" | 2.4x10%
YSd2 ~200 75 91 15 2.8x10M 2.4x10"
YSd3 ~200 85 91 1.2 2.6x10M 2.2x10"

Although the values of critical current density at zero field as their behavior
of all J. curves at low magnetic fields are almost similar, the decline in J; for d = 75
mm is somewhat less than that of the other target-substrate distances, which implies
that for this distance YBCO film may have stronger flux pinning which is a positive
factor for superconductors film quality.

Figure 3.17 shows the SEM surface morphologies of the same three samples
YSdl, YSd2, and YSd3 deposited with various distances d. Analysis of all SEM
images shows that the surface roughness and the density of pores are target-substrate
distance dependent. The YBCO film surface morphology can be characterized by the
density and shape of existing voids. Their density is a largest for the sample YSd1
deposited at d = 65 mm (see Fig. 3.17 c¢). The density of voids for the sample YSd3
deposited at d = 85 mm (Fig.3.17 a) is a smallest but their size is much bigger (~300-
400 nm) then for the sample YSd1. In contrast, the density of voids is seemingly
lower and their size is much smaller for the sample YSd2 obtained at d = 75 mm
(Fig.3.17 b). Such morphological evolution has explanation in the frame of the film
growth model [11, 12]. In this model the degree of nucleus coalescence depends on
the kinetic energy of adatoms on the surface. All particles (ions, atoms, clysters)
coming from the plasma plume become the adatoms on the film surface. The shorter
the target-substrate distance, the greater is the Kinetic energy of coming particles and
the bigger is their mobility. The result of this adatoms behavior is an incomplete
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coalescence and the formation of voids (pores) between grains. For bigger target-
substrate distances the adatomes have lower kinetic energy and they probably fill
holes and voids.

Figure 3.17 SEM images of the surface morphology for YBCO films deposited
at substrate-target distances: d = 85 mm (a), d = 75 mm (b), and d = 65 mm (c).
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Taking into account the examined superconducting properties and the surface
morphology of YBCO/STO films deposited at different target-surface distances we
may conclude that the optimal target-substrate distance d for given PLD setup must
be chosen between 70 and 80 mm. Here we do not concentrate in the influence of
surface roughness and porosity of our films on their properties as it was already
described in details and particularly discussed in [6, 13] for YBCO films
manufactured with help of the same experimental setup.

3.5 Summary

The pulsed laser deposition technique for manufacturing of complex oxide thin films
used in this work has been described. Significant modification of existing PLD setup
was conducted and the system was completely automated using serial interfaces and
LabView software in order to simplify and optimize the process of multilayered
films deposition and annealing. Clear and friendly LabView virtual instrumentation
was designed. Chemical composition and surface morphology of superconducting
films were investigated. It was shown that the modified and automated PLD system
allows the deposition of high quality superconducting films on different substrates.
In the last section of this Chapter the systematic study of YBCO film quality
dependence on the target-substrate distance was performed. The optimal distance for
given setup was found to be d = 75 mm. YBCO thin films deposited with this
optimal distance have smooth surface morphology and best superconducting

properties.
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Chapter 4
Investigation of HTS multilayered device structures

for practical applications

4.1 Step-Edge Josephson Junctions based on multilayered High
Temperature Superconducting thin film

4.1.1 Introduction to Josephson Junctions Technology

Josephson junctions based on high temperature superconducting (HTS) thin films are
an important component of superconducting electronic devices (SQUID-based
magnetic sensors [1-4], THz imaging application [5], qubit implementation [6], etc.)
working at 77 K. These applications requires the technology of reproducible HTS-
based Josephson junctions (JJs) with minimum spread of junction parameters. To
satisfy this, different types of JJs, such as bicrystal [7], bi-epitaxial [8], [9], narrow
constriction [10], ramp-type [11], step-edge [12] had been engineered. Among them,
the step-edge JJ distinguishes itself by a remarkable simplicity of fabrication and low
cost as well as the flexibility of positioning the JJs anywhere on the substrate. In
order to fabricate HTS JJs with similar electrical parameters, researchers need to
stick with a particular process as the junction’s electrical properties largely depend
on the fabricating parameters such as HTS film thickness, step angle and HTS film
deposition technique.

The important aspects of the JJs for electronic applications are non-hysteretic
I — V characteristics, reproducible junctions parameters (critical current, I, and
normal resistance, Ry), and a high IR, product, which sets the upper limit for device
operation [13]. These issues are well established in the JJs made of low temperature
superconducting materials, but less mature for HTS Josephson junctions. It is mainly
due to the small coherence length, unconventional symmetry of the order parameter
and the complexity of structural characteristics peculiar to HTS materials, which lead
to strong influence of the microstructure on the transport properties of HTS [7].

In order to fabricate robust high-T. JJs, HTS thin films with high critical
current, good crystallinity and smooth surface are required. Among the techniques
developed for thin film deposition: DC and RF sputtering, Molecular Beam Epitaxy,
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Electron Beam Evaporation (EBE), and Pulsed Laser Deposition (PLD), PLD
produces (YBCO) thin films with the highest critical current densities [16]. The
additional benefit of the PLD technique is that it allows growth of heteroepitaxial
multilayers. However, YBCO films grown by laser ablation show a certain level of
porosity and outgrowths. Poor surface quality is mainly due to an island growth
mode [16], [17] of YBCO on most of the substrates.

To improve the morphology of the YBCO epitaxial film grown by PLD,
Marre et al. [18] lowered the deposition oxygen pressure down to 5x10° mbar
(reaching the so-called MBE conditions [19]) and fabricated atomically smooth
YBCO films of 20-100 nm thick on SrTiO3 substrates. They claimed a transition
temperature for their films of 88 K and critical current density, J., of 8x10*° A/m? at
4.2 K.

However Pan at al. [15], have demonstrated the improving of the surface
quality and the enhancing of superconducting properties for thick (~1um) YBCO
thin films by the introduction of an intermediate NdBCO superconducting layer. This
multilayered approach improves the film morphology, creates additional defects and
enhances the critical current density of thick YBCO films. Critical temperatures of
monolayer YBCO and multilayer YBCO/NdBCO/YBCO films deposited on
substrates SrTiOz were around 91 K, and J. values observed for 1 um thick films
were 3x10™ A/m? and 5.5x10"° A/m? at 77 K and 10 K, respectively. In this section,
we present results of a multilayered approach for the fabrication of YBCO-based
step-edge Josephson junctions, and discuss its impact on electric and microstructural

properties of fabricated step-edge junctions.

4.1.2 Details of the Experimental Procedure

Step edges were made on 10 x10 mm? MgO (100) substrates using the techniques
described in [14]. The step angle and height were around 35° and 400 nm,
respectively. The single layer YBCO (MN) and multilayer YBCO/NdBCO/YBCO
(ML) thin films both have thickness of 210 nm (85 nm/40 nm/85 nm for ML sample)
were deposited at a temperature of 780° by PLD technique and annealed at an
oxygen atmosphere at 400° [15]. Step-edge superconducting junctions were patterned
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using a standard photolithographic process and ion beam milling. Each sample
contains four junctions with width of 3 um patterned over a step-edge on MgO
substrate, and a 50 um micro-bridge for measuring superconducting transport
properties of the thin film. Figure 4.1.1 shows typical image of samples after
photolithographic patterning. The gold pads, shown as bright squares in Fig.4.1, were
deposited in order to assure good electric contact between the sample and a testing
probe.

Microstructure was studied by Field Emission gun Scanning Electron
Microscope (FESEM). Current-voltage characteristics at 77 K and 4.3 K were
measured by a four-point technique. Critical current and normal resistance values
were determined from | -V curves. I corresponds to the onset of voltage at 5 uV; R,
was defined from the resistive part of the I -V curve using linear fitting in the region,

where | >> |..

YBCO thm  MgO

film sihstrate

a "
- ' \" : :
2mm - :

Figure 4.1 (a) SEM image of the superconducting chip after patterning. The black
arrow indicates location of the 50 um micro bridge. (b) Sample contains 4 junctions
(A-D) crossing the step-edge on MgO substrate marked by white arrows.
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4.1.3 Properties of single layered and multilayered Josephson

Junctions

The critical temperature of about 88 K was obtained for both single - YBCO and
multilayered Y/Nd/YBCO films after deposition. This is slightly lower than values
reported in [15]. It is due to larger mismatch of lattice parameters between MgO
substrate and YBCO film (9% [20]) compared to 1.4% misfit for YBCO film and
STO substrate, used in [15]. Table 4.1 summarized the electrical parameters of the
measurements. Transport critical currents of 155 and 255 mA were measured at 77 K
in MN and ML 50 pm wide bridges (denoted as “mb” in the table), respectively.
These values correspond to critical current densities of 1.47x10™ A/m? for YBCO
and 2.43x10" A/m? for Y/Nd/YBCO samples. In [15] it was demonstrated that the
introduction of multilayer Y/Nd/YBCO film structures results in the enhancement of
magnetic J; value [J¢(0 T,77K) = 2.9x10"° A/m?] compared to J. of the single layer
YBCO film [J(0 T,77K) = 2.0x10" A/m?, both having a large thickness of 1um.
Thus, there is a good correlation between the magnetic and transport J. values for
single layer and multilayer samples (taking into account different measurement
techniques and the substrates used).

Transport | -V characteristics of 3 junctions (namely A, B, C for SL and B, C,
D for ML) on each sample were measured at 77 K and 4.3 K and presented in Figs.
4.2 and 4.3. Although the critical current of the single layer YBCO film is
sufficiently high, the critical current of the junctions is very small and could not be
detected at 77 K [Fig. 4.2 (a)]. All junctions made on the single layer YBCO film
have value in the range of 240-300 Q. In contrast, the 77 K | -V curve for the ML
junctions shows a well-defined Josephson junction-like behaviour [Fig. 4.1.2 (b)].
The | -V characteristics fit very well with the resistively shunted junction (RSJ)
model [21]. The I; values of 22 — 8 puA are measured, whereas R, values obtained
from the fit vary from 6 to 8.8 Q. Significant excess current is commonly observed in
HTS junctions [7]. Here we estimate the excess current (lexc) of ML_B junction of
0.015 mA from the curve and the calculated value of IR, is 0.038 mV after

subtracting the excess current from the measured I..
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TABLE 4.1 Electric properties of single layer (MN) and multilayered (ML)

junctions
]Ca ‘](.‘>< 1083 ]cRm ]C:o JCX 1089 ]CRH’
Sample mA A/m? mV mA A/m? mV
43 K 43K 43 K 77 K 77K 77 K
MN_A 0.012 021 2.08 0 - -
MN B 0.013 023 2.08 0 - -
MN _C 0.013 0.23 2.08 0 - -
MNmb - - - 155 147 -
ML_B 0.85 15 5.50 0.022 0.32 0.120
ML C 0.57 10 6.80 0.010 0.16 0.075
ML D - - - 0.008 0.13 0.064
MLmb - - - 255 243 -
0.15
0.10
<
g 0.05
,‘_“'\.}
é 0.00
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Voltage (V)

Figure 4.2 1 -V curves of 3 um bridges at temperature of 77 K for single layer (MN)
YBCO (a) and multilayered (ML) Y/Nd/YBCO (b) thin films. Straight line in (b) is
used for extrapolation of excess current e for ML_B junction.
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Figure 4.3 | -V curves of 3 um bridges at temperature of 4.3 K for single layer
YBCO (a) and multilayered Y/Nd/YBCO (b) thin films.

The measurements at 4.3 K reveal the existence of the Josephson effect in
junctions made on the single layer YBCO sample [Fig. 4.3(a)]. However, I values
are very small, about 0.012 mA (Table 4.1). The normal resistance of these junctions
is 173 Q, resulting in an IR, value of 2.08 mV. For the ML junctions at 4.3 K, I;
increased dramatically from its 77 K value [Fig. 4.3(b)]. Hysteretic 1 —V curves were
obtained suggesting that these junctions are underdamped with the Stewart-
McCumber parameter [. = (4ld/nlg )?] [22] of 1.85 and 1.94. The R, value of these
junctions is 6-12 Q. The junction capacitance, C;, of 5-7.6 fF is estimated from the
equation f; = 2eIcRn2C,-/h [21]. It is worth noting that the IR, values of 5.5-6.8 mV
(at 4.3 K) and 0.06-0.12 mV (at 77 K) observed in multilayered Y/Nd/YBCO sample
(Table 4.1) are suitable for the fabrication of SQUIDs [2], [13] and other JJ based
electronic devices. This value is comparable to step-edge junctions in which the
YBCO films were deposited by the EBE technique [12].

The microstructure of both MN and ML junctions has been investigated and
their FESEM images are presented in Fig. 4.4. As can be seen, both types of film
have voids on the surface, but their sizes are different in these films. The single layer
YBCO film has larger holes [up to 1 um, Fig. 4.4(a)] than the multilayer sample [up
to ~ 0.4 um, Fig. 4.4(b)]. This porous morphology of YBCO film surface is due to
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spiral growth of YBCO compound [16], [17]. This is consistent with previous
observations, where it was demonstrated that multilayer approach for film fabrication
enables improved conditions for film growth and relaxation of strain in the YBCO
crystal lattice. This resulted in the formation of YBCO-based films with improved
surface roughness and critical current density. However, it is very likely that the
surface can be further improved as the substrate and thickness of these films are
different than those showing smooth, dense surface in [15].

It is remarkable, that the step-edge junctions fabricated on the two types of
YBCO-based superconducting films of similar thickness demonstrate strikingly
different electrical characteristics (Figs. 4.2 and 4.3). Although there is a difference
of 40% in the film J; value, it cannot account for the large discrepancies on the
junction parameters with a difference in J. of ~2 orders of magnitude. In addition, the
characteristic grain boundary resistivity, R,A (A is the junction area) of junctions in
MN and ML sample are of the order of 1x10™° and 4x10* Q-m, respectively. The
RnA value of the ML junctions is similar to the value of junctions fabricated by EBE
technique, but the R,A value of the SL junctions is 15 times larger.

TEM images of the EBE step-edge junction showed that a grain boundary
junction of 1-2 nm thick is formed in the YBCO film on the top of the step [12]. The
question is that if there is any difference on the thickness of the boundary or its
properties which affect the J. and R,A values of single- and multilayered samples.
Possible reasons for the much lower in the SL junctions are formation of many
parallel small junctions and the faceted-microstructure of thin film along grain
boundary [7], [23]. In combination with the d-wave symmetry, the Josephson current
will flow in opposite direction in parallel small junctions with additional = phase
shift, resulting in a large reduction of the net Josephson current across the width of
the junction [23], [24].

There is a distribution on the size and angle of the faceting effect on the
crystal orientation and hence, the Josephson current distribution is highly non-
uniform. The critical current-magnetic field dependence becomes anomalous with a

maximum critical current at non-zero magnetic field.
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Figure 4.4 SEM images of the surface morphology of single-YBCO (a) and
multilayered Y/Nd/YBCO (b) thin films.

This is found in the SL junctions as shown in Fig. 4.5, in contrast with the
ML junctions. The maximum I, peak for ML_B junction is also slightly shifted from
zero magnetic fields, however, this shift is attributed to magnetic flux trapped in the
junction during I (Ba) measurements. The results observed suggest that there may be
a difference on the crystal growth orientation near the grain boundary between the

single layer and multilayers samples.
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Figure 4.5 A plot of the critical current dependence on the magnetic field of the step-
edge junction MN_A (single layer YBCO) and ML_B (multilayered Y/Nd/YBCO).

4.2 Development of Energy-Efficient Cryogenic Leads with High

Temperature Superconducting Films on Ceramic Substrates

4.2.1 Introduction

Energy efficiency has become the dominant parameter for the design and
implementation of the next generation of computing and communication systems.
The next generation of supercomputers, the Exascale supercomputers, will not be
feasible unless the energy-efficiency of the core digital and memory technologies and
overall computing system are radically increased [25]. Cryogenic superconductor
single flux quantum technology (SFQ) is viewed as a technology capable of
drastically higher energy efficiencies than other technologies [26]. For any cryogenic
electronics, an energy-efficiency of the integrated system is very critical. Power
savings obtained by using energy-efficient electronic technologies will be wasted, if
the system design is not optimized for low power. Achieving high overall systems
efficiency involves optimizing power delivery to cryogenic electronics modules,
input/output data interconnect, efficient cryopackage and cryocooler designs. The
optimum placement of various system elements and technologies at different
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temperature stages following the hybrid temperatures, hybrid technologies (ht2 or
HTHT) integration principle [27] can be used to achieve the lowest overall heat load
and overall power consumption for the cryocooler [26]. One of the significant heat
loads for the cryocooler is related to the heat generation and conduction from higher-
temperature to the lower-temperature stages via the network of cables required to
deliver power to run cryogenic electronics. For normal metal cables, the minimum
heat load Qpmin for a particular value of the bias current I, delivered between two
different temperatures can be obtained by following the Wiedemann-Franz (WF) law
connecting Joule heating and thermal conduction by electrons [28]. For a typical
two-stage cryocooler, the WF-optimised specific heat load for delivery of bias
current from the 50 K stage to the 4 K stage will be Qumin /1, = 7.8 mWI/A [29, 30].
This is too high to be acceptable for the energy-efficient optimised cryogenic
systems. A YSZ substrate has the additional advantage that it can be used for high
frequency RF applications unlike the prohibitively lossy conducting Hastelloy used
in previous DC lead work.

Fortunately, the WF is not applicable to superconductors. High temperature
superconductors (HTS) can significantly lower the overall heat loads at the 4 K stage
that houses Nb-based superconductor integrated circuits due to their low thermal
conductivity and resistance-free DC current transport. A multi-line flexible HTS
cable made using a commercially-available YBCO coated tape on Hastelloy
substrate was successfully demonstrated [29]. For this cable, the heat leak measured
per YBCO line was 1/10th of that for optimised leads made from normal metals for
the typical values of bias currents used for the RSFQ integrated circuits. In order to
achieve this low heat conduction, a silver coating was removed from the commercial
tape, so the heat was conducted through the unpatterned Hastelloy substrate.
Recently, a different method was used in order to reduce heat transport via the
substrate. The Hastelloy substrate was cut into strips by dicing [30]. This allowed the
reduction of heat load. For further reduction of parasitic heat flow to the 4 K thermal
stage, it is necessary to use a less heat conductive substrate. The natural choice for
such substrates is flexible yttria-stabilized zirconia (YSZ). Such substrate was
successfully used to fabricate flexible multi-line cable using medium-temperature
superconductor material MgB, [31]. However, its lower operation temperature (< 30

to 35 K) limits the applicability of such cable to practical 4 K electronics systems. In
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this section, we describe design, fabrication process, and measurements of YBCO
cables made on low heat conductive flexible YSZ substrate. These cables capable of
operating at temperatures up to 70 K can match the needs of energy-efficient

superconductive system integration.
4.2.2 Experimental details

In Chapter 3, it was demonstrated our ability to grow high quality YBCO films and
REBCO multilayers by pulsed-laser deposition with the help of KrF Excimer Laser
(248 nm) on (100) SrTiO3 (STO) or similar substrates in oxygen atmosphere of 300
mTorr in a quite standard 45 cm diameter vacuum chamber equipped with a three
dimensional sample heater manipulator [32]. The distance between REBCO target
and substrates was about 75 mm, although depending on substrate employed and the
distance d the electromagnetic and structural properties of the films can substantially
be changed [33]. The optimal deposition temperature (at which the highest J.(0; 77
K), highest critical temperature (T¢) and the sharpest superconducting transitions are
obtained for the YBCO films was found to be 780° C. The critical temperature T, =
90 + 1 K is typical for so-deposited YBCO films and REBCO multilayers. The
typical J. values at T = 77 K are of about 2.5x10"® A/m% These values form our
standard. The optimal thickness (with the same criterion as for deposition
temperature) was found to vary from 0.1 to 0.4 um. However, the criteria of the
optimal thickness are quite different for microwave applications and determined by
the penetration depth (4).

To characterise films obtained in this work, we employ Quantum Design
Magnetic Property Measurement System (MPMS) 5XL which has allowed us to
measure magnetization (M) curves as a function of temperature (T) and applied
magnetic field (B,). In addition, the transport current measurement insert has been
developed which allows us to directly measure critical current and T, by means of the
standard four terminal techniques. The limitation of this method is the current which
can be flown through the current leads, which should not be higher than 0.1 A. As a
consequence, it is impossible to measure critical currents at temperatures much lower
than about 80 K, even after patterning the films by optical lithography into the

narrow bridges of 50 to 200 pm wide. A standard criterion of 10° V/cm has been
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used for determining the transport critical current, which can now be changed to
match the results obtained by different techniques (for example, magnetisation

measurements and transport measurements) [34].

4.2.3 Development of long sample deposition and measurement

techniques

The existing PLD chamber has allowed us to deposit only rather small thin films of
about 1x1 cm? without a strong change in superconducting properties and thickness
towards the edges of the films. Hence, in order to obtain a long (7 cm to 10 cm)
YBCO films a considerable modification of the deposition process has been
undertaken. Fig. 4.6 shows the schematics of the modified PLD chamber which
shows the long substrate attached to the special gearing mechanism driven by a
stepping motor, which is controlled through a computer interface with variable speed
and motion patterns. An optimisation process has determined that the sample drive
speed of 5 mm/min provides films with the properties similar to those obtained with
the fixed heater stage. Here we report the results obtained for the films deposited
directly on 8 cm to 10 cm long YSZ single crystal substrates of 10 mm wide and 0.5
mm thick. The most challenging part of the design was the sample heater which
would allow us to control the deposition temperature with high accuracy and
reproducibility. A few designs is been trialled which included single and multiple
halogen lamp radiation heaters, as well as resistive heaters with different number of
heating elements. The resistive heater with two and three heating elements turned out
to be the most successful, accurate, homogeneous, and reproducible. The problem of
the homogeneous heating arose due to the fact that with the resistive heating
elements the contact between the substrate to the heater surface determines the actual
deposition temperature. Hence, substrates have to be well attached to the heater
surface. However, this leads to a possibility of breaking the long sample upon
removal them from the heater. The special clamping mechanism on the H-shape
heater design with the heating elements on the sides of the substrates has satisfied all
the requirements to the setup. A typical deposition run for about 45 min to 60 min
with the pulsed laser frequency from 5 Hz to 10 Hz with a growth rate of about 40
nm/min results in a 200 to 400 nm thick YBCO films.
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The patterning of 1 to 100 um wide stripes for multichannel signal transmission
has been created by optical lithography (Fig. 4.7). Both wet (chemical) etching and
dry (ion) etching of the YBCO films have been attempted. Wet etching is rather
simple procedure, so it is tempting to employ it in the first instance. However, as can
be seen in the images taken with the help of an optical microscope shown in Figure
4.7, the quality of the film edges in the wet etching procedure is considerably
rougher than those obtained by dry etching. In fact, the roughness of the wet etched
edges is of the same magnitude (~2 - 4 um) as the line width (3um) obtained by the
dry etching process. Using wet etching, it is difficult to obtain a reasonable quality
pattern features with dimensions < 25 pm. Gold pads on the stripes for
connectorizing the signal leads has also been deposited by PLD in vacuum of about
10 Torr at temperature 200° C employing lift-off lithography procedure. A typical
thickness of the gold pads is of 100 to 200 nm thick. In order to measure the
properties of the films obtained over the entire deposited length, a special insert into
a continuous flow cryostat has been designed which enables critical temperature and
critical current measurements of long samples by means of the four terminal

transport technique at a certain temperature.

Vacuum Chamb\

Gearing

&argets

Figure 4.6 Pulsed laser deposition technique modified to produce films of up to 10

cm long.
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Figure 4.7 A long sample obtained in the modified PLD chamber with patterned
stripe features of 100 um wide. The gold padding on the left hand side of the sample
is clearly seen.

4.2.4 Results and discussion

As long substrates (including YSZ) are rather expensive to use for optimization
procedures, we have used small YSZ substrates of 3x3 mm? or 5x5 mm? during the
optimization process. Fig. 4.8(a) shows the results of the final optimization stage
with the small samples, which were mounted with silver paste on the long heater at
three different positions (in the middle, at the upper end, and the lower end) and
deposited simultaneously with the oscillating heater at 780° C driven by the stepping
motor. All three samples shows very similar onset of the critical temperature T, =
90.0+0:6 K, while the width of the superconducting transition is broader for the
sample situated at the ends. Because of the similarity of the broadening, we attribute
it to the changes in temperature homogeneity of the long heater due to the edge
effects.

Heat transfer is likely to be different in the centre of the heater and its ends.
However, the problem with this optimization procedure based on the deposition of
individual small samples is the mounting procedure. The small substrates were
attached to the heater surface by the silver past providing strong heat exchange,
while the long substrate is mounted by the end clamping, so that the contact heat
exchanged is considerably reduced. This leads to the temperature difference between
the heater surface and the substrate surface of up to 100° C to 200° C. Hence, a
further corresponding optimization was necessary. The result of the resistivity
measurement of the superconducting transition in a long sample over its nearly entire
length is shown in Fig. 4.8(b).
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A typical small piece of the long sample taken from about +3.5 cm from the
middle point shows the critical current density (J;) dependence on the applied
magnetic field (By) which is similar to the best available YBCO films with J.(77K; 0)
~ 2.4x10" A/m? [Fig. 4.9(a)]. This value entirely satisfies the application demand of
the heat switch link for DC signals and digital electronics. Moreover, the surface
resistance of different films have been measured to ensure their characteristics for
data transfer at Gigahertz frequencies. A 2x2 cm? films of 420 nm thick exhibited the
surface resistance Ry = 4.3 nOhm at 1 GHz and 77 K. The temperate dependence of
the surface resistance for a smaller film of 1x1 mm? and 500 nm thick measured at
the resonance frequency of 25 GHz is shown in Fig. 4.9(b). However, this film might
be exposed to some degree of degradation during measurement handling, which may

be seen in a steep rise of the surface resistance at relatively low temperatures.
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4.3 Investigation of possible application of multilayered HTS films

with reduced thickness for Superconducting Single Photon
Detector

4.3.1 Introduction

Recently, the ultimate sensitivity for low light level systems has been provided by a
new class of nanowire Superconducting Single Photon Detector (SSPD) [35, 36].
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These devices outperform other superconducting photon counters and are
significantly better than commercially available semiconducting Si and InGaAs
avalanche photodiodes [37]. To date, single photon sensitive detectors have been
based on Nb and NbN superconducting thin films operating at 2.6 K or 4 K [38, 39].
There would be operational advantages in utilizing YBa,CuzO; (YBCO)
superconducting thin films operating up to 77 K, which would allow substantially
relaxed (by modern cryocoolers) cooling requirements. However, for the potential to
be realized, there is a need to develop methods of preparing nanoscale YBCO
structures with a high degree of structural perfection. YBCO films of various
thicknesses  have been  previously extensively investigated [40-43].
Superconductivity in the ultrathin films has shown to be present for thicknesses as
small as 1 unit cell [41], but with the critical parameters which are much less than
those on thicker (up to micrometer size) films [43]. However, several previous study
demonstrated that multilayering approach (i.e. alternation of YBCO layers with other
superconducting NdBa,Cusz0; [44-46]) or non-superconducting (PrBa,CuzO; [41],
Nd, CuO, [43], CeO, [47]) materials drastically improve superconducting properties
and morphology of final YBCO film. In spite of relatively thick (up to 1 um)
samples investigated, this approach may be viable for improving superconducting
properties of YBCO films at smaller (a few nm) thickness [48]. Being attracted by
the idea of possible fabrication of SSPD from YBCO films [49, 50], we have
initiated study of structural and electromagnetic functionalities of laser ablated
YBCO thin films with reduced (from optimal 250-300 nm for our technological
process down to 28 nm) thickness. We have also investigated effect of multilayering

approach on properties of YBCO films at the thickness down to 44 nm.

4.3.2 Experimental details

The epitaxial, c-axis oriented monolayer YBCO and multilayered
YBCO/SmBCO/YBCO (where SmMBCO denotes SmBa,Cu30-) thin films were made
by pulsed laser deposition using the procedure described in Chapter 3. Bulk
superconducting targets (YBCO or SmBCO) were ablated for different lengths of
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time in order to fabricate films with different thicknesses (Table 4.2). The laser pulse
repetition rate was fixed to 1 Hz for all samples. After deposition, films were
annealed at 400°C for 1 h at 1 atm of oxygen. The multilayered films were deposited
with equal thickness layers of YBCO, SmBCO, and YBCO in this particular order.
Superconducting properties (critical temperature, magnetic moment) of the
films were investigated in the Magnetic Property Measurement System (MPMS,
Quantum Design). Distribution of magnetic flux in the films was studied by
Magneto-Optical Imaging (MOI) at a temperature of 10 K. Images were acquired by
a computer- controlled CCD camera with the magnetic field applied perpendicular to
the sample surface. The morphology of the films was studied with the help of the
Scanning Electron Microscope (SEM). The thickness measurements were carried out
using a Dektak 6 M Stylus Profiler. The errors given in Table 2 are the 95%
confidence limits (determined by twice the standard deviation) of the 5

measurements taken for each sample.

Table 4.2 Samples investigated.

Composition Deposition time (s) Film thickness, nm Abbreviation
YBCO 500 90+ 14 Y90
YBCO 350 60+ 13 Y60
YBCO 250 28+ 8 Y28
YBCO/SmBCO/YBCO 500 90+ 15 Y/Sm90
YBCO/SmBCO/YBCO 350 58+7 Y/Sm58
YBCO/SmBCO/YBCO 250 44 +7 Y/Sm44

4.3.3 Results and discussion

The surface morphology of the films studied is presented in Fig. 4.10. As can
be seen, the Y28 sample has large cavities on the surface of the film (shown by
arrows in Fig. 4.10a). This implies that the amount of ablated particles was
insufficient to achieve full covering of the substrate area (5x5 mm?). As the
deposition time (and thus the thickness of the film) increases, more material arrives;
thus, the film continuously covers the surface of the substrate, and becomes notably
smoother (Fig. 4.10b and c).
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The Y/Sm44 sample shows the most inhomogeneous morphology among all
samples studied (Fig. 4.10d). Note that the thickness of each layer in this sample is as
thin as ~14 nm. We speculate that the first YBCO layer at this thickness consists of
many separated islands. This growth mode likely affects growth of the following
SmBCO and YBCO layers, and results in observed high level of inhomogeneity and
roughness of the final film. However, as the thickness of each individual layer
increases, the morphology of the films improves (Fig. 4.10e and f). This is consistent
with data presented in [15] for YNBO/NdBCO miltilayered structures. It was shown
there that the proposed multilayerd approach may significantly improve smoothness
of the film surface, which is likely to be the result of the defect formation and
corresponding strain release of the entire crystal structure in the multilayers.

There are no large voids on the surface of < 90 nm thick films in contrast to
thicker (> 250 nm) YBCO films [10]. Indeed, initially strong adatom-substrate
bonding results in layer-by-layer growth of the YBCO film on STO substrate up to
the thickness of a few unit cells (~ 6 nm), as confirmed by the Reflection High
Energy Electron Diffraction studies [40]. With increasing film thickness up to ~9-19
nm, adatom-adatom bonding prevails leading to the switch from two-dimensional (or
layer-by-layer) to three-dimensional (or island) growth occurs [42]. Thus, all samples
studied (having thickness in the range 28-90 nm) are grown in a three-dimensional
mode, i.e. with increasing the film thickness YBCO islands become large in size and
coalesce. The latter results are in appearance of voids in YBCO samples. Note that
no voids formed in Y28 sample. They are started to be seen at the thickness of 60 nm
and have the size of about 10 nm (shown by arrows in Fig. 4.10b). When the
thickness of YBCO film reaches 90 nm, the voids have size in the range from 10 nm
to 350 nm (Fig. 4.10c).

In contrast, there were no voids obtained in the multilayered films at any
thicknesses (Fig. 4.10d-f). It is likely due to interrupted growth of island’s height
caused by multilayering. The improved surface morphology of Y/Sm58 and Y/Sm90
films is well suited for structuring a continuous meander line required for fabrication
of SSPD device.

Fig. 4.11a shows magnetic moment of the films as a function of temperature,
from which the onset critical temperature values (T;) are determined and plotted
against the film thickness in Fig. 4.11b. Thinner samples (Y28 and Y/Sm44) have
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Figure 4.10 Morphology of the thin films studied. Images (a—c) and (d—f) correspond
to the different thickness of monolayer and multilayered films, respectively. Broken
arrows in (a) point to areas with large cavities. Solid arrows in (b) and (c) show some
voids formed in 60 nm and 90 nm thick YBCO structures.
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broad T, transition, which is consistent with highly inhomogeneous structure
obtained in these films (Fig. 4.10a and b), and likely poor crystallinity of YBCO
layers in these thin samples. Another factor which may significantly influence the
broadness of a superconducting transition for very thin ReYBCO films is their larger
strain. As the thickness of the films increases, the width of transition becomes
narrow, and T. values increase indicating improved homogeneity in structures
formed in these thicker (= 60 nm) mono- and multilayered samples (Fig. 4.10b, c, e
and f). It is not surprising that thicker YBCO and YBCO/SmBCO films have very
close M(T) shapes. The improvement in M(T) dependence was not expected because
different ReBCO superconductors demonstrate almost the same superconducting
transition behavior. However (as it was shown in [15]) the multilayers have been
shown the great improvement in terms of critical current density versus magnetic
field dependence.

Fig. 4.11b demonstrates that there is a gradual reduction of T, values for films
with the thickness varying from 90 nm to 44 nm. After this point (44 nm) there is a
dramatic decrease in T, for the Y28 sample (down to 70 K). Although these results
are limited in quantity, they show as the size of the films decreases there is a definite
degradation of the superconducting properties, which is more pronounced for
thicknesses below approximately 44 nm.

Direct analysis of T, values suggests that multilayering causes reduction of
the eventual superconducting properties for films with thickness less than 90 nm.
However, this may not be the case. Indeed, each single layer building the
multilayered structure has the thickness of 630 nm, which is comparable to thickness
of Y28 sample. Thus, each of YBCO layers should have about the same level of
structural inhomogeneity (Fig. 4.10a) and have broad width of T, transition as
observed for sample Y28 (Fig. 4.11a). In reality, the structural and superconducting
properties of multilayered samples are gradually enhanced. We speculate that if we
are able to find the way to improve crystallinity and continuity of the initial YBCO
layer, we may benefit from multilayering approach for thinner (< 90 nm) samples in
a similar way as we achieved for thicker films [44,46].

Figure 4.12 shows the zero-field magnetization per sample volume (M) for
each film at 10 K, 50 K and 77 K. From this graph the trend in critical current
density can be determined, because according to Bean model J. ~ M [51]. As can be
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seen, increase of the film thickness results in enhancement of M (and hence J;) of the
film. The multilayered samples show lower magnetic moment values compared to
the YBCO samples at the same thickness and temperature, which is in contradiction
with previously studied thicker samples [44, 46]. This is believed to occur due to
very thin thickness of the individual layers in the multilayered films which likely
exhibit an island growth, creating more defects than compared to monolayer YBCO.
This leads to a decrease in J. and magnetic moment.

The electromagnetic homogeneity of the films was investigated by MOI (Fig.
4.13). From the flux distribution in the Y/Sm44 sample, multiple defects can be seen
over the entire surface of the film, which allows the magnetic flux (bright areas in
pictures) to penetrate the sample more readily. This shows that this sample has poor
electromagnetic homogeneity and would explain the low value of magnetic moment
obtained from the magnetic measurements. As the thickness of the film increases
(Fig. 4.13b and c), dramatically less magnetic flux can penetrate in the sample,
showing enhancement of the electromagnetic homogeneity. This reflects the
magnetic moment trend, since the lower flux penetration leads to a higher magnetic

moment and corresponding Jc.

9 I ' I M I v I M I v I M I

10" F —m— Y 10K 3

F —A— Y 50K [

- [ —*— Y_77K .
E 10°E 0 Y/sm_10K o
E E —/\— Y/Sm_50K 0
3 F —Y— Y/ISm_77K u
= 7
S 10 .
g
g
.2 6
s 10 <
(=] 3
on
S
= 5

10°

30 40 50 60 70 80 90

Film thickness (nm)

Figure 4.12 Magnetic moment of films studied at temperatures of 10 K, 50 K and 77
K. (Lines are guides for eyes only.)

76



4.4 Conclusions

Multilayered approach has been employed for fabrication of step-edge YBCO-based
Josephson junction. The results of this work show that this approach advances
performance of YBCO step-edge Josephson junctions prepared by pulsed laser
deposition technique. This is achieved by tuning the microstructure of YBCO-based
films, which becomes smooth and improves current- carrying ability of thin film and
junctions. The transport properties of the junctions fabricated on multilayered
(Y/Nd/YBCO) thin film have high values.

(¢) Y/Sm90

Figure 4.13 Magneto-optical images for multilayered YBCO/SmBCO/YBCO
samples with different thicknesses. Arrows show the edge of the sample. The
external magnetic field is 21 mT for (a) and 33 mT for (b and c).

On the other hand, the junctions fabricated on monolayer (YBCO) thin film
suggest there is formation of small separated junctions or significant faceting effect
along the width of the grain boundary compared with the multilayer counterparts.

Work is currently conducted on optimization of multilayer type films in order to
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further improve surface morphology and reduce the spread of and values. Once these
goals are achieved, the multilayering approach by PLD technique is expected to
advance functionality of HTS Josephson junctions over junctions fabricated by other
techniques (e. g. EBE). Experiment is underway to investigate the faceting effect and
grain boundary structure of multilayered films.

The HTS YBCO long film multichannel cables with 100 um wide
superconducting stripes have been deposited by PLD technique after modification of
a standard PLD chamber. A long contact resistive heater has been identified to be the
most accurate and robust design, providing the most homogeneous 8 cm to 10 cm
long films during PLD process. The magnetic and resistance measurements exhibit
high quality rather homogeneous films with properties comparable with best small
samples obtained in our standard PLD setup and those available in the world for any
type of application. The critical current density in self field and at 77 K is of 2.4x10"
A/m?, the critical temperature onset T, =~ 90 K over the entire length of the long
sample, and the surface resistance Rs ~ 4 mQ at 1 GHz and 77 K. These properties
are sufficient for applications in electronics, providing effective reduction in
transferred and generated heat.

The properties of monolayer YBCO and multilayered YBCO/SmBCO/YBCO
thin films with thicknesses less than 90 nm were investigated. It was found that as
the film’s thickness decreased there was a decrease in superconducting
characteristics (T, Jc) of the films. The properties obtained were rationalized using
SEM and MOI visualization techniques. We demonstrated that the thinner samples
had very poor structural homogeneity, and thus magnetic flux could easily penetrate
the sample along many defects. For thicker samples (58-90 nm), the homogeneity
increased dramatically, which is confirmed by enhanced T, and J. values and MOI
study of the samples. It was also found that multilayering of thin films with thickness
90 nm results in degradation of their overall superconducting properties. However,
there is a qualitative difference in homogeneity between two types of films studied,
which suggest better homogeneity of multilayered films taking into account the
thickness of each individual layer. We speculate that if epitaxial growth of the 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.
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Chapter 5
Lanthanum Calcium manganite thin films deposition

and investigation of their properties

Lantanum manganites, also known as CMR oxides, are in focus of modern materials
research. From the applications perspective, interest in these materials arose initially
from their unusually large magnetoresistance. However, CMR manganites have also
promising potential for bolometric infrared detection in a wide range of
temperatures. The operating temperatures can be tuned over a wide range by simple
variations in chemistry. The bolometric application of CMR manganites is based on
the steep drop in resistivity with temperature accompanying an insulator-metal
transition [1]. The heterostructure based on manganite (such as LCMO) and
ferroelectric thin films allow the electric-field control of magnetization and may have
many potential applications in magnetic memory storage, sensors and spintronics [2].
All these applications require LCMO thin films and the device performance will
mainly depend on the thin film quality. The optimization of the LCMO thin films is
not straightforward, as different parameters exist which can be optimized, e.g. the
magnetization and the electrical conductivity. In addition to these parameters, a

smooth surface morphology is required for most applications [3].

5.1 LCMO films deposition procedure

All LCMO films were deposited in the automated PLD system, described in Chapter
3. STO, LAO, and YSZ 5x5 mm size (100) monocrystal were used as substrates after
the standard cleaning procedure. The standard 1-inch diameter PLD target of LCMO
from Super Conductor Materials Inc. was used in all experiments. The actual LCMO
film growth procedure was similar to YBCO film. The details of this procedure are
shown in the Table 5.1. The only difference between YBCO and LCMO film
deposition procedure was a value of target-substrate distance because of shorter laser
plum from LCMO target. After series of depositions and measurements of film
properties we have conclude that the optimal target-substrate distance for LCMO
films must be in the range d = 55 - 65 mm. All films were crystalline and epitaxial.
The film thickness was in the range of 20-200 nm and its exact value for each sample
was obtained from the direct measurement by Profile Meter.
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Table 5.1 PLD parameters for high quality LCMO film deposition.

Laser Laser Substrate Distance Oxygen Annealing
Substrate | fluence, | energy, heater target - pressure, | temperatur
type Hz mJ temperature, | substrate, mTorr e and time,
°C mm °C/min
STO, 1-5 430-450 780 55-65 300 400 /60
LAO,YSZ

5.2 LCMO films chemical composition and surface quality

The surface chemical state of LCMO films was analysed by x-ray photoelectron
spectroscopy (XPS). Figure 5.1 shows the wide-scan XPS spectrum of the LCMO
thin film grown on YSZ (100) substrate in the binding energy range of 0-1260 eV.
All of the binding energies at various peaks were calibrated by the binding of C 1s
(284.70 eV). The LCMO film contains La, Ca, Mn, O and C elements near its

surface, and no other impurity element was detected in the spectrum except carbon.

La 3d5/2 7

Mn 2p1/2

Intensity (arb. units)

1200 1000 800 600 400 200 0
Binding Energy (eV)

Figure 5.1 Wide-scan XPS spectrum of a of 200 nm thick LCMO film grown on
YSZ substrate; main lines are annotated (La 3d, Mn 2p, O 1s, and Ca 2p).
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The carbon results from surface contamination. X-ray photoelectron spectroscopy

analysis did not show major differences between the surface composition of the

sample without prior surface cleaning treatment of as deposited film (surface) and

about 30 nm sputtered (bulk) material.

Table 5.2 Positions of characteristic XPS lines for LCMO film on YSZ.

Intensity (arb. units)

Electron orbital XPS Peak Position, eV | Reference Peak, eV [4, 5, 6]
Ca2p 346.8 346.5
O 1s 531.0 531.5
Mn 2pz, 641.6 642.2
Mn 2pys, 653.2 653.5
La 3d3; 852.8 851.8
La 3ds); 834.3 833.7
-..-surface Ca? a ] -..-surface O1s ,- b ]
— bulk P — bulk !

Intensity (arb. units)

T T
370 365 360

T T T T
355 350 345 340

T
335 330

T T T T
540 535 530 525

545 520
Binding Energy (eV) Binding Energy (eV)
| ----surface C | 1 - -surface d ]
— bulk Mn 2p3/2 — bulk
M 2pL2 1 La 3d3/2 |

v
7t

La 3d5/2

Intensity (arb. units)
Intensity (arb. units)

T T T T T T T T T T T T T T T
665 660 655 650 645 640 635 630 625 620 615 860 855 850 845 840 835 830

Binding Energy (eV) Binding Energy (eV)

Figure 5.2 Narrow scan XPS spectra of the monitored emission lines of LCMO thin
films grown on YSZ substrate: (a) Ca 2p; (b) O 1s; (c) Mn 2pzs2:172; (d) La 3d32:55.
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The energy distribution curves for lines Ca 2p, O 1s, Mn 2p, and La 3d are reported
in Figure 5.2. XPS signals from this sample (see Table 5.2) are in the good
agreement with data reported in the literature for lanthanum manganite thin films
deposited by PLD [4, 5, 6].

Figures 5.3a and 5.3b show SEM images of LCMO thin films deposited on
(100) YSZ and LAO substrates. The films present a smooth surface with small
amounts of tiny particles with a maximum size of 0.5 um for all studied deposition
conditions. After examination of XPS data and surface morphology of our samples
we may conclude that PLD technique allows us to produce high quality epitaxial
films of LCMO on different substrates.

gkl X118, 688 1rwm BEEE B6 45 SEI

Figure 5.3 The SEM image of LCMO thin film deposited on YSZ (a) and LAO (b)
substrates.
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5.3 Magnetic properties of LCMO films

The magnetisation M of LCMO thin films was measured as a function of the applied
field B. Figure 5.4 shows hysteresis loops for 200 nm thick LCMO/YSZ sample. The
magnetic field was scanned from 3.0 T to — 3.0 T parallel to the film surface. All
LCMO films were ferromagnetic at low temperatures. It is seen that the magnetic
moment of the film saturates at a magnetic field of ~ 0.7 T and it decreases as
temperature increases. The coercive field at 10 K is ~ 60 mT and it also decreases

with increasing temperature.

1500 —— —

1000 -

A/m)

500 -

3

-500 -

-1000

Magnetization, M (10

B (T)

1500 ———F————F——F——T—

Magnetic field, B (T)

Figure 5.4 Hysteresis loops for LCMO film, measured at 10, 77, and 200 K and field
applied parallel to the sample. Inset: zoom-in of the hysteresis loops at low fields.

Temperature dependence of magnetization of the same LCMO/YSZ film is
presented in Figure 5.5 for two external field directions: parallel to the film (in plane)
and perpendicular to the film surface (out of plane). Both, zero field cooling (ZFC)
and field cooling (FC) curve are shown. The ferromagnetic Curie temperature (Tc¢)
for all measured samples has been estimated by finding the steepest slope from the

temperature derivative of magnetization (dM/dT) shown by arrows in Figures 5.5 and
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5.6. It can be seen that the Curie temperature for both external field directions is
almost the same (T¢ = 240K) but the magnitude of magnetization in all our samples
was much higher for the in plane magnetization which is related to the significant
anisotropy.

350 T T T

T T T T T T T
a 160+ b A
300 - _ ZFC
- 140 _
£ E T
< 2501 1 <1204 c g
™ [s2)

o o
200 - {1 2100+ g T
= = |

- - 80 1
5 150 {s |
g g 604 —9— B” =0.01T | i
5 100 13 !
5 ‘ % 404 —m— B_I_: 0.01T | 1
= 504 1 = 204 \ 1

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature, T (K) Tempearature, T (K)

Figure 5.5 Magnetization versus temperature for 200 nm thick LCMO film on YSZ
substrate showing the anisotropic behaviour for in plane and out of plane magnetic
field with zero field cooling conditions (ZFC) (a); and field cooling (FC) conditions
(b). The measurements were made in a magnetic field of 0.01 T.

350 . T g T y T

—e— LCMO/YSZ

300 ~ —u— LCMO/LAO

1

= = N N
o a1 o (o)
o o o o
1 1 1 1

Magnetization, M (103 A/m)
(o]
o

B,=001T
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Temperature, T (K)

Figure 5.6 Temperature dependence of magnetization for two 200 nm thick LCMO
films grown on YSZ and LAO substrates showing Curie temperature T¢ ~ 237 K and
255 K correspondingly.
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Figure 5.6 demonstrates M (T) curves for two LCMO films with the same thickness
grown on different substrates. Tc value for the films on LAO was close to 260K and
for film on YSZ was about 20 K lower. This phenomenon can be explained by the
degree of strain relaxation in the LCMO films [7]. Compressive and tensile stresses
lead to a reduction of the T¢. A relaxed film gives the highest Tc [8], remembering
that the lattice mismatch between LCMO and LAO is a much smaller, then between
LCMO and YSZ.
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Figure 5.7 Normalized magnetization versus temperature for two LCMO/YSZ
samples with different film thickness. The thinnest film demonstrates two metal-
insulator transitions at around 175 K and 120 K.

The temperature dependence of the ZFC and FC magnetization for
LCMO/YSZ heterostructures is shown in Fig. 5.7 for two thicknesses: 200 nm and
20 nm. The Curie temperature for the 200 nm thick film is 237 K and is decreased
to175 K when the thickness is decreased to 20 nm, revealing a strong dependence of
the Curie temperature on the thickness of the film. Moreover this film demonstrates
one more low temperature transition at 120 K. This is a very large reduction in T,
which could be related to interfacial strains. Really, in [9] the magnetic and magneto-
transport properties of LCMO thin films as a function of the thickness were

investigated. It was found that the reduction of the film thickness leads to a
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systematic decrease of the Curie temperature and of the metal-insulator transition
temperature values. This effect was attributed to the different strain state: fully
relaxed above 100 nm and coherently strained with 70 nm thickness. They claim that
the substrate-induced strain might lead to a weakening of the double exchange
interaction and therefore a reduction of the conductivity which we will observe in
next section. Similar T¢ thickness dependence was also observed in [10]. This
reduction of T¢ and the increase of resistivity are believed to be due to the in-plane
tension in films and to the thickness of films. The thinner the film, the stronger the in
plane strain and the more closely it approaches a 2D system. Moreover, a large
difference between FC and ZFC magnetization for T < T¢ (see Fig. 5.6 and 5.7) was
observed, indicating a cluster glass magnetic behaviour [11].

In order to better illustrate the magnetic ordering in very thin LCMO film (h
= 20 nm), the temperature dependence of ZFC and FC magnetization is presented in
Fig. 5.8 in different fields. For B = 0.01 T, the FC and ZFC curves separate at
around 100 K accompanied by a remarkable thermomagnetic hysteresis (or
irreversibility) with Mzrc # Mgc at the irreversibility temperature, and Mec - Mzec
increases as temperature decreases. However, for B = 0.1 T, T;, decreases remarkably
up to 60 K and at the magnetic field of 1 T the irreversibility disappears almost
completely.

This type of irreversibility in magnetization is generally indicative of
antiferromagnetic (AF) ordering; however, for a simple AF no thermomagnetic
hysteresis is expected. This latter effect is traditionally accepted as a hallmark of
cluster-spin-glass systems with a characteristic spin-glass transition temperature Ty,
This may be attributed to the presence of Mn—Mn clusters [12] in the interface region
which are anti-ferromagnetically coupled, and such coupling is stronger at low
temperature. However, as in the case of many other manganites, the charge ordering

coexists with ferromagnetism in the low-temperature phase.
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Figure 5.8 Temperature dependence of FC and ZFC magnetization of 20 nm thick
LCMO/YSZ sample at various field values showing the shift of T, to lower
temperatures with increasing field values.

5.4 Transport properties of LCMO films

The DC electrical resistivity of the LCMO films deposited on YSZ and LAO
substrates was measured along the (100) film direction as a function of temperature
in zero magnetic field. Typical temperature dependence of the resistivity of a thick (h
~ 200 nm) LCMO film is presented in Fig. 5.9. It may be seen that there are three
regions with substantially different R(T) dependences [13]: (I) the region of a
ferromagnetic metallic phase, which lies below 220 K; (11) the region of the magnetic
phase transition in the range from 220 to 260 K; and (Ill) the region of a
paramagnetic semiconductor phase at T > 260 K. At T < 150 K, the resistivity has
nearly parabolic temperature dependence and it is described satisfactorily by the
expression p(T) = p(0) + AT?, where p(0) = 2.3 x 10? mQ-cm and A = 4.2 x 10°*
mQ-cm/K? At 150 < T < 220 K, the resistivity grows somewhat more rapidly,
reaching 0.38 mQ-cm at 7 = 220 K. The metal-insulator transition (MIT)
accomplishes at T = 260 K and above this temperature the sample is in the insulating
paramagnetic phase. However the resistivity vs temperature dependence was
changed dramatically when the film thickness was reduced up to 50 nm. We may

distinguish similar three regions with different p(T) dependences, but with much
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lower peak temperature (Tp) values and a small valley at low temperature (~ 30K).
Figure 5.10 shows the resistivity traces for a LCMO film in a magnetic fields of B, =
0, 0.1 T, and 1.0 T. The resistivity decreased with increasing magnetic field. This
reduction in p was most significant close to the resistivity peak and there was
comparatively insignificant change above 230 K. The maximum in p(7) on warming
also showed a field dependence, increasing from 176 K (at B; = 0) to 184 K (at B, =

1.0T).
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Figure 5.9 Temperature dependence of the resistivity for 200 nm thick LCMO film
grown on LAO substrate showing regions with: ferromagnetic phase (I), phase
transition (I1), and paramagnetic phase (I11).
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Figure 5.10 Resistivity vs. temperature for a 50 nm LCMO/YSZ film in three
different in plane magnetic fields of B = 0; 0.1; and 1.0 T respectively. Inset: Low
field magnetoresistance of LCMO film vs. applied in plane magnetic field.
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The low-field magnetoresistance (MR) of the same LCMO film at three
various temperatures in an in plane applied field is shown in Inset of Fig. 5.10. This
confirms the increase in resistivity with increasing of an external magnetic field. It
also indicates that the magnetoresistance curves in the temperature range around MIT
point have nearly linear dependence and do not saturate in low magnetic fields (up to
0.5 T). Low-field MR has achieved value as high as 3.4 % at 150 K.

In Figure 5.11, the resistivity of the LCMO-50nm thin film is shown as a
function of temperature at the applied magnetic field B,=0 T and 5 T. We can see a
clear metal-to-insulator transition (MIT) at Tp = 160 K and metallic-like behavior

below Tp. For this film the transition temperature increased to 170 KinB=5T.
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Figure 5.11 Resistivity in zero field (red) and 5T (green) as a function of
temperature for a 50 nm LCMO film on LAO substrate (left panel).
Magnetoresistance of this film vs temperature (right panel).

The temperature dependent high field magnetoresistance (MR) for the same

LCMO film is also shown in Figure 5.11. The MR is defined as MR = [(R(B,) -
R(0))/R(0)] X 100%, where R(0) and R(B,) are the resistances at the applied field B, =

0 T and 5 T, respectively. The sample shows an MR minimum in the vicinity of the

metal-insulator transition temperature. Both resistivity and MR behavior of the
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LCMO films measured are typical for the samples with similar thickness and
composition as described in [14, 15].

5.5 Summary

In this chapter we have demonstrated the ability of deposition of high quality
epitaxial LCMO films on different substrates using PLD method. The quality of film
surface was proven by XPS spectra analysis and SEM data. The magnetic and
transport properties of epitaxial LCMO films with different thickness were
investigated. It was shown that the Curie temperature for given LCMO samples is
strongly dependent on film thickness and substrate in use which can be explained by
the strain relaxation in epitaxial films. The transport measurements confirm the
thickness dependence of a temperature of metal-insulator transition. It was found that
Tp = 250-260 K for LCMO film thickness h = 150-200 nm and T, = 150 K for h =
30-50 nm. All LCMO thin film samples demonstrated CMR behavior with negative

magnetoresistance minimum in the vicinity of metal-insulator transition point.
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Chapter 6
YBCO-LCMO Hybrid Structures

6.1. Introduction to cuprate-manganite hybrids

Superconducting/ferromagnetic structures are under intense investigation due to their
unusual properties and possible applications in various devices including spintronic.
Heterostructures comprising cuprate and manganite layers offer the possibility to
combine and interplay such effects as colossal magnetoresistance (CMR) and high-T.
superconductivity (HTS) in one system. Generally, the cuprate-manganite
multilayered structures and superlattices can demonstrate the suppression of both
superconducting and ferromagnetic properties due to the mutual influence, but under
certain conditions superconductivity and magnetism are able to coexist which can
lead to exotic behavior [1]. If an insulating layer is introduced between
superconductor and ferromagnetic layers the proximity effect, strongly affecting
short-range order parameters in superconductor and ferromagnet, should be
attenuated or completely suppressed. However, long-range magnetic interaction can
survive [2, 3]. On the other hand, depending on the thickness of the intermediate
layer, tunneling effects should be considered, making the understanding of the
behavior of such hybrid systems quite a complex task.

Recently, both experimental and theoretical studies have demonstrated the so-
called nanoscale phase separation (PS) in manganite systems, which is likely to be
responsible for the metal-insulating transition and moreover to be the key in
understanding the CMR effect [4]. Oxygen-deficient Lay3CaisMnOz (LCMO) is
expected to contain a ferromagnetic conducting phase and antiferromagnetic charge
ordered insulating phase [5]. It has been found that the application of electric current
can lead to the melting of the insulating phase and the increase of the portion of the
conducting phase in these materials.

The cuprate/manganite bilayers and multilayers investigated by many
research groups [6, 7] have been grown on top of each other. This means they were
coupled to each other electronically and magnetically. In order to control the
electronic interaction between two layers, an insulating interlayer may be grown

between superconductor and ferromagnet. This achieves an electronic decoupling. In
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the last decade, a large effort has been devoted to the development of three terminal
high-T. superconductor devices, and one viable approach is the quasiparticle
injection device [8, 9]. These devices are attractive because their speed, when limited
by the effective quasiparticle relaxation time, may be the order of 100 GHz [8].

In this chapter, we investigate superconductor-ferromagnet hybrid structures
with few active layers separated by a thin (10-30 nm) STO or CeO; insulating layer
which makes it possible to keep properties of HTS YBa,CuzO; (YBCO) cuprate in
one layer and manganite (LCMO) in the other layer almost unaffected. Yet, the
insulator allows their mutual influence via tunneling through its thin barrier. We
focus on magnetic and transport measurements of such LCMO/Insulator/YBCO

heterostructures with possible device applications.

6.2 Experimental details

The thin films of YBCO, LCMO and their heterostructures were epitaxially grown
on (100) YSZ and LAO substrates using automated PLD system, described in
Chapter 3. The deposition parameters for both cuprate and manganite films were
kept in the ranges described in Chapters 3 and 5. The thickness of the epitaxial layers
was controlled by the deposition rate pre-calibrated employing surface profile
measurements. YBCO and LCMO layers were grown with the thickness of 100 - 250
nm, whereas the intermediate insulating layer of STO was fixed at about 30 nm. To
ensure the properties are not pertained to STO properties of its growth, CeO,
insulating layer of similar thickness was also used. The programmable target
carrousel has been used to ensure the non-interrupting deposition process upon
switching between the different targets for manufacturing of the multilayered hybrid
architectures. For magneto-transport measurements, the samples were patterned
using conventional photolithography and wet etching process. The micro-bridge
width was in the range of 25 - 100 um. The sample resistance as a function of
temperature and current-voltage characteristics were measured in a temperature

range from 10 K to 300 K by a dc four probe method.
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6.3 Magnetic properties of LCMO/I/YBCO hybrid structures

A sketch of general geometry of the investigated samples of the F/I/S type is shown
in Fig. 6.1. This type of samples consists of three epitaxial layers grown on a single
crystalline substrate. First layer to grow denoted as (S) was YBCO with the thickness

of about 200 nm. Then the insulating buffer layer (I) (hpst =~ 10-30 nm) was

deposited on YBCO, and finally the LCMO epitaxial layer (F) was grown on the top

of the structure.

STO or CeO2 buffer

Substrate

Figure 6.1 Sketch of the F/I/S sample geometry. LCMO and YBCO are grown by
pulsed laser deposition via insulating buffer layer onto YSZ (or LAO) (100) single
crystalline substrates.

Figure 6.2 shows the field cooled (FC) as well as zero field cooled (ZFC)
magnetization studies at 0.01 T applied along the film plane (B,) and perpendicular
to this plane (Bc) for the F/I/S heterostructure. Firstly, the FC magnetization curve of
this sample shows a typical ferromagnetic-like behaviour below the irreversibility
temperature Tj;r =240 K which is consistent with the behaviour of the single LCMO
film of nearly the same thickness grown under identical conditions and showing a
Curie temperature of ~250 K (see Chapter 5, Fig. 5.6). The data in Fig. 6.2 also
clearly demonstrates that at T, = 90 K a transition to superconductivity occurs. This
can be seen from the diamagnetic signal that occurs below T = 90 K in both in plane
and out of plane magnetization measurements ad demonstrates that below T = 90 K
both superconducting and magnetic ordering are present in the sample. This is
consistent with data presented in [10] where was found that for LCMO/YBCO
bilayers with YBCO layers thickness h > 30 nm T, was almost equal to the value
reached within pure YBCO films. The discrepancy between the ZFC and the FC
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curves suggests the existence of spin glass or spin cluster like behaviour in the
LCMO layer [11].
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Figure 6.2 Temperature-dependent magnetization of a type F/I/S heterostructure
(LCMO200 nm /Ce03 30 nm /YBCO200 nm ) grown on LAO substrate and measured with
in plane (left panel) and out of plane (right panel) field configuration under constant
magnetic field of 0.01 T. The upper curve represents the field-cooled (FC) and the
lover curve — zero field cooled (ZFC) measurements with metal-insulator transition
at 7y = 240 K. Inset: magnified part of out of plane field curves showing 7c = 90 K
and 7= 240 K.

Figure 6.3 represents a sketch of general geometry of the S/I/F type samples.
This type of samples also consists of three epitaxial layers grown on a single
crystalline substrate. First layer to grow denoted as (F) was LCMO with the
thickness h of about 200 nm. Then the insulating buffer layer of CeO, (I) (d; = 30
nm) was deposited on LCMO, and finally YBCO epitaxial layer (S) was grown on
the top of the structure. Figure 6.4 shows the FC and ZFC magnetization as a
function of temperature for this type of samples for two external field orientations.
As for F/1/S heterostructure curves display a sudden step in magnetization occurring
just at the superconducting transition at T, = 89.5 K (which is more pronounced for
ZFC magnetization measurements) followed by a tendency to saturate at
temperatures far below T.. The metal-insulator transition point for S/I/F structure can
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be also well identified at Tiy = Tcuie = 250 K. Compared with the F/I/S
heterostructure the S/I/F sample demonstrates much bigger level of paramagnetic
signal just above Tc making in plane field ZFC curve almost symmetric with respect

to this temperature.

STO or CeO2 buffer

Substrate

Figure 6.3 Sketch of the S/I/F sample geometry. LCMO and YBCO are grown by
pulsed laser deposition via insulating buffer layer onto YSZ (or STO, LAO) (100)
single crystalline substrates.
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Figure 6.4 Temperature-dependent magnetization of a type S/I/F heterostructure
(YBCO200 nm /Ce02 30 nm /ILCMO200 nm) grown on a STO substrate and measured with
in plane (left panel) and out of plane (right panel) magnetic field configuration under
constant magnetic field of 0.01 T. The measurement was provided under ZFC and
FC conditions and demonstrated the metal-insulator transition around 7 =~ 250 K
and a superconducting transition at 7; =~ 89.5 K. Inset: magnified part of out of plane
field curve showing 7; = 89.5 K and 7y~ 250 K.
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Investigation of magnetic properties of multilayered heterostructures such as
F/1/S/I/F and S/I/F/1/S (see Fig. 6.5a and 6.5b correspondingly) shows in general the
similar M(T) curves behaviour. The metal-insulator transition occurs at the same
temperature T = 250 K but superconducting critical temperature T, as well as AT,
show lower values compared to sole YBCO film (see Table 6.1). So the multilayered
configuration has more degraded the superconducting properties of YBCO as
observed through the decreasing of Tcand AT..

Table 6.1 Characteristics of multilayered hybrid structures.

Sample T., K AT, K Tim K J. (10K), J. (77K)
Alm? A/m?

YBCO 90 1.2 4.3x10M 5.2x10"

FIIIS 20 9.8 240 4.2x10" 2.2x10"

SIIIF 89.5 6.3 250 1.2x10" 7.7x10°

FIISIIF 88 5.8 250 4.0x10™ 9.7x10°

SIIFINIS 86 6.3 250 3.0x10" 1.4x10°

The M(B) measurements of hybrid structures were performed with the
applied magnetic field oriented in a direction parallel to the c-axis of the YBCO
films (out of plane magnetization). Typical M(B) curves of an F/I/S type hybrid
structure in comparison with sole YBCO film for two different temperatures below
the superconducting transition are shown in Figure 6.6. Such curves were used in the
determination of the critical current densities [12], J. (B) for all possible type of
hybrid structures described in this section, which is shown in Figure 6.7 and 6.8 for
10, and 77 K, respectively. By comparing the J. (B) curves for the YBCO film grown
directly on YSZ and those for the different type of hybrid structures, two features
may mainly be noted. First, at B = 0, the reference YBCO film has a slightly higher
Je with respect to the hybrid structures grown on the similar substrate. A diminishing
critical current density of F/I/S hybrid structures with STO buffer layer deposited by
PLD has been previously reported [13]. The decrease of J. was explained by the
circumstance that the superconducting correlations induced by the YBCO film are
destroyed by the LCMO exchange field to a degree that depends on the transparency

of the interface.
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Figure 6.6 Magnetization curves of the single YBCO film and LCMO/STO/YBCO
heterostructure measured at 10 K (a) and 77 K (b).

The second feature regards the magnetic field dependence of the critical
currents. A closer examination of the J(B) dependencies leads to the conclusion that
at low temperatures, 10 K, all hybrid structures show a similar curve shape with the
smallest J. value for FISIF hybrid which would not be surprising as it contains only

one superconducting layer surrounded by two ferromagnetic layers. So the
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suppression of superconductivity here must be more pronounced. But at higher
temperature, 77K (see Fig.6.8), the J; (B) curve demonstrates better shape in the

region of medium fields (B =1-3T) compared with S/I/F/1/S and S/I/F hybrids. Such
Je (B) curve behavior may be explained in terms of a competition of two effects [13].
Because of diffusion during PLD process, some of the LCMO molecules penetrated
deeper into the YBCO film, creating additional pinning centers.

In thin YBCO films the critical current is determined by the pinning of the
vortex structure. The LCMO exchange field leads to a partial destruction of the
superconducting correlations induced by the YBCO film and hence to a decrease of
Jc. At the same time, the appearance of strong new pinning centers because of the
ferromagnetic inclusions that have diffused into the YBCO film should lead to an
increase in J.. The competition between these two effects probably may even

enhance J; (B) shape.
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Figure 6.7 Magnetic field dependence of the critical current density, J., for different

type of hybrid structures compared with single YBCO film at 10 K.
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Figure 6.8 Magnetic field dependence of the critical current density, J., for different
type of hybrid structures compared with single YBCO film at 77 K.

From Fig. 6.8 it may be observed that the critical current density corresponding to
multilayered hybrid structures (F/I/S/I/F and S/I/F/I/S) starts to decrease more
abruptly at high applied field, compared to single YBCO film and the difference
between hybrid structures and YBCO is directly observed, as above 3.0 T, the J. of
the YBCO film is higher than that of hybrids. Only F/I/S structure demonstrates the
behavior similar to YBCO in higher fields.

6.4 Transport properties of YBCO/STO/LCMO hybrid structures
(YBCO on the top) under in-plane current injection through

manganite layer

Figure 6.9 shows the typical behaviour of the resistivity versus temperature for our
sole YBCO and LCMO films of a similar thickness grown by PLD on YSZ
substrates. We can readily identify the superconducting transition for YBCO film at
Te = 89 K and the metal — insulator transition point (MIT) for LCMO film at T, =
255 K. These are similar to bulk material parameters, demonstrating the ability of

PLD method to grow high quality epitaxial films for both materials.
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Figure 6.9 Temperature dependence of a normalized resistivity (warming curves) at
100 uA probing current for: 250 nm — thick YBCO/YSZ and 250 nm — thick
LCMO/YSZ films.

The geometry for in-plane current injection is shown in Figure 6.10a.
Injection and R(T) measurement gold contacts pads (~100 nm thick) were deposited
on both, the LCMO buffered by STO layers, and the YBCO micro bridge. Four
contacts were placed on YBCO micro bridge for the resistance measurement (l;) and
two contacts for the injection current power source (lin).

The R(T) measurement for zero external magnetic fields and 5 T field applied
in plane is presented in Figure 6.10b. It is clearly seen that the structure demonstrates
both superconducting-like behavior with T, = 80 K and manganite-like behavior
above this temperature. Resistance of a hybrid structure is not dependent on the
applied magnetic field at the superconducting state and it significantly changes with
applied field far above T.. This means that in this state the electrical current passes
through both the superconducting layer (YBCO) and the giant magneto-resistive
LCMO layer. Above superconducting transition temperature T, = 80K the curves
demonstrate YBCO-like shape until T = 160K where the resistance starts to rise
faster and reaches its maximum at around Tp = 250K which is consistent with the
metal-insulator transition point for sole LCMO film (see Fig.6.9).

Such MR(T) behavior was also observed in [14], and it was explained in

terms of the spin-dependent interface scattering which together with thermally
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activated flux flow takes account of the present giant positive MR in the mixed state
region near the onset temperature of the superconducting transition. The
magnetoresistance curve MR(T) at higher temperatures shows its minima point
shifted for ~ 20 K to lover temperatures in comparison with Tp. Above this
temperature R(T) curve demonstrates the semiconducting-like behavior similar to
sole LCMO film.
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Figure 6.10 (a) Sketch of geometry for hybrid structure of S/I/F type representing
YBCO micro bridge (w = 25um) on the top of LCMO epitaxial layer buffered with
STO thin layer (with injection current source connected to STO). (b) The in-plane
resistance vs. temperature curves of a hybrid YBCO200nm/STO20nm/LCMO200nm for
zero field and 5 T applied magnetic field showing superconducting transition at T, =
80K and metal-insulator transition at Tp =~ 250K(b). Inset: an enlarged plot of R (T)
curves around superconducting transition.
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Application of an injection current as shown in Fig.6.10a will dramatically
change the R(T) curve behavior. Figure 6.11 demonstrate the trend of the R(T) curve
evolution when the different injection current is applied. Small injection current lip; =
0.5 mA slightly increases the resistance just above 7; and it leads to the formation of
a drop in resistance in the temperature region between 7; and T,. This drop of the
resistance becomes more pronounced for bigger injection currents with shifting of
the minimum resistance point (73) to higher temperatures. The application of a high
injection current (~ 5 mA) also leads to the reduction of 7; for about 4 K and
significant reduction of a sample resistance at room temperature. Such behavior is

very promising for bolometric applications.
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Figure 6.11 Temperature—dependent in-plane resistance AT) for the YBCO bridge in
setup of Fig. 6.10a for different injection currents values. Notice that an increasing of
the injection current causes a decrease in the resistance at room temperature, but a
drop in resistance around the temperature Tq4 is shifted to higher temperatures.
Additionally, a shift in the superconducting transition temperature 7; from 80 K to 76
K was detected.
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6. 5 Electroresistance and magnetoresistance effects in
LCMO/STO/YBCO hybrid structures (LCMO on the top)

In the Figure 6.12, the schematic of the LCMO150 nm/STO20nm/YBCO200nm
hybrid structure and its micro-photograph is shown. It comprises the YBCO micro-
bridge (w = 100 um) with LCMO pad grown across it on the top of a 20 nm thick
STO insulator layer. The sample configuration allows the resistance measurement to
carry out within different layers separately. The results of these measurements are
presented in Figure 6.13. Clearly, the superconducting transition of YBCO micro
bridge was not affected by the presence of the top LCMO layer. The shape of the
YBCO R(T) curve is quite similar (except for the slight rise around T, = 255 K) to
the resistance of the single YBCO layer shown in Fig.6.8. Moreover, the

superconducting transition temperature (T, = 90 K) is the same.

Substrate

b)

Figure 6.12 (a) Sketch and (b) micro-photograph of a LCMO/STO/YBCO hybrid
structure representing epitaxial LCMO layer grown on the top of STO buffered
YBCO micro-bridge (w= 100 pm).
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In contrast, the superconductivity has considerably been affected in similar
YBCO/LCMO heterostructures which is consistent with data presented in Refs. [1],

and [15, 16] where the intermediate insulating layer has not been introduced.
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Figure 6.13 Temperature dependence of a normalized resistance (warming curves)
for: 200 nm — thick LCMO film growing over YBCO-bridge via 20 nm STO buffer
layer; 300 nm - thick YBCO bridge; LCMO/STO/YBCO hybrid trans-resistance.
Inset: the cross section of a hybrid structure.

This confirms our expectation to suppress the proximity effect by the
insulating buffer layer for YBCO/LCMO heterostructures with LCMO on top. The
direct measurement of the critical current density of the YBCO bridge gives J. =
2x10° A/m? at 80 K, which is reasonably high value for the film at these conditions.
On the other hand, we have found that the resistance behaviour of the LCMO layer
(Fig.6.13) is significantly different from properties of a sole LCMO film shown in
Fig.6.9. This is likely due to different growth conditions on the top of the
YBCO/STO structure, which can also be affected by the intermediate optical
lithography carried out before depositing the LCMO layer. Nevertheless, the LCMO
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layer still demonstrate the metal-insulator transition, but now the MIT point is shifted
to low temperatures showing T, ~ 188 K.

In order to study the interplay between the superconductor and magnetic
layers, we have carried out resistance measurements of the hybrid structure using the
configuration of electrical terminals shown in the inset to Fig. 6.13. As it can be seen,
the measured R(T) behavior of the hybrid structure exhibits several intriguing
features as follows.

First of all, our hybrid structure still demonstrates superconducting properties
below T, =~ 88 K. Note, the voltage is measured over the LCMO layer which is
separated from YBCO layer by the STO insulator. Another recognizable feature can
be identified as the MIT point of the LCMO layer, which occurs at nearly the same
temperature of about 190 K as it does for the LCMO layer measured directly. Above
200 K, the so-called trans-resistance is steeply rising to eventually reproduce the
trend exhibited by the curve measured directly in the superconducting YBCO layer.
The most unexpected behaviour of the trans-resistance is observed around Trmin =
175 K, where the curve shows the sharp dip with a small minimum resistance of
about 0.5 Ohms.

Somewhat similar behaviour of the R(T) curve with strong fluctuations in
resistance below the MIT point was obtained in Ref. [1] for YBCO/LCMO
superlattices but only under FC condition with small magnetic field applied.
However, such fluctuations carried an unstable (likely even non-reproducible)
character, unlike very reproducible and clear behaviour for both warming and
cooling curves in our case.

These fluctuations have been explained in terms of current percolation effect
within the LCMO material. The percolation is widely discussed for manganites [17,
18], which enables metastable transitions through its phases having various
conductivities and magnetic properties. Naturally, this kind of transitions would lead
to a change in resistance. Although this explanation does not provide a complete
description of the observed drop in the resistance at 175 K, but indicates a possible
direction in further exploration.

Another scenario for this behaviour can be inferred by involving the trance-
resistance measurement setup shown in Fig. 6.13, where the current passes through

YBCO bridge and the voltage is measured on the top LCMO layer. Indeed, the setup
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can be considered as the circuit of parallel resistances. In the simplest case, we can
consider YBCO layer as one resistor with rather linear behaviour above T, (Fig.
6.13), and the LCMO layer is the second resistor with extremely nonlinear
characteristics. In this scenario, one may try to explain the exotic p(T) in terms of the
current shunting model [17]. In this scenario, the current injected into the YBCO film
re-distributes through parallel YBCO and LCMO layers. Note that the redistribution
succeeds through the insulating layer, which is likely to complicate the picture with

additional serial and parallel resistors (or tunnelling effects).
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Figure 6.14 Electroresistance of LCMO/STO/YBCO structure as a function of
applied current at different temperatures around minimal resistance point showing
temperature depended transition from high negative to high positive electroresistance
defined as: ER = [(R — Rmin )/ Rmin]*100%.

In any case, below the superconducting transition temperature almost all
current is passing through the YBCO layer, whereas the LCMO layer is in a high
resistance state. The combined resistance of this circuit is very small (~10° Ohms),
and it is dominantly defined by the superconducting channel. In the vicinity of T, the

situation changes dramatically. The resistances of two layers may become

111



comparable and the charge transfer through the circuit is redistributed. Again, it
should be noted that the redistribution occurs through the thin insulating layer
between the superconducting and ferromagnetic materials. The current redistribution
results in much high rate of charge transfer through the LCMO layer, provoking the
formation of the larger volume of the conducting phases, which eventually leads to
the percolation mechanism of charge transfer with lowered resistance. The total
circuit resistance goes down (as if it was in a re-entrant superconducting state) and
reaches a finite minimum resistance value of Ryin = 0.5 Ohms nearby the MIT point.
Above T,, the manganite returns to the high resistance state which rapidly increases
the total circuit resistance. Notably, the single LCMO layer resistance above T,
shows the strong temperature dependence; hence expectedly the temperature
dependence of the total network resistance is mostly determined by LCMO

behaviour in this temperature range.
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Figure 6.15 Magnetoresistance (MR = (Rg —Rg)/Rpx100%) of a hybrid structure as
function of applied current for different temperatures around Tgrmin. Inset: S type IV
characteristic of a sample at T ~ 180 K showing negative differential resistance with
zero field condition () and B=1T (b).
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The investigation of I-V characteristics of the hybrid structure shows: (i) their
nonlinear character and (ii) giant electroresistance effect for a wide range of
temperatures from 90 K to 220 K. The typical I-V is shown in the inset to Fig. 6.15.
Figure 6.14 shows the electroresistance (ER) of LCMO/STO/YBCO hybrid structure
as a function of applied current at different temperatures around the temperature
exhibiting the lowest resistance (Trmin). The electroresistance was calculated from I-
V measurements as follows: ER = [(R — Rpin )/ Rmin]*100%, where Ryin = R(at | =1
nA). As can be seen in Fig. 6.14, the electroresistance changes nonlinearly with the
applied current, indicating that the effect is reversible [18, 19]. Below Tgrmin, the ER
effect is negative and can be fitted exponentially. Above Tgrmin, the ER(I) behaviour
becomes more complicate and shows upward curvature. It should also be noted that
the value of the resistance comes back up again when the current is reduced,
indicating the effect is reversible.

However at T = 180 K, which is very close to Trmin the electroresistance
demonstrates unusual giant positive behavior, showing downward curvature with
ERmax = 270% under 9 mA current. This behavior clearly indicates that the charge
transfer through the heterostructure is strongly dependent on external parameters
such as temperature and applied current.

Since the electric current has a strong influence on the total resistance of the
hybrid structure, it is important to know whether the applied current affects the
magnetoresistance (MR) of the sample. We have investigated the influence of the
applied magnetic field (B, = 1 T) on the current transport properties for three
different temperatures around Trmin (Fig. 6.15). The applied magnetic field was
parallel to the current.

The magnetoresistance was calculated as follows: MR = [(Rg —Ro)/Rg]*100%,
where Ro denotes the zero field resistance. The most unusual behavior was detected
at T = 180 K (which is at or just above the resistance minimum). At this temperature,
the MR behavior experiences a crossover from large negative to positive values.

Obviously, the electric current has a strong influence on the MR behavior of
the hybrid structure. This assumes the complex interplay between clusters with
different magnetic and electric properties in the phase separated LCMO layer,

presumably experiencing some sort of percolation for the charge transfer.

113



6.6 Conclusion

In this Chapter the magnetic and transport properties of multilayered hybrid
structures based on YBCO-LCMO were investigated. All measurements show the
coexistence of ferromagnetism at high temperatures (T > T.) and superconductivity
at low temperatures (T < T¢) in these structures. All hybrid structures demonstrate
no enhancement in the critical current in comparison with pure YBCO films,
although the hybrid structure of F/I/S type (LCMO on top) shows almost the same J.
(B) behaviour as the single YBCO film at 77K. The last may involve the importance
of the first grown layer and it influence on the superconducting properties of the total
multilayered structure.

The possibility of the control of YBCO bridge resistance by injection of an in
plane current through LCMO layer was demonstrated in the hybrid structure of S/I/F
type (YBCO bridge on top of buffered LCMO film). The application of injection
current dramatically changes the shape of R(T) curve. This leads to the decreasing in
Tc, demonstrate the drop in resistance before T, and the reduction in resistance at
room temperature which may be interesting for bolometric applications.

We have also investigated the electrical transport properties of a tri-layers
hybrid structure of F/I/S type (LCMO on top of buffered YBCO bridge). The
resistance measurement data show features consistent with both superconducting and
ferromagnetic behaviors, yet having minimal direct influence through, for example,
the proximity effects. On the other hand, the hybrid structure demonstrates the
unusual R(T) behavior, with a sharp dip in resistance below T.. It was also found that
electroresistance and magnetoresistance around Tgrpin Can be tuned by electric
current, which may have applications in controlling the properties of such hybrid
devices. This behavior may be explained in terms of the current shunting model and
phase transition effect in LCMO triggered by electrical current. We may conclude
that in such hybrid structures the superconductivity and ferromagnetism can easily
coexist, showing some new current dependences with steep characteristics which

may be useful for potential applications.
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Chapter 7
Investigation of STO/LCMO superlattices

7.1 Introduction to STO/LCMO superlattices

The manganites of type La;.x CaxMnO3; demonstrate the colossal magnetoresistance
(CMR) and could be possibly the base for for magnetic sensors, recording memory
devices [1, 2] and emerging spintronic applications in the form of epitaxial films and
heterostructures [3, 4]. The key feature responsible for the CMR effect in this
compound is the dynamic coexistence of phases with different properties, known as
phase separation (PS) [5, 6]. The coexistence of insulating and metallic phases in
LaysCa;sMnO; (LCMO) was directly observed at temperatures below the Curie
temperature (Tcurie) [7]. In [8] the direct imaging of clusters with the size of around
3-4 nm was reported in lanthanum manganite and attributed to as the evidence of the
nanoscale phase separation. Moreover, manganite thin films exhibit unusual
properties such as nonlinear resistance and resistance metastability [9, 10]. However,
the successful development of manganite-based devices requires certain magnetic
and transport properties, in particular at surfaces and interfaces if hybrid
heterostructures comprising of cuprate and manganite components are used for
spintronic applications employing CMR and high temperature superconductivity
[11]. Unfortunately, the lanthanum manganites usually demonstrate their relevant
magnetic properties well above the superconducting critical temperature of the
cuprates, which impairs the development of these hybrid applications.

Lower temperatures of the metal-insulator transition and the
magnetoresistance enhancement at low temperatures were obtained by reducing the
manganite film thickness [12] or by creating manganite-insulator superlattices with
periods of n < 10 [13, 14]. However, no observations of unusual CMR behaviour in
these superlattices were reported below 90 K, the range of interest for combination
with HTS materials. In this work, we have grown (LCMO/STO), superlattices (with
n = 20-30 periods) on LAO and Y SZ substrates by pulsed laser deposition (PLD). To
enhance effects observed, the thickness of individual LCMO layers (~ 3 nm) is

chosen to be comparable with diameter of nano-clusters formed as a result of phase
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separation. We have investigated magnetic and transport properties of such
superlattices, and compared them with properties of LCMO films grown on similar

substrates under the same technological conditions.

7.2 Experimental details

Thin films of Lay;3Ca1sMnO3; (LCMO), SrTiO3; (STO) and their heterosructures were
epitaxially deposited on 5x5 mm? (100) YSZ and LAO substrates with STO buffer
by standard PLD technique described in Chapter 3. Only the laser fluence was
changed to 2 Hz. The programmable target carousel was used to facilitate the non-
interrupting deposition process for manufacturing multilayered structures and
superlattices. The surface morphology of thin film was investigated using field
emission scanning electron microscope (SEM) equipped with a through the lens
(TTL) detector. The interfaces between layers and microstructure of the superlattices
were observed by transmission electron microscopy (TEM), as well as energy-
filtering transmission electron microscopy (EFTEM). Cross-sectional TEM samples
were prepared using lift-off focused ion beam technique. For magneto-transport
measurements, golden contact pads were deposited by laser ablation. The sample
resistance as a function of temperature was measured by DC four probe method at

different applied magnetic fields.

7. 3 Results of SEM and TEM investigation

The transmission electron microscopy confirms epitaxial grow, sharp interfaces and
continuous layers in both single LCMO films and superlattices (LCMO /STO),,
where the subscript denotes the superlattice (SL) period number. Figure 7.1
demonstrates the color map of a TEM cross-section image for such superlattice
showing: LAO substrate (red), STO layers (green, including buffer layer), and
LCMO sub-layers (dark red). This picture allows the appreciation of sub-layer
average thickness as: 3-nm for LCMO and 7-nm for STO with STO buffer layer of
25-30 nm thick. In this superlattice a perfectly smooth layers of uniform thickness

for both STO and LCMO can be observed. Figure 7.2 shows the example of
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individual EFTEM jump ratio image of the same superlattice using the Lanthanum
ionization edges (Fig.7.2a) and Strontium ionization edges (Fig.7.2c) together with
the corresponding line profiles (Fig.7.2b) and (Fig.7.2c) correspondingly. The line
profile across the image on Fig.7.2b shows (from left to right): the high intensity area
related to LAO substrate, the valley associated with STO buffer layer, and the series
of peaks for every single LCMO sub-layer with the same spatial separation and
similar intensity. The similar behavior but with inversed valley (LAO) and peaks
(STO) is demonstrated on Fig.7.2c.

However after the detailed analysis of TEM and SEM images we have
detected the columnar grains grown with the grain size ~50 nm (see Fig.7.3). It is
well known that the grain boundaries will disrupt the crystal structure and act as
accumulative pinning centers for structural defects. So the crystallized film can be
seen as a scenario of mixed phase coexistence, containing high conductive crystalline

grains and low-conductive grain boundaries [10].

LAO substrate

_——— STO buffer layer

50 nm
TRCIRTIRARTANTIR O

Figure 7.1 Color map of the cross-section TEM image of SL1 (LCMO-3 nm/STO-7
nm),o superlattice grown on LAO substrate via STO-25 nm buffer layer.
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Transmission electron microscopy shows sharp interfaces between LCMO
and STO sub-layers in LCMO/STO superlattices. In Figure 7.4, the superlattice of
type (LCMO - 3 nm/STO - 3 nm)3, hereafter denoted as SL4, is shown. The region
in the vicinity of the substrate buffered by a 35 nm thick STO layer exhibits a high
density of columnar defects, which evolve into a presumably more relaxed structure
with 25 to 60 nm wide columnar domains characteristic to PLD epitaxial films. A
similar structure has been observed for REBa2Cu30 superconducting films and

multilayers (RE denotes a rare earth element, such as Y or Nd) [15].

0.704
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nn nm

Figure 7.2 Lanthanum jump-ratio image (a), and corresponded line profile of
Lanthanum jump-ratio (b). Strontium jump-ratio image (c), and corresponded line
profile of Strontium jump-ratio (d).
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Figure 7.3 SEM image of SL1 (LCMO-3 nm/STO-7 nm),, sample.

Domain
/ boundaries

Figure 7.4 A transmission electron microscopy image of the cross-section of SL4
(LCMO -3 nm/STO - 3 nm)3, superlattice grown on LAO substrate buffered with a
35 nm thick STO layer. Alternating bright and dark layers are STO and LCMO

layers, respectively.
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The analysis of SEM images of the SL surfaces shows various rectangular
patterns, from clearly separated rectangular islands of about 50 nm (see Fig.7.3) to
the mosaics of interconnected chains of rectangular islands (as shown for SL4 in
Fig.7.5) formed on the surface of the LCMO/STO superlattice depending on the
structure, deposition conditions, and substrate selected. These rectangular surface
features indicate the dimension (~ 50 nm) of the columnar domains. The columnar
domains exhibit enhanced deformation (slightly enhanced upward layer curvature
within domains) in the upper half of the structure (Fig. 7.4), which can result in
rougher interfaces between the layers and eventually the surface itself. In the case of
the SL4 shown in Fig. 7.5, the surface is rather smooth with the roughness on the
surface of about 10 nm as can be estimated from its lowest points at the boundaries

to the highest points in the middle of the domains in Fig.7.4.

HV wD mag det curr HF 400 nm
5.00 kV 5.3 mm|200 000 x| TLD 0.40 nA 1.28 ym 0 °

Figure 7.5 Field emission scanning electron microscopy (SEM) of the surface of
SL4 (LCMO -3 nm/STO - 3 nm)s superlattice, exhibiting the mosaic of
interconnected chains of rectangular islands formed as a result of columnar growth.
The diffraction pattern in the top right corner shows the cubic crystal structure of the
epitaxially grown superlattice.
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It is well known that the boundaries between the columnar domains, traversing the
entire thickness of SL, disrupt the crystal structure and act as cumulative pinning
centres for structural defects, such as edge dislocations [16, 17]. These boundaries,
marked by arrows in Figure 7.4, are usually 2-4 nm thick. On the other hand, the
epitaxial growth of the cubic crystal structure in the superlattice is confirmed by the
diffraction pattern in the inset to Figure 7.5. The sharp electron diffraction spots
show no satellites or broadening indicating that the multilayers have good single
crystallinity. The similar electron diffraction patterns were found for different
samples and in different points of a sample. This result together with TEM pictures
allow us to use the term superlattice for multilayered superstructures discussed here.
Thus, such columnar superlattices exhibit alternating sections of LCMO and
STO with the average dimensions of 50x50x3 nm® each (or whatever the thickness
of the layers is). This structure represents a 3D well-ordered mixed phase (or defined
phase separation). Indeed, we consider presence of two clearly defined, transversally
alternating phases of LCMO and STO, as well as one or two minor in-plane phases
serving as the domain boundaries. Obviously, we obtain a unique, well-organised 3D
structure of alternating in plane regions possessing high conductivity (crystalline
LCMO) and low conductivity (STO and boundaries between columnar domains
[21]). This structure can be well controlled by selecting layer thickness and/or using
various PLD deposition parameters and conditions, allowing the obtaining of

controllable structural properties of phase separation which governs the CMR effect.

7.4 Magnetic properties of STO/LCMO superlattices

The temperature dependence of magnetization [M(T)] for the zero-field cooled (ZFC)
and field cooled (FC) samples of type SL4 with the in-plane field geometry is shown
in Fig.7.6. The ferromagnetic Curie temperature for all measured samples has been
estimated by finding the steepest slope from the temperature derivative of FC
magnetization (dM/dT) [18, 19] shown in the Inset of Fig.7.6. It has been observed
that for single layer LCMO films grown on LAO substrates, Tcyrie is decreased with
decreasing thickness of the layer (see Chapter 5).

The same trend was observed for STO/LCMO superlattices. For the
superlattice of type SL1 (LCMO -3 nm/STO - 7 nm)y, the Curie temperature was
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Figure 7.6 Magnetic properties of SL4 type STO/LCMO superlattice. Inset: dM/dT
curve as a function of temperature for the Curie temperature determination.
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Figure 7.7 Temperature dependence of ZFC and FC magnetizations for SL1 (LCMO
-3 nm/STO - 7 nm)y and SL22 (LCMO -3 nm/STO - 3 nm)s superlattices showing
Curie temperatures Tcyrie and saturation of magnetisation temperatures Ts.

124



found to be in the range of 75-105 K and for the type SL4 (LCMO -3 nm/STO - 3
nm)sp — in the range of 95-110 K (see Table 7.1 and Fig. 7.7). This result is
consistent with data presented in [12] which reported a similar trend for similar
thickness reductions. More than 30 samples with different STO/LCMO composition
and periods (mostly of type SL1 and SL4) were manufactured and investigated. Their
magnetic properties are presented in Table 7.1.

Table 7.1 Magnetic properties of selected STO/LCMO superlattices.

Sample # | SL compositionand | Tcuie (K) | Ts(K) | Substrate type
period
SL1 [LCMO3 1 /STO7 nml20 = 73 130 YSZ
SL2 [LCMO3 nm /STO7 nml20 = 93 150 LAO
SL4 [LCMO3 nm /STO3 nml30 =115 180 LAO
SL8 [LCMO3 1 /STO7 nml2o = 75 140 YSZ
SL5 [LCMO3 nm /STO7 nml20 = 95 130 LAO
SL6 [LCMO3 1y /STO7 nml20 = 58 120 YSZ
SL8 [LCMO3 nm /STO7 nml20 = 80 150 LAO
SL10 [LCMO3 nm /STO7 nml20 = 105 150 LAO
SL11 [LCMO3 nm /STO7 nml20 = 100 150 LAO
SL12 [LCMO3 nm /STO7 nml20 = 97 150 LAO
SL13 [LCMO3 1y /STO6 nml20 = 79 125 YSZ
SL18 [LCMO3 nm /STO6 nml 20 = 63 120 LAO
SL19 [LCMO3 nm /STOg nml 20 = 95 150 LAO
SL20 [LCMO3 o /STO5 nml30 ~ 85 140 LAO
SL21 [LCMO3 nm /STO4 nml30 = 88 130 LAO
SL22 [LCMO3 1y /STO3 nmls0 = 100 160 STO
SL23 [LCMO3 nm /STO6 nml 20 = 76 130 LAO
SL27 [LCMO3 1y /STO3 1m0 = 100 150 STO
SL35 [LCMO3 nm /STO2nmla0 = 120 170 LAO
SL41 [LCMO3 nm /STO3 nmls0 ~ 95 160 LAO
SL42 [LCMO3 nm /STO3 nmls0 ~ 96 160 LAO
SL43 [LCMO3 nm /STO6 nmlas ~ 88 150 LAO

125



The analysis of collected data shows superlattices common features as follow:

- saturation magnetization temperature Ts for superlatices of the same type
grown on the same type of substrate is perfectly reproduced (see for example
SL8-SL12 series);

- Curie temperature for superlattices of SL1 type is always less for about 10-
15 K than Curie temperature of type SL4 independent of the used substrate,
which may be explained by lower LCMO content in SL1 type superlattice;

- Curie temperature for superlattices grown on YSZ substrate is always less for
about 20 K in comparison with superlattices grown on LAO substrate because
the biggest lattice mismatch between YSZ and LCMO makes such structure

more strained which also leads to the reduction of Tcyrie.

So we may propose to effectively and dramatically control the Teyrie Shift to
lower temperatures by introducing a certain LCMO/STO superlattice structure grown
on the same type of substrates. The SL2, which has the total LCMO thickness of ~
60 nm shows Tcurie = 93 K (see Table 7.1). The SL4 superlattice with the total
LCMO thickness of about 90 nm exhibits a correspondingly higher Tcurie = 115 K.
Notably, as also follows from other measured samples, the thickness of STO sub-
layers may significantly affect the Tcyrie trend (see Fig.7.8). This change in properties
of separated phases by the thickness of the STO sub-layer is likely to support the
phase separation as the mechanism responsible for the reduction of Tcyre With
increasing insulating domains [7]. We should note that some differences in the
paramagnetic signals for our samples above Tcurie IS most likely due to different
amount LCMO material, its architecture, and its possibly varying paramagnetic

properties dependent on oxygen content [19,20].

7.5 Transport properties of STO/LCMO superlattices

The transport measurements show significant differences between the
temperature dependence of resistivity for single LCMO films and LCMO/STO
superlattices. As it was discussed in Chaper 5 the single LCMO-50nm thick film
shows a clear metal-to-insulator transition (MIT) at T, ~ 160 K and metallic-like

behaviour below T, (see Fig. 5.11, which demonstrates the resistivity (p) as a
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function of temperature at the applied magnetic field B, = 0 T and 5 T). This graph
also shows the temperature dependence of magnetoresistance (MR) which can reach
the significant negative value (~ 60%) in the vicinity of MIT point. Both resistivity
and MR behaviour of the LCMO films measured are typical for samples with similar

thickness and composition as described in [9, 10].
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Figure 7.8 Temperature dependence of magnetization for three superlattices having
the same LCMO sub-layer thickness (L = 3nm) and different STO sub-layer
thickness (S = 2, 4, and 7 nm) compared with single 50 nm thick LCMO film
showing the trend of Tcyrie reduction with increasing of STO sub-layer thickness.

In the LCMO/STO superlattices of type SL1 (Figure 7.9), the p(7) behaviour
of the high temperature paramagnetic part at T > Ty, is rather similar to the LCMO
single layer films with approximately the same thickness except of very low magneto
resistance in STO/LCMO superlattice (less than 2%). However below T, the
transport characteristic of SL1 is different compared to the LCMO films of
comparable thickness. It may be clearly seen the appearance of the second MIT point
around Tp, =~ 70K.
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Figure 7.9 Temperature dependence of the resistivity for the SL1 type superlattice
showing two MIT points (denoted by Tp; and Tpy) at about 150 K and 70 K
correspondingly, for zero and 5 T applied magnetic fields (left panel). The
magnetoresistance vs temperature for the same structure (blue curve) demonstrating
the minimum at around Ty (right panel).

The p(T) curves for SL4 type superlattice below T, shows much more
difference in comparison with single LCMO film (see Fig.7.10a). The corresponding
magnetoresistance curve is shown in Figure 7.10b for this superlattice. Above MIT
temperature, the MR(T) demonstrates the behaviour similar to single layer LCMO
films with negative MR values as high as ~90% (see Inset in Fig.7.10b). Whereas
below Tp, the magnetoresistance of the superlattice shows two sharp positive peaks
with the highest value of more than 1800% at T = 75 K, which corresponds to the
lowest resistivity point for the zero-field resistance dependence on temperature.

Note that p(7) curves are highly reproducible for every sample and do not
have any dependence on cycles of cooling and heating. However, the behaviour of
spikes depends on the layer architecture and deposition parameters (including
substrate selection). For example, for thicker STO interlayers (SL1 type) and fewer
number of layers in the SL with very straight interfaces even at the domain
boundaries, no spikes have been observed (see Figure 7.9); a slight variation of the

STO sub-layer thickness (hsto < 3 nm) the spikes position can be adjusted;
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importantly, the identical deposition conditions and layer architecture for different
samples lead to identical behaviour (verified during the refereeing process).

The discussion of exact parameters allowing us to control the resistance drop
behaviour is outside the scope of this work and will be detailed elsewhere. In this
work, we report this new phenomenon and its most pronounced behaviour obtained
for SL4 type superlattices, as well as focus on its possible explanation. The
explanation of such unusual behaviour can be proposed within the framework of
phase separation model, arising as a result of the well-ordered 3D alternating
structure of ferromagnetic (FM) and insulating domains in our hybrid multilayered

system (explained above).

7.6 Model of LCMO/STO superlattice as the 3D RC-network

According to the models of phase separation [5, 6] the concentration of carriers in
various clusters (or system domains) affects the local and global magnetic properties
due to effective spin exchange through various mechanisms including double
exchange, carriers (electron) hoping, crystal lattice distortions, etc. [23].

In the paramagnetic state above the MIT temperature, spin-charge-ordered
insulating phases create potential barriers between clusters (or domains) of
ferromagnetic phase. The mutual phase charging due to raising concentration of
carriers leads to increasing Coulomb fields. This increase would expand conducting
regions eventually leading to setting up presumably percolative conduction between
them below the MIT at T,. This does not destroy the phase separation, but changes its
topology [6], most likely also within the LCMO domains.

Furthermore, below the MIT (Figure 7.10a), two negative spikes in the resistivity
curves have been observed in the superlattices for zero magnetic field and B, =5 T.
The lower temperature spike (at 27 K) is usually broader than the high temperature
spike (at 75 K). In addition, the spikes measured in the applied fields are shifted
relative to their zero-fields temperatures, so that the low temperature spikes is
observed at even lower temperatures, while the high temperature spike is shifted

tohigher temperatures. It is also important to notice that the “background” resistivity

129



1.0

1E-3 -
40.8
—~ 1E-4 —~
£ 2
S =
S {06 S
1. >
Q, 1E-54 & S
Fn E =
= @
a 1E-6 - Y
ad H{0.2
1E-7 -
] — 0.0
0 50 100 150 200 250 300
Temperature, T (K)
2000
e\°/ 1500 -
@
=
3
2 1000 ~ .
8
2 1
§ 300
S 500 - -
(&)
c
(@]
@
=
0 - -
T T T T T T T T v I i
0 50 100 150 200 250 300

Temperature, T (K)

Figure 7.10 (a) Temperature dependence of resistivity of the SL4 superlattice
measured at B, =0 T and 5 T. The solid line exhibits the temperature dependence of
RC product (right axis) for LCMO/STO interface with C(T) is taken from Ref.26 and
R(T) from Figure 5.11. (b) Magnetoresistance as a function of temperature shows
two maxima at T = 27 and 75 K. Inset: The part of MR(T) curve with negative
magnetoresistance and the curve shape similar to single layered LCMO films.
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does not drop substantially, remaining at the same level and likely indicating a
similar mechanism of conductivity outside of the spike ranges. We presume that a
certain degree of “tunnelling" through structural barriers with high resistances
between LCMO domains shown in Figure 7.3 is involved with marginal variations
outside the spikes. Within the spike temperature range, the Coulomb potentials
experience a progressive breakdown as the temperature of the sample is changed.
The properties of multiple potential barriers created by the superlattices are expected
to be temperature and magnetic field dependent, which plays an important role in the
progressive breakdown. This would mean that instead of tunnelling, the
neighbouring ferromagnetic regions become electrically connected and hence
progressively lower resistivity is measured. As the Coulomb potentials discharge
throughout the entire sample, the insulating barriers are again progressively
reinstated, leading to reinstating resistivity and eventually to the “background”
tunnelling-driven percolative conductivity level. Both negative spikes may have very
similar scenario. However, the high temperature spike at 75 K may have additional
contribution of the out-of-plane tunnelling barrier breakdown because of conducting
filaments formation (through the STO layers) [24]. Thus, these two negative spikes
may reflect characteristic behaviour of the well-ordered domain structure (well-
ordered PS) for in-plane (2D-like) and out-of-plane (3D-like) conductivity.

To illustrate the scenario described above, we propose the dimensional RC-
network model as follows. Taking into account that in our superlattice the LCMO
semiconductor layers are separated by the insulating STO layers, a certain
capacitance is created across each insulating layer. Thus, we can analyse a RC-
network in our superlattice with nonlinear, temperature dependent resistors being
represented by LCMO layers (Figure 7.11). The capacitors characteristics would
depend on dielectric properties of STO layers, which in turn can also vary as function
of temperature and electric field strength. In Figure 7.10a, we reproduce the RC
curve (solid line) obtained for a hybrid temperature dependence of a LCMO/STO
interface capacitance (from Ref.26) and a resistance of LCMO single film (from
Figure 5.11). Indeed, the curve indicates substantial influence of the capacitance on
the behaviour observed in the superlattice. This approach should be reasonable for
the STO interlayer thicknesses used in our SL, because it was shown that even 0.8

nm thick STO layers can display good insulating properties [25]. However, the
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application of threshold voltages is likely to lead to the formation and rupture of
filamentary conducting paths inside insulating sub-layers [24] (lightning bolt-like
thin lines in STO layers in Figure 7.11), which respectively results in short-circuiting
and re-opening the capacitors.

In the situation when all the in-plane capacitors (across the LCMO domain
boundaries) are short-circuited presumably at the low-temperature negative spike, the
RC-network behaves as a set of 2D capacitively coupled resistors with the resistance
R being determined by the in-plane LCMO resistance. The equivalent diagram of the
RC-network model is simplified in this case to the one shown in Figure 7.12.

At low temperatures (well below the low-temperature spike), the capacitance
of the STO insulating layers is the highest [26], hence the total resistance is likely
defined by the 2D RC-network of only one upper LCMO layer (an ideal case) that is
R1 ~ 1 kOhm (measured at 10 K). As temperature rises, the relatively small
capacitances across the LCMO domain boundaries breakdown expanding electrically
connected ferromagnetic clusters and decreasing the total 2D-like in-plane LCMO
resistance. At the minimum of the low-temperature spike at Ty = 27 K (for zero
field), the superlattice possesses the minimum resistance of Rimin~ 80 Ohm at |1 = 100
pA applied only to the upper manganite layer.

At the minimum, the electric field strength between the voltage terminals has
its minimal value E = 0.2 V/m, which is too small for the connectivity filament
formation and the inverse process of filament rupture is triggered. Note that the local
electric field strength between the LCMO domains across domain boundaries can be
as high as hundreds of kV/m, if we consider the width of the boundaries which is of
the order of a few nanometres [15-17]. It is sufficient to facilitate the capacitive
domain boundary rapture.

Upon further rising temperature, we are expecting three processes to occur.
(i) The capacitance of STO interlayers keeps degrading, which lowers the Schottky
like barrier and enables the formation of conducting filaments through STO layers
[26, 27]; (ii) a similar degradation process would be valid for the capacitance of the
domain boundaries (reducing local electric field strengths); (iii) whereas the
resistance of the LCMO film within the domains keeps rising due to MIT (Figure

5.11), which redistributes E more evenly over the LCMO layers reducing the chance
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of the rupturing. This three-fold process can result in the behaviour observed

experimentally as follows.
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Figure 7.11 Model of LCMO/STO superlattice as the 3D RC-network, where the
formation of the filamentary conducting paths in the STO interlayers are shown as
thin lightning bolt-like lines.
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Figure 7.12 The simplified equivalent diagram of a superlattice with the assumption
that all the 2D-like in plane resistance is within the LCMO layers with the in plane
capacitors across the LCMO domains being short-circuited, while the out of plane
capacitors (across STO layers) effectively decouple the LCMO layers at and below
the low-temperature negative spike where the capacitance would still be large to
form conductive filament [24] (or breakdown) across the STO sub-layers.
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The resistivity is rather constant between the two negative spikes, being the
result of counteraction of rising resistivity within the LCMO domains, on one hand,
and lowering capacitance of the domain boundaries, hence gradually enhancing the
tunnelling, on the other hand.

At a certain point the capacitance across STO layer drops below a threshold
level (the onset of 3D-like behaviour), so that it becomes favourable for carriers to
tunnel through (or to rupture) the STO layers. As a result, a similar process to the 2D
process described above for a single LCMO layer is initiated, but now it is likely to
engage not only one LCMO layers but all LCMO layers for 2D in-plane conductance
as well as tunnelling or rupture of STO layers enabling the 3D-like participation of
all LCMO layers. Again, a rough estimation of electric field across one ~ 3-6 nm
thick STO sub-layers reaches E ~ 2-4 MV/m, which corresponds to the field strength
necessary to rupture STO layer of up to 1 um thick [27]. According to our model, at
the minimum of the spike at T, = 78 K, all capacitors across STO interlayers in
Figure 7.12 have to be replaced by conducting filaments. This allows us to verify our
model by a simple check of the total resistance expected at the minimum. It can be
found by dividing the resistance of the single LCMO layer R1 ~ 80 Ohm measured at
Tm1 by the number of the deposited LCMO layers in the SL4 (n = 30). Hence, the
total network resistance expected at the minima of the spike is ~ 3 Ohm. This value
can be considered to agree well with the measured value of ~ 15 Ohm, in particular
if we recall that the resistance within LCMO domains rises with the temperature,
while our estimation is based on the R1 value obtained at Tr; =27 K. Furthermore,
the disagreement may also be due to structural imperfections and short-circuiting
between layers, which could also mean that R1 was measured as a parallel resistance
of two (or even a few) LCMO layers, whereas we initially considered an ideal case.
Additionally, the resistance of the LCMO layers near the substrate may be quite
different to the upper layers due to the larger amount of defects in initial layers near
the substrate as can be seen in TEM image (Figure 7.4).

At temperatures higher than T, the reverse process commences due to the
low averaged E value, in a similar fashion described above for the low-temperature
spike. Eventually, the total superlattice resistance rises with temperature up to the
MIT point.
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Yet another confirmation of the dimensional mechanism proposed comes
from the field dependence of the spike behaviour. The first 2D low temperature spike
is proposed to be governed by in-plane FM domains. By applying an in-plane
magnetic field, it forces the domains to align along the field, so that some
neighbouring domains are likely to merge decreasing their number and increasing
their size. This would lead to (i) a more rapid rupturing (and inverse) process (fewer
domains), (ii) which is likely to happen at lower temperature, and (iii) resulting in a
lower resistance at the minimum (fewer domain boundaries to rupture). Indeed, we
observe these three features in our experiments (Figure 7.10a).

Furthermore, the second 3D high-temperature spike, on the contrary, shifts to
a higher temperature at the applied field, which may confirm its different
dimensionality as follows. Indeed, the dielectric properties of materials can be
changed in materials in general and systems alike the STO structure in particular [28,
29]. In our case, during PLD process STO interlayers in the superlattice, may
become doped (contaminated) with Mn or LCMO due to remnant plasma after
switching targets from LCMO to STO, or/and the secondary ablation of LCMO upon
STO deposition, or/and interdiffusion between layers at the deposition temperature of
780°C. STO doped with Mn and LCMO itself have been both shown to exhibit
magnetodielectric effects [30]. This means that the dielectric constant of the STO
interlayers would increase in the magnetic field applied, leading to the rupture
process occurring at higher temperatures, as indeed was observed in our experiment
at B, =5 T. Similarly to the first spike, because of the in plane larger FM clusters, the
rupture process would be more rapid exhibiting lower resistance. These peculiarities
are observed in our measurements (Figure 7.10a).

It is important to note that the resistivity of single layer LCMO films in
Figure 5.11 is higher than in the SL by two orders of magnitude, which is
consistently observed for these type of SL. Intuitively, the resistance trend should
have been reversed simply because the thicker conducting LCMO film had lower
resistance than in the 2D LCMO layers of the SL separated by insulating STO.
Indeed, although the total thickness of LCMO in the SL was kept equal to the
corresponding single layer LCMO films, the current was applied to the upper layers
only. The explanation of this seemingly unexpected effect is in fact in line within the

RC model we propose as follows. The current applied, which would flow through the
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entire 3D LCMO single layer film, flows through one (or a few) upper 2D layers in
the SL, implying higher E in each of them across all possible barriers, such as
domain boundaries, phase separation within domains, etc. Higher E suggests easier
mutual phase charging followed by the corresponding easier discharging and
formation of additional conducting filaments between phases, domains, etc. This
obviously leads to lower resistivity in the SL than in the LCMO films with
tunnelling-driven conductivity across all possible barriers. In general, this process is
likely to be responsible for the presence (controllability) of the sharp resistivity
drops. However, we should mention that the difference in resistivity can also be
influenced by (i) the oxygen content in LCMO [18, 19], which (ii) may not be
reproduced by PLD without the due attention, which (iii) may be affected by the
proximity of the interlayers and interfaces (also reducing surface conductivity
noticed upon SEM studies), and (iv) by the loss of oxygen during gold contact
deposition, which (v) may be different for the films and SL.

The recent theoretical study has demonstrated [23] that in the vicinity of
region of competition between the ferromagnetic metallic and spin-charge-ordered
insulating phases, the CMR phenomenon may be observed with MR of up to
10000% with the resistivity behaviour becoming metallic via an abrupt discontinuity.
We indeed observe large MR in excess of ~ 1800% in the form of discontinuities,
likely representing the dimensional or a first-order transition. It is the sharpest,
strongest and, importantly, controlled MR behaviour reported in LCMO films and

superlattices [31].

7.7 Conclusion

In summary, we have manufactured LCMO/STO superlattices by PLD and
investigated their properties by means of magnetic and transport measurements. We
have managed to establish an acceptable technology for combination of LCMO films
exhibiting the CMR effect with HTS REBCO films for novel hybrid functionalities
and devices, so that the relevant magnetic properties of LCMO at T < T, would be
exhibited below the superconducting transition temperature. This can be achieved by
reducing thickness of LCMO single layer films, but more effectively and controllably
by introducing LCMO/STO superlattices with the period of n > 20 and 3-7 nm thick
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layers. We have obtained Tcuie = 75 K which is even below liquid nitrogen
temperature (and T, = 91 K of HTS REBCO films), enabling an easier cooling
approach for potential applications. A shift of the metal-insulator transition to lower
temperatures in p(7) curves has been also observed for the films and superlattices.
Importantly, the p(7) curves of the superlattices below the MIT 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. We
have explained this behaviour in the framework of the phase separation theory for
manganites for the well-organised 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.
Moreover, the dimensionality dependent behaviour observed and its magnetic field
dependence indicate the presence of magnetodielectric properties in STO layers. The
variety of the new technological and fundamental results obtained in this work is

applicable to a broad range of adjoining scientific areas.
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Chapter 8
Magnetic and transport properties of
cuprate/manganite superlattices with insulating

interlayer

8.1 Introduction to cuprate/manganite superlattices

Artificial superlattice (SL) structures offer a possibility of combining antagonistic
order parameters such as superconductivity (SC) and ferromagnetism (FM). The
motivation to study the interrelation of superconductivity and ferromagnetism in
oxide systems arises from the fundamental interest of the common aspects and
potential differences of the physical properties of artificially layered FM/SC systems
[1]. In the last years, artificially grown superlattices consisting of high-T,
superconductors and manganese oxides have attracted increasing interests for various
reasons. On one hand, SL’s were developed as an important tool to explore the
interplay between the two antagonistic SC and FM ground states [2], and on the other
hand it is a very popular approach to obtain novel materials with modified or even
with entirely new physical properties [3]. These properties can be readily tuned with
external parameters like strain, electric or magnetic fields. Additionally, introducing
insulating spacers in between the SC and FM layers opens possibilities for the
investigation of interface and tunneling phenomena [1]. The most commonly
investigated systems are heterostructures where the cuprate high temperature
superconductor YBa,Cu3O7 (YBCO) is combined with the ferromagnetic manganites
LaysCasMnO3; (LCMO) or LagsSrisMnO3 (LSMO) [4-10]. The high degree of spin
polarization of the LCMO conduction band additionally makes this system a good
candidate for the search of novel spin dependent effects, which could lead to the
creation of a spintronic devices based on magnetoresistance (MR) effects associated
with the accumulation and transport of spin polarized electrons. In an interface with
high transparency (high conductance) the superconducting pair correlations can
penetrate into a ferromagnetic metal and give rise to a proximity effect. The

proximity effect extends to a distance determined by the exchange field energy & =
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(hD/kBTC)”2 [10]. Here T¢ is the Curie temperature of the ferromagnetic system. The
study of the superconducting properties of series of heterostructures with varying
thicknesses of either the LCMO or YBCO layers, proximity effects were detected
evidenced by a depression of the superconductivity [1-6]. It was also shown in [5, 6]
that the reduction of superconducting transition temperature for SL’s with decreasing
YBCO layer thickness is due to the electronic reconstruction at the YBCO/LCMO
interface. When insulating layers intervene between the oxides superconducting
layers (low transparency interface) the proximity effect should be suppressed [10].
This chapter deals with SL’s with oxide ferromagnets such as LCMO and the
oxide superconductor YBCO both having a highly anisotropic Fermi surface and the
SC part is regarded as anisotropic d-wave. The advantages of the combination
cuprate/manganite SL’s is seen in their all oxide nature, crystal structure
compatibility and partially adjustable lattice parameters of manganite part. It is
known that the YBCO/LCMO superlattice composition influences its
superconducting properties very much [1-4]. The superconductivity even disappears
when the LCMO sub-layer thickness becomes much larger than YBCO one. In this
Chapter we will discuss the superlattices where the superconductivity was not
completely suppressed because of manganite sub-layer thickness was less or equal to
the thickness of a cuprate sub-layer. The crystal structure (including HRTEM
measurements) of cuprate/manganite superlattices manufactured by PLD was well
investigated earlier [1, 3, 10]. Here we will focus on magnetic and transport
properties of such SL’s, where LCMO and YBCO sub-layers are separated by very
thin insulating spacer (SrTiOs, PrBa,Cuz0O;, or CeO,) as it is seen from Figure 8.1.
The introduction of an insulating spacer layer in between of YBCO and LCMO may
at least reduce the interaction between them and thus, the intrinsic behaviour of

individual layers can be restored.

8.2 Experimental details

The automated PLD system described in Chapter 3 was used for the
fabrication of investigated SL’s with deposition conditions already applied for
YBCO/LCMO hybrid structure manufacturing (see Chapter 5). All superlattices were
grown on LAO 5x5 mm? (100) substrates with STO buffer layer (hsto ~ 30 nm). The

growth of the superlattices was usually started with the YBCO layer and finished
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with a LCMO layer (except the special samples described separately). Three
different types of superlattices were manufactured:  (YBCO/STO/LCMO),,
(YBCO/PBCO/LCMO),, and YBCO/CeO,/LCMO), denoted as YSL, YPL, and
YCL. YBCO sub-layer thickness was fixed to be 20 nm. This choice is dictated by
optimization of PLD process for high reproducibility and good superconducting
properties of YBCO films. One more reason to choose such thickness is that it must
be sufficiently large that the critical temperature is unaffected by dimensionality or
epitaxial strain effects. The number of periods for all superlattices was chosen to be n
= 20 in order to have the configuration different from multilayered hybrid structures
described in Chapter 6. For transport measurements the samples where patterned
using standard optical photolithography with lon Beam Milling in order to form few
micro-bridges each having width of 25 nm. Au/Pd or Au/Pt contact pads were
deposited by laser ablation in high vacuum and at room temperature to prevent the

de-oxygenation of samples.

Insulating spacer ) n=20

LAO substrate

Figure 8.1 Configuration of superlattice type (YBCO/Insulator/LCMO)y.

8.3 YBCO/STO/LCMO superlattices

8.3.1 Superlattices of type YBCO/STO/LCM - [20nm/d; nm/10nm],q

This series of non-symmetrical superlattices YBCO/STO/LCMO - [20nm/d;
nm/10nm],e includes four samples with STO interlayer insulator thickness of 0, 1,
1.5 and 3 nm. For all samples the measurements of magnetization (both in plane and

out of plane) as well as the transport measurements were performed. From magnetic
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measurements the critical temperature of superconducting transition T, (at zero field
cooling conditions), the transition width AT. and the critical current density J. were
found using methods described in Chapter 2. The superconducting properties of all
samples from Set 1 are presented in Table 8.1.

Figure 8.2 shows results of magnetization measurements for the first sample
of this series YSL1. Having zero STO spacer between YBCO and LCMO it may be
used as reference for all other samples in this series. Its M(T) curve demonstrates the
behavior similar to YBCO film with reduced T, and the enlarged transition width that
is usual for cuprate/manganite superlattices of such configuration [1-3 ]. This
reduction of T¢ is due to the presence of ferromagnetic LCMO layers, which reduce
the layer coupling of YBCO sub-layers in this SL. However we did not detected any
significant trace of the metal/insulator transition above T, (see Inset in Fig.8.2). This
experimental result can be explained by too small LCMO sub-layer thickness (h.cmo
~ 10 nm) which does not allow the displaying of ferromagnetic properties of
manganite in this structure.

Figure 8.3 shows a zero-field cooling ZFC magnetic moment versus
temperature for all SL’s from given series. The superconducting critical temperature
T, of superlattices YBCO/STO/LCMO —[20nm/d; nm/10nm], with d; = 0, 1.0, 1.5,
and 3.0 nm STO spacer thickness is found to be dramatically increased with
increasing of STO interlayer thickness (see the Inset in Fig.6.2). The introduction of

very thin STO interlayer (d; > 1 nm) will increase the T for about 8 K.

Table 8.1 Superconducting properties of superlattices from [20nm/d; nm/10nm]zo
series: thickness of STO interlayer d;, critical temperature T, from magnetization
measurements at zero field cooling, superconducting transition width AT, onset of
superconducting transition from transport measurements T on, transition width T¢ o
—T¢ on from transport measurements, and critical current density Je.

Sample STO T. AT, Teon | Teof=Tcon | Je(10K)
thickness (K) (K) (K) (K) A/m?
d; (nm)
YL1 0 72 9.5 75 15 3.5x10"
YSL2 ~1 72.4 8.6 75 15 2.5x10"
YSL3 15 79.6 8.4 76 14 6.9x10%
YSL4 3 83 10.3 86 4 5.1x10"
YBCO - 88 2 89 2 8.2x10™
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Figure 8.2 Zero field cooling (left panel) and field cooling (right panel)
magnetization of YL1 sample (without STO interlayer) under out of plane applied
field B, = 0.01 T showing superconducting transition temperature T, = 72K (at ZFC).
No traces of metal/insulator transition around Tcyrie Of LCMO are detected.
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144



Having di = 3 nm the superconducting critical temperature of YSL4 becomes
comparable to the T. of a single layered YBCO film deposited on LAO substrate
under similar PLD conditions. Such improvement in T, has the similar effect when
the ferromagnetic layers become thinner or the YBCO layers get thicker [9].
However, the transition width AT for all SL’s in the Set 1 has a weak trend of
improvement and it is much larger in comparison with single layered YBCO film
(see Table 8.1).

The critical current density J.(B) curves of SL’s demonstrate the shape
similar to YBCO film but with much lower critical current density value (see Table
8.1). The sample YL1 shows the worst J. (in comparison with single layered YBCO
film). When the STO interlayer thickness increases the critical current density
increases too but it still has much lower values compared to YBCO film.

The electric transport properties of a series of samples from this series of
SL’s confirm the trend of T, improvement when increasing the STO interlayer
thickness that was derived from magnetic measurements. The corresponding
temperature dependent resistance curves are shown in Figure 8.4. Here we define
Tc on (R — 0) as an onset of the superconducting transition and the transition width
AT = Tc ot —Tc on. It can be clearly seen from Inset in Figure 8.4 that the critical
temperature rises rapidly when d; > 1nm. The comparison of T, and AT; values
defined by magnetic and transport measurements (see Table 8.1) shows that
generally speaking two different methods do not produce the same data. Such a
discrepancy (sometimes very large) between the superconducting transition
temperature as derived from resistance and magnetization measurements was
previously observed, but its origin remains to be understood. It may well be the
signature of an inhomogeneous superconducting state that arises from the magnetic
pair breaking due to the proximity coupling with the ferromagnetic order in the
LCMO layers [9].

8.3.2 Superlattice of type YBCO/STO/LCMO —[20nm/d; nm/20nm]y

The series of symmetrical superlattices YBCO/STO/LCMO — [20nm/d; nm/20nm]2
includes four samples with the thickness of STO interlayer di =0, 1, 2 and 4 nm and
YBCO as the first grown layer (indexed as: YL5, YSL6, YSL7, and YSL8) and one
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sample LSY22 where the first grown layer was LCMO. The superconducting
properties of all samples from this series compared with the single layered YBCO
film are presented in Table 8.2. It is remarkable that opposite to the previous series
all SL’s from given series demonstrate ferromagnetic properties with the
metal/insulator transition in the range of 200-250 K. But only YL5 has sufficiently
high negative magnetoresistance (MR ~ -94%) in this temperature range.
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Figure 8.4 Normalized resistances as a function of temperature at zero magnetic
fields for [20nm/d; nm/10nm],, series of samples. Inset: Onset of superconducting
transition vs STO spacer thickness showing drastic improvement in T¢ o, With the
increase of STO interlayer thickness.

It is also evident the significant reduction of the critical temperature T in the
second series of SL’s (especially derived from transport measurements as it is seen
from Table 8.2 and Fig.8.5). Figure 8.5 shows normalized R(T) curves of YL1 and
YL5 compared to the single layered YBCO film. The only one difference between
two samples is the LCMO sub-layer thickness which is twice bigger in YLS5.
However it leads to the reduction of T, for about 10K and almost twice bigger

transition width in this sample (see Table 8.2 and Inset in Fig.8.5).
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Table 8.2 Superconducting and magnetic properties of superlattices from [20nm/d;
nm/20nm]yo series: thickness of STO interlayer d;, critical temperature T, from
magnetization measurements with zero field cooling, superconducting transition
width AT, onset of superconducting transition from transport measurements T¢_on,
transition width T¢ o — Tc_on from transport measurements, magnetoresistance at 250
K, and metal/insulator transition temperature Ti .

Sample STO T, AT, Te on Te on—Tc off MR(250 K) Tirr
thickness (K) (K) (K) (K) (%) (K)
d;, (nm)

YL5 0 79 9 64 25 -94 220
YSL6 1 76 8 80 10 0 220
YSL7 2 79 9 74 16 0 200
YSLS8 4 85 7 81 9 0 250
LSY22 4 80 6 85 5 0 250
YBCO - 88 2 89 2 - -
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Figure 8.5 Normalized resistance vs temperature for two samples from two different
series: YL1 (YBCO20m/LCMO10nm)20 and YL5 (YBCO20nm/LCMO20nm)20 compared
with single layered YBCO film. Inset: Close view of superconducting transition
region showing the degradation of superconducting properties with increasing of
LCMO sub-layer thickness.

147



Figure 8.7 shows the temperature dependence of ZFC and FC measurements
where an external magnetic field of 0.01 T was applied parallel to the layers of the
YL5 superlattice (right panel). It reveals the onset of a spontaneous ferromagnetic
order below Ti; = 220 K. This value agrees well with the estimate from the
temperature dependence of the resistance data that are shown in the same figure (left
panel). Few features of YL5 sample can be derived if observing Fig.8.6 and
analyzing Table 8.2. First we may note the greater discrepancy between magnetic
and transport estimations of the critical temperature and the transition width
compared to Set 1 samples. As usual, the transport measurement shows lower T, and
larger transition width AT...

The second remarkable feature of this series of samples is that their
magnetization curves have a shape more similar to the shape of YBCO/LCMO bi-
layered hybrid structures described in Chapter 6. It may be explained by the fact that
this series of superlattices has the similar symmetrical structure (20nm-YBCO/20nm-
LCMO)x20 as in the case of (200 nm-YBCO/200nm-LCMO) bilayers.
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Figure 8.6 In plane magnetization of a YL5 sample (right panel) showing
superconducting transition at T, = 79K and its p(T) curve (left panel) with T on =
64K. Inset: Close view of the in plane magnetization above T. showing the metal-
insulator transition at T, = 220K.
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The introduction of the thin insulating spacer (di > 1 nm) between YBCO and
LCMO sub-layers will enhance both T, and A7 as it was already observed for
previous series of samples. Figure 8.7 is an example of this improvement. It shows
both magnetization and resistivity as a function of temperature for the sample YSL8
with STO interlayer thickness of about 4 nm. It also demonstrates the shift of MIT
point to 250 K which is more consistent with LCMO films properties.

The measurements of a critical current density show that this series of sample
with doubled LCMO layer thickness demonstrates even worse behavior than
previous series with significant reduction of J. compared to YBCO. However an
introduction of STO interlayer may improve a little J; (B) curve compared to the
sample YL5 without insulting interlayer.

The systematic enhancement of superconducting properties for all samples of
[20nm/d; nm/20nm],, series is evident from transport measurements shown in Figure
8.8. We can observe the R(T) curves evolution with STO interlayer thickness
increasing from 0 to 4 nm. Thicker STO will produce bigger T, less transition width,
and the curve shape which is more similar to YBCO without any traces of
metal/insulator transition around Curie temperature. This effect was already observed
for previous SL’s series [20nm/d; nm/10nm], and it is comparable to the increase of
YBCO sub-layer thickness or to the decrease of thickness of LCMO. It may be also
note that the room temperature resistance R(300K) is dramatically decreased (for
about one order of magnitude) with STO spacer increasing from 0 to 4 nm. Its value
(~70 Q) is now comparable with usual resistance of a single layered YBCO sample
at room temperature.

All these observations make us suggest that the introduction of a thin
insulator between cuprate and manganite sub-layers leads to the change in current
distribution along the superlattice. The observed effect of the resistance reduction
with the increasing of STO spacer for YBCO/STO/LCMO superlatices could be
explained in terms of the RC network model we have already discussed in Chapter 7
for STO/LCMO superlattices where the SL was examined as a complex combination

of resistances and capacitors.
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Figure 8.7 In plane magnetization of a sample YSL8 (right panel) showing
superconducting transition at T. = 85 K and its p(T) curve (left panel) with T¢ on =
81K. Inset: Close view of the in plane magnetization above T. showing metal-
insulator transition at T, = 250K.

We may suggest that the thicker STO insulator will reduce the probability of
the electrical punch-through and it will make the LCMO and YBCO sub-layers more
electrically isolated. This leads to the network where the parallel combination of sub-
layers dominates and thereafter, to the reduction of the total resistance. The
resistivity of LCMO sub-layers is much larger than that of YBCO sub-layers, hence
the transport current above T, primarily flows along YBCO sub-layers making the

R(T) curve more similar to YBCO.

It may be also noted by the comparison of almost similar superconducting
properties for two samples YSL8 and its mirror version LSY?22 (with LCMO as the
first grown layer) that the first grown layer does not define the behavior of whole

superlattice.
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Figure 8.8 Resistance of a micro-bridges vs temperature for SL’s of [20nm/d;
nm/20nm]yo series showing the enhancement in T. and the reduction of a room
temperature resistance R (300K) with increasing of STO interlayer thickness.

8.4 Superlattices of type YBCO/PBCO/LCMO —[20nm/d; nm/20nm]

The series of superlattices YBCO/PBCO/LCMO — [20nm/d; nm/20nm],o includes
five samples with PrBa,Cu30; (PBCO) interlayer spacer thickness of 0, 1.5, 3, 6, and
20 nm with YBCO as the first grown layer (indexed as: YL5, YPL12, YPLI10,
YPL11, and YPL16) and one sample LPY20 where the first grown sub-layer was
LCMO. The superconducting and magnetic properties of this series of SL’s are
presented in the Table 8.3.

One can readily see from the Table 8.3 and Figure 8.9 that both the
superconducting critical temperature and the transition width have an articulate trend
of gradually improvement with increasing of the thickness of insulating interlayer d;
as it was already noted for (YBCO/STO/LCMO) superlattices. Only 1.5 nm - thick
PBCO interlayer (sample YPL12) radically improves superconductivity in this SL’s
and when the thickness of PBCO spacer reaches d; = 20 nm (sample YPL16) the
superconducting parameters of a superlattice trend to be very close to the single
layered YBCO film. It is not surprizing because PBCO is known as a good Mott
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insulator that exhibits high electrical resistivity at low temperatures and acts as good

insulating spacer between YBCO and LCMO sub-layers.

Table

8.3  Superconducting
(YBCO/PBCO/LCMO)  series:

and

magnetic
thickness of PBCO

properties

of
interlayer

SL’s
di,

from

onset of
superconducting transition from transport measurements T¢ on, transition width T o
—T¢_on, magnetoresistance at 250 K, and metal/insulator transition temperature Ti.

PBCO interlayer thickness, d (nm)

Sample PBCO thickness Te on (K) Teoit —Tcon | MR(250K) (%0) Tirr
d; (nm) (K) (K)
YL5 0 64 25 -94 220
YPL12 15 82 7 <1 250
YPL10 3 85 5 <1 220
YPL11 6 86 4 <1 200
YPL16 20 88 2 <1 190
LPY20 6 40 49 -2 180
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Figure 8.11 shows normalized resistance curves of superlattices for different
thicknesses of the PBCO interlayer. Log scale plots (not shown) display sharp and
well-behaved superconducting transitions for all supperlattices with PBCO spacer.
The superconducting transition width AT, was found to decrease down to a saturation
value when the thickness of the insulating PBCO spacer was increased (see also
Fig.8.9).

Something similar behaviour of R(T) curves was observed in [12] for
YBCO/LCMO superlattice when the thickness of YBCO sub-layer was fixed and the
thickness of LCMO sub-layer was changed demonstrating the trend of T,
improvement with decreasing in LCMO thickness. This result suggests that the
interplay between magnetism and superconductivity in such structures may be

controlled by the thickness of insulating spacer.
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Figure 8.10 Normalized resistance vs temperature for superlattices of type
(YBCO/PBCO/LCMO) with different thickness of PBCO interlayer d; demonstrating
the trend of superconducting properties improvement and the increase of normalized
resistance just above T, with increasing of PBCO interlayer thickness.

153



One more feature of (YBCO/PBCO/LCMO) SL’s derived from Figure 8.10 is
a fact that their resistance just above T. was found to increase gradually when the
thickness of the insulating PBCO layer was increased. It is absolutely different from
the series of (YBCO/STO/LCMO) SL’s where the increasing of STO interlayer
decreases the resistance above T.. One reason of the resistance increasing if PBCO
interlayer becomes thicker is very trivial and it is related to the simple increasing of
the total thickness of a sample.

However we obviously observe the increasing of the normalized resistance
too. In order to investigate the contribution of PBCO/LCMO multilayers to the total
resistance of a SL the separate sample representing (PBCO-20 nm/LCMO-20 nm)y
super-structure was deposited under the same technological conditions adapted for
(YBCO/PBCO/LCMO) SL’s series. Figure 8.11 demonstrates the temperature
dependence of a resistivity for such SL. It has the shape similar to R(T) curves
measured for STO/LCMO superlattices described in Chapter 7. One can see that the
resistivity has a maximum at very low temperature (T, =~ 20 K) and then it gradually
decreases. The PBCO/LCMO system has a week dependence on the external
magnetic field with low negative magnetoresistance MR (see inset in Figure 8.11).
So this sub-lattice definitely cannot be the reason of the resistance increasing above T
~ 90 K. The similar behavior of R(T) curve above T, (see Fig.8.10) was observed in
[13] and it was shown that the resistivity increased systematically in YBCO/PBCO
superlattices with a fixed thickness of YBCO layers and increased thickness of
PBCO layers. So we may conclude that in our case (superlattices of
YBCO/PBCO/LCMO series) the contribution of YBCO/PBCO complex into the
total resistance of a superlattice is predominant. Really, remembering that PBCO has
the semiconductor nature, so if its thickness increases the probability of a formation
of conducting filaments in it does not decrease. This behaviour does not lead to the
formation of an RC network where the parallel combination of sub-layers is
predominant and hence the reduction of total resistance is not observed.

All SL’s from (YBCO/PBCO/LCMOQO) series demonstrate the magnetic
proprieties in the temperature range of 180-250 K defined by magnetization
measurements (see Table 8.3). It may be note that in this series of SL’s there is a
trend of Ti, decreasing with thicker PBCO spacer. Figure 8.12 shows the

temperature dependence of both the resistivity and the magnetization for the sample
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Figure 8.11 Temperature dependence of the resistivity for (PBCO-20 nm/LCMO-20
nm)yo superlattice measured under zero magnetic fields and 5 T field and 10 pA
current.
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YPL11. The metal/insulator transition is clearly seen from Inset in Fig.8.12 with T;.,
~ 200 K. One more note derived from Figure 8.12 is related to the much low
discrepancy between values of T, = 84 K (derived from the magnetization
measurement) and T¢ on = 86 K (from the transport measurement) for this series of
samples compared with SL’s of (YBCO/PBCO/LCMO) type. Really the difference
between these two values was not more than 2 K for all samples in this series (see for
example Fig. 8.12).

We have also studied the magnetoresistance MR = [(R(B) -
R(0))/R(0)]*x100% of a sample YPL11. In Figure 8.13 the magnetic field dependence
of the MR for this sample at different temperatures close to superconducting
transition T, =~ 86 K is presented. Figure 8.13a shows the in-plane MR data for the
magnetic field parallel to the current and the temperature range 65-83 K. We may
note that the sign of magnetoresistance has a trend to oscillate with the temperature
increasing. At temperatures below 75 K the high field magnetoresistance is negative
and close to zero but at T = 75 K it changes its sign to positive keeping this sign up to
T = 82 K where MR suddenly becomes negative again. The MR reaches its maximum
negative value (= 60%) at T =~ 83 K. Figure 8.13b demonstrates the MR (B) curves
evolution with temperature. For T = 85 K we may observe the abrupt change of MR
(B) curve shape at B~ 1.5 T. It becomes giant positive for B > 1.5 T. Low field giant
positive magnetoresistance (PMR) effects are observed around superconducting
transition which is interesting for practical applications. Magnetoresistance reaches
its giant positive maximum at T = 86 K and just at T =~ 87 K its value drops down for
about one order of magnitude keeping the positive sign and showing the low field
magnetoresistance (see Figure 8.13b and 8.13c). The PMR reaches its maximum
value of ~ 300% at B, = 0.2 T (at T = 76K) while PMR value sharply decreases to
25% at 77 K. Further increase in temperature leads to the change of MR sign to
negative one with the value close to zero. As it was shown in previous sections the
giant positive magnetoresistance manifests the superconducting transition. So, after
examination of data presented in Figure 8.13, we may conclude that superconducting
transition occurs at T, =~ 86-87 K which is perfectly matched with T¢ o, value derived
from the transport curve of YPL11 (see Fig.8.12).
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One more remarkable feature of (YBCO/PBCO/LCMO) series of
superlattices was detected by investigating the sample LPY20 which is a mirror
version of a sample YPL11 (see Table 8.3) where LCMO sub-layer was the first
grown layer (with YBCO on top of the structure). Figure 8.14 shows normalized
resistance as a function of a temperature for both LPY20 and YPL11 samples. It may
be seen that two samples have very different behaviors. The LPY20 has an
extremely low T¢ on = 40 K and very large transition width AT; = 49 K compared
with YPL11 (Tcon = 86K and AT: = 4 K). LPY20 also demonstrates a well
pronounced metal/insulator transition around T, =~ 200 K which we already observed
only in LCMO/YBCO hybrids described in Chapter 6.

Figure 8.15 shows the temperature dependence of a resistivity of LPY20 for
two values of external magnetic field. It may be seen that the application of a field
reduces the resistivity and shifts its maximum at T, to higher temperatures. Although
the negative magnetoresistance around Curie temperature is not very high (see Inset
in Fig.8.15) the presence of the first grown manganite layer in this SL and its

influence on the transport properties of whole structure is evident.
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Figure 8.14 Temperature dependence of normalized resistance for the sample
YPL11 (YBCO/PBCO/LCMOQO),, compared with its mirror sample LPY20
(LCMO/PBCO/YBCO)y demonstrating the influence of the first grown layer on
whole structure transport properties.
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The detailed study of the transport curves of LPY20 around and below T, produces
some more interesting results (see Fig.8.16). First of all we may note that the
temperature of the on-set superconducting transition T¢ o, ~ 40 K, derived from the
transport curve, is matched perfectly with the positive peak of the magnetoresistance.
We already know that the giant positive magnetoresistance in our SL’s is associated
with a superconducting transition (see Section 8.3 of this Chapter). So we may
suggest that the low temperature (T = 26 K) giant magnetoresistance peak may
manifest probably the re-entrant resistance.

The more pronounced magnetic properties of this sample in comparison with
a mirror sample YPL11 (see Fig.8.14) may be also associated with the structure
mirror symmetry. Really, it was found in [15] that at the LCMO/YBCO interface the
magnetization of LCMO has suppressed likely due to the charge transfer across the

interface. This effect would influence the bottom LCMO layer less, as it is grown
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Figure 8.15 Temperature dependence of the resistivity for the sample LPY20
(LCMO/PBCO/YBCO)y at zero field and 5 T magnetic field. Inset: Temperature
dependence of a magnetoresistance above T. demonstrating the metal/insulator
transition around 180 K.
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directly on the substrate, therefore retains a magnetization that is close to that of the
bulk material. In other words, this first LCMO sub-layer defines the behaviour of the
whole structure suppressing the superconductivity and improving its

magnetoresistance.
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Figure 8.16 Logarithmic plot of the transport curves for the sample LPY20

(LCMO/PBCO/YBCO),o showing the value of T¢ on = 40 K, the unstable resistivity
below this temperature and very large transition width.

8.5 Superlattices of type YBCO/ CeO, /[LCMO —[20nm/d; nm/20nm]

This series of SL’s includes three samples with the thickness of CeO; interlayer
spacer of 0, 4, and 8 nm and YBCO as a first grown layer and LCMO as a
termination layer (indexed as: YL5, YCL9, and YCL13) and one sample LCY21
which is a mirror version of YCL13 where the first grown layer was LCMO and the
termination layer was YBCO. The characteristics of this series of SL’s are collected
in the Table 8.4.0ne can see from this table and Figure 8.17 that the superconducting
properties of all SL’s from given series have the same trend of improvement when
the thickness of insulating interlayer increases as it was observed for previous series.
All samples also demonstrate a weak magnetic field dependence of the resistance

with the metal/insulator transition in the temperature range of 180-220 K.
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Table 8.4 Superconducting and magnetic properties of superlattices from
YBCO/CeO,/LCMO
superconducting transition from transport measurements T o ; transition width T¢ o
—T¢_on; and metal/insulator transition temperature Tiy.

series: thickness

of CeO,

interlayer

di;

Sample CeO, Te.on Te on—Te off Tirr
thickness, d (K) (K) (K)

(nm)
YSL5 0 64 25 220
YCL9 4 77 13 210
YCL13 8 84 6 180
LCY21 8 69 21 200

o o =
» ©o o
1 1 1

Normalized resistance, R/R(300K)
o
>

T (K)

100 150

200

Temperature, T (K)

250

300

onset

of

Figure 8.17 Normalized resistance vs temperature for three superlattices YSLD5,
YCLY, and YCL13 of type (YBCO/CeO,/LCMO),, with different thickness of CeO,
interlayer demonstrating the trend of superconducting properties improvement with
the increase of CeO, interlayer thickness. Inset: Close view of the superconducting
transition region for same three samples.

The data presented in Table 8.4 and Figure 8.17 is very similar to our results

already found for other series of superlattices. However it is necessary to pay

attention to the quite unusual behavior of the fourth sample LCY21 from given
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series. Being the mirror version of YCL13 with 8 nm CeO, spacer and LCMO as a
first grown layer, the sample LCY21 demonstrates much less 7. = 69 K and very
broad superconducting transition compared to its mirror sample (see Figure 8.18 and
Table 8.4). It also shows the resistance upturns below 7, with the peak of the re-
entrant resistance at the temperature 7,, =~ 46 K (for 10 pA applied current). This
upturn is reversible and it exists for all applied electrical current and magnetic field
values. Figure 8.19 shows the logarithmic plot of the temperature dependence of
resistivity for LCY21 at zero and 5 T external magnetic fields. The resistance upturn
below 7.» = 69 K is clearly observed. At this temperature the resistivity which was
dropped to almost zero at the superconducting transition point, again starts to show
some finite values which is approximately 50 time higher at 7, than p (T = 69 K).
Then the resistivity demonstrates the downturn and it reaches its second minima at
T.; = 15 K. At this temperature we may observe the small upturn of the resistivity on
the zero fields R(7) curve. The application of an in plane magnetic field B, =5 T
shifts 7., to low temperatures for about 5 K without any appearance of the low
temperature upturn. Inset in Figure 8.19 shows the magnetoresistance of this sample
with two giant positive MR peaks at 7,; and 7., which is perfectly matched with the
superconducting transitions temperatures found from R(7) plot. This behavior is
quiet similar to the MR behavior of the superlattice LPY20 described in previous
section. Comparing the configuration of two SL’s LPY20 and LCY21 we may note
that they both have the first grown LCMO layer. Remembering that such behaviour
never was detected for superlattices with YBCO as the first grown layer, we may
conclude that the re-entrant resistance behaviour is associated with the sub-layers
order in given superlattice.

It should be noted that the position of the re-entrant peaks has the current
dependence similar to the magnetic field dependence and they increase with the
current increasing. Figure 8.20 shows the resistivity vs temperature plot for three
different currents applied on LCY21. The shift of 7,, for about 10 K to low
temperatures with the current change from 10 pA to 100 pA can be clearly seen. For
higher applied currents the maximum of the re-entrant resistance even cannot be

measured because of its extremely low .
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Figure 8.18 Normalized resistance vs temperature for superlattice YCL13 (with
YBCO as the first grown layer) compared with the mirror sample LCY21 (with
LCMO as a first grown layer). Inset: Close view of normalized resistance curves
below the temperature of superconducting transition showing the re-entrant
resistance behavior for LCY21 sample with the re-entrant resistance maximum at Ty,
~ 46 K.

The re-entrant resistance behaviour in LCMO/YBCO superlattices was
observed for the first time by H.-U Habermeier and G. Cristiani in [1]. In [16, 17]
this phenomena was experimentally investigated in more details for the superlattice
[YBCO751m/LCMOs nm/]20 with LCMO as a first grown layer on STO substrate. The
similar shift of the up-turn temperature with the increase of applied current was
detected. However the pronounced low temperature downturn of resistance there
was not observed. Authors have performed the attempt to explain this phenomenon
by sophisticated inverse-proximity effects of the spin-polarized quasiparticles. But in
our case, if the introduction of an insulating interlayer blocks the proximity effect in
YBCO/LCMO system, such explanation is not seems to be quite satisfied. We rather
try to explain such phenomena qualitatively in the frame of the model of complex RC

network described in Chapter 7.
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Figure 8.19 Logarithmic plot of transport curves at two external field values for the
sample LCY21 (LCMO/CeO,/YBCO),, showing the oscillation of superconducting
transition with value of Ty = 15 K and Te; = 69 K and very large transition width.
Inset: Magnetoresistance curve of LCY21 showing two positive peaks associated
with superconducting transitions and the close to zero negative MR above Te,.

It is well known from our previous experiments with LCMO and YBCO thin
films deposition by PLD (see Ch.3 and Ch.5) that LCMO film with even small
thickness (~ 20 nm in our case) is much less porous and it has higher epitaxial
quality than YBCO film of the same thickness. We also know (from TEM data in
Ch.7) that the number of defects is rising rapidly with increasing number of sub-
layers in a superlative. So the sample LCY21 (and probably LPY20 as well) which
demonstrates re-entrant resistance may be considered as the superstructure with two
main parts: high quality solid epitaxial film of LCMO on the bottom and the defected
YBCO/CeO,/LCMO superlative on the top. The prime LCMO layer directly grown
on the substrate may significantly suppress the superconductivity of the superlattice
LCY21 which was already shown in Fig.8.18 and Fig.8.19. The position of LCMO
as a first grown layer also defines the resistivity of a whole SL below T.. It can be

seen from the Inset in Fig.8.18 that the resistance of LCY21 at low temperatures is
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about two orders of magnitude higher than YCL13 with YBCO as a first grown

layer.
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Figure 8.20 Resistivity vs temperature plot for LCY?21 below T¢ o at zero magnetic
field and three different currents. The re-entrant resistance peak is shifted to lower
temperatures with increasing current. The on-set temperature of the main
superconducting transition T¢_ o, has weak dependence on the applied current values.

Taking into account that in our superlattice the LCMO and YBCO
semiconductor layers are separated by the insulating layers of CeO, (with dielectric
properties even much better compared to STO [18]) a certain capacitance is created
across each interface. Thus, we can analyse our superlattice as an RC-network with
nonlinear, temperature dependent resistors and capacitors. This network represents a
very complex serial/parallel combination of RC elements composed from
YBCO/CeO,, and LCMO/CeO; interfaces. The last one probably governs the shape
of R(T) curve below T, that leads to the re-entrant resistance behaviour. In order to
verify this assumption we have deposited the structure containing the 200 nm thick
YBCO film with LCMO/CeO, superlattice on top where we may observe the
separate contribution of the SL to the resistance of a whole structure. Figure 8.21
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shows the temperature dependence of a normalized resistance of such type of
superlattice CL33 compared to samples YCL13 and LCY21. It may be clearly seen
that the shape of R(T) curve of CL33 is very similar to the shape of LCY21lwith
almost the same position of Tr.. This confirms our suggestion about the importance
of the influence of LCMO/CeO, sub-system on the R(T) curve shape of
(LCMO/Ce0,/YBCO), type superlattices. Although the nature of the re-entrant
resistance behaviour in cuprate/manganite superlattices is not so clear it may have
some practical applications because of possibility to control by an external magnetic

field or an electrical current.
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Figure 8.21 Comparison of normalized resistances as function of temperature below
T, for three different structures: superlattice YCL13, superlattice LCY21, superlattice
CL33 (CeO; -4nm/LCMO-4nm)4 grown on YBCO film with superconducting
transition at T, = 90K (not shown).
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8.6 Conclusion

We have fabricated by PLD and investigated magnetic and transport properties of
four series of cuprate/insulator/manganite superlattices with STO, PBCO, and CeO,
as insulating spacers between YBCO and LCMO sub-layers.

The investigation of SL’s of type (YBCO-20nm/STO/LCMO-10 nm)zo shows
that superconducting properties of such type of SL’s may be significantly improved
by the introduction of STO spacer with thickness di > 1 nm. However this series of
samples did not demonstrate any expected magnetic properties above T, but very low
negative magnetoresistance around Tcyrie OF LCMO, which is probably related to very
small thickness of LCMO sub-layer compared to YBCO thickness. All samples in
this series have demonstrated J.(T) behavior which is not consistent with the single
layered YBCO film of the same thickness. Sao we may conclude that the presence of
manganite ultimately suppress the superconductivity in cuprate/insulator/manganite
multilayered structures.

In the second series of superlattices YBCO/STO/LCMO the thickness of
LCMO sublayer was increased twice and this immediately produced the result
demonstrating ferromagnetic properties with metal/insulator transition in the range of
200-250 K. As for previous series the improvement in T; and AT, with increasing of
the thickness of STO interlayer was evident, however the magnetoresistance around
Tcurie Of LCMO has greatly suppressed in all samples with STO insulating spacer.
Investigation of J.(T) curves for this series of sample shows even worse behavior
with significant reduction of J. compared to YBCO which is predictable because of
higher thickness of LCMO sub-layer. This series of superlattices demonstrates the
interesting feature of the decreasing of a room temperature resistance (for about one
order of magnitude) with STO spacer increasing from 0 to 4 nm. This could be
explained by current redistribution between superconducting sub-layers if the
thickness of insulator spacer increases.

Besides the same trend of the enhancement of superconducting properties
with increasing of the thickness of insulator spacer, the main feature of superlattices
of type YBCO/PBCO/LCMO was a quite different shape of R(T) curves for two
mirror samples with LCMO or YBCO as the first grown layer. It was shown that the

sample with LCMO on bottom has worse superconducting properties (T, = 40 K) and
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better magnetoresistance (~ 10%) around metal/insulator transition point. It was also
shown that positive magnetoresistance peaks coincided with superconducting
transitions in such sample. This was also confirmed by series of MR(B)
measurements for different temperatures around T..

The similar behaviour of the mirror sample with LCMO as a first grown layer
and even more pronounced re-entrant resistance at Tre = 46 K (for | = 10puA) was
observed in YBCO/CeO,/LCMO series of SL’s with CeO; as the insulating spacer. It
is 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 9

Summary

During last few decades the most important and unexpected discoveries in the field
of a solid state physics were made in oxide systems. The discovery of high-
temperature superconductivity and colossal magnetoresistance has demonstrated that
oxides and their interfaces can provide practically all physical phenomena typical for
solid state materials. Sometimes these phenomena go well beyond those exhibited by
conventional semiconductor interfaces because new and largely unexplored physics
becomes relevant, enabling novel electronic phases. So the study of oxide systems,
interfaces, and heterostructures, as well as the development of processes for the

formation, growth, and phase stability of oxide thin films, remain the important and
actual field of scientific research.

All samples in this work are grown by pulsed laser deposition. So a lot of
attention was drawn to this technique optimization and improvement. After PLD
system was automated with LabView and optimized which was described in Chapter
3 of this thesis, the best grown conditions were found for proven high quality YBCO
films and superconducting multilayered structures on different substrates. It was
shown that the PLD technique can be successfully implemented for the
manufacturing of superconducting device prototypes such as: Josephson junctions
with advance functionality; YBCO long film multichannel cables with effective
reduction in transferred and generated heat for superconducting electronic
applications; multilayered YBCO/SmBCO/YBCO thin films (with thicknesses less
than 90 nm) for possible future applications as single photon detectors.

High quality perovskite manganites, La;xAxMnO3 (A = Ca, Sr, Ba) are very
interesting materials due to their great application potential for magnetic memory and
spintronics devices. We have demonstrated the ability to grow of high quality
epitaxial La;xCaxyMnO3 (LCMO) films with different thickness on different substrates
using PLD technique. The quality of manganite thin films was confirmed by XPS
and SEM measurements, as well as by electromagnetic properties of LCMO samples.
All LCMO thin films demonstrated CMR behavior with the negative
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magnetoresistance minimum at the metal-insulator transition temperature T, which
has the trend of reduction if the LCMO film becomes thinner.

We have manufactured by PLD and investigated magnetic and transport
properties of multilayered hybrid structures consisting of superconductor (YBCO as
S) and ferromagnetic (LCMO as F) layers separated by thin insulator (STO or CeO,
as l). Measurements show the coexistence of ferromagnetism at high temperatures (T
> T.) and superconductivity at low temperatures (T < T¢) in these heterostructures
with the suppression of both superconductivity and magnetism. The possibility to
control of YBCO micro-bridge resistance above superconducting transition by
current injection through LCMO bottom layer was demonstrated in the hybrid
structure of S/I/F type (YBCO on top). We have also investigated the electrical
transport properties of a hybrid structure of F/I/S type (LCMO on top). This hybrid
structure demonstrated the unusual R(T) behavior, with a sharp dip in resistance
below T.. It was also found that electroresistance and magnetoresistance around Tgrpmin
can be tuned by electric current, which may have applications in controlling the
properties of such hybrid devices. This behavior may be explained in terms of the
current shunting model and phase transition effect in LCMO triggered by electrical
current.

We have managed to establish an acceptable technology for combination of
LCMO films exhibiting the CMR effect with HTS REBCO films for novel hybrid
functionalities and devices, so that the relevant magnetic properties of LCMO at T <
T. would be exhibited below the superconducting transition temperature. We have
manufactured by PLD a series of LCMO/STO superlattices with more than 20
periods of 3-7 nm thick sub-layers and investigated their properties by means of
EFTEM, SEM, magnetic, and transport measurements. The superlattices have
demonstrated CMR behaviour with a strongly reduced Curie temperature, enabling
an easier cooling approach for potential applications. Importantly, the p(7T) curves of
the superlattices below the MIT 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-organised 3D
structures, which experience dimensional transitions of their spin-charge transport

properties. The significant result is that because the structure of the superlattices can
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be easily controlled, it can enable the prescribed tuning of the magnetoresistance
properties required for applications. Moreover, the dimensionality dependent
behaviour observed and its magnetic field dependence indicate the presence of
magnetodielectric properties in STO layers.

Artificial superlattice (SL) structures offer a possibility of combining
antagonistic order parameters such as superconductivity (HTS cuprates) and
ferromagnetism (CMR manganites) in order to obtain novel materials with modified
or even with entirely new physical properties. We have fabricated by PLD and
investigated magnetic and  transport  properties of four series of
cuprate/insulator/manganite superlattices with STO, PBCO, and CeO; as insulating
interlayer between YBCO and LCMO sub-layers. As a rule the superconductivity is
suppressed by proximity effect in YBCO/LCMO superlattices. The investigation of
SL’s with LCMO sub-layer twice thinner than YBCO sub-layer shows that
superconducting properties of such SL’s may be significantly improved by the
introduction of STO interlayer with thickness d; > 1 nm. However this series of SL’s
does not demonstrate any expected magnetic properties above T.. In the second
series of superlattices YBCO/STO/LCMO the thickness of LCMO sublayer was
increased twice and this immediately produced the result demonstrating
ferromagnetic properties with metal/insulator transition in the range of 200-250 K.
Although a very thin STO interlayer can significantly improve the superconductivity
in this type of SL’s it is also leads to the depression of the magnetoresistance around
Tcurie OF LCMO in all samples with STO insulating layer compared to YBCO/LCMO
superlattice. The investigation of superlattices type YBCO/PBCO/LCMO has shown
completely different p(T) curves behavior for two mirror samples with LCMO or
YBCO as the first grown layer. It was shown that the SL (YBCO-
20nm/PBCO/LCMO-20nm),o with LCMO on bottom has worse superconducting
properties (T, = 40 K) and better magnetoresistance (MR =~ -10%) compared to the
mirror sample (YBCO on bottom). The positive magnetoresistance peak of this
sample is perfectly coincided with the superconducting transition. This was also
confirmed by series of MR(B) measurements for different temperatures around T..
The similar behaviour of the mirror sample with LCMO as a first grown layer and
even more pronounced re-entrant resistance at T, ~ 46 K (for | = 10pA) was
observed in YBCO/CeO,/LCMO series of SL’s with CeO, as the insulating
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interlayer. It is shown that the re-entrant resistance is stable and it can be controlled
by the external magnetic field and applied current that is interesting for possible

practical applications.
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