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SYNOPSIS

Ferromagnetism and superconductivity are antagonistic phenomena, which is
manifested in their response to a magnetic field i.e. a superconductor expels a magnetic
field (Meissner effect), whereas a ferromagnet concentrates the force lines inside its
volume (effect of magnetic induction). Ferromagnetism is characterized by an order
parameter known as magnetization (i.e. order of spins), whereas the order parameter
characterizing the superconductivity is the energy gap corresponding to the formation of
singlet spin Cooper pairs (i.e. two electrons of opposite spins and momentum coupled via
phonons). This antagonism is understandable from the microscopic theory: attraction
between electrons creates Cooper pairs in a singlet state, whereas exchange interaction that
produces ferromagnetism, tends to arrange electron spins in parallel to one another.
Therefore, when the Zeeman energy of the electrons of a pair in an exchange field /
exceeds the coupling energy (i.e. superconducting gap A), the superconducting state is
destroyed. For the above reasons, the coexistence of the superconducting and
ferromagnetic order parameters is unlikely in a uniform system. However, in nature there
are few materials, such as, (RE)Rh4sBs and (RE)Mo¢Xs ( RE- rare earth, X- S, Se),
RuSrGdCu,0s, and UGe,, URhGe etc. in which magnetism and superconductivity coexist.
It has been demonstrated that s-pairing superconductivity coexists with antiferromagnetism
(e.g. in (RE)Rh4B4 and (RE)Mo¢Xs ( RE- rare earth, X- S, Se)), and the triplet-paring
superconductivity coexists with ferromagnetism (e.g. UGe,, URhGe, RuSrGdCu,0Os).

In literature, however the coexistence of ferromagnetism and superconductivity has

been mainly investigated in artificially prepared ferromagnetic (FM) /superconductor (SC)



heterostructures consisting of alternating FM and SC layers e.g. Fe/Nb/Fe, Nb/Gd,
NbN/Co, YBa,Cu3z07.5(YBCO)/Lay3Ca;3sMnO3(LCMO), YBCO/Lay;3Sr13sMnO3(LSMO)
etc. In these heterostructures, owing to the proximity effect, a superconducting order
parameter can be induced in the FM layer; on the other hand, the neighboring pair of FM
layers can interact with one another via the SC layer. Such systems have exhibited rich
physics: (i) oscillations in superconducting transition temperature with increasing thickness
of ferromagnetic layer in three-layer structures (FM/SC/FM), which were ascribed to the
appearance of m-phase superconductivity; (i1) in SC/FM/SC trilayer junctions the relative
phase is equal to m instead of the usual zero (known as m-junction). It has been observed
that the interplay between superconductivity and magnetism can be investigated by
growing bilayers and trilayers in controlled manner i.e. the thicknesses of the layers can be
varied in controlled manner to change the relative strengths of two order parameters.
Therefore, this thesis work is aimed at growth of various FM/SC heterostructures
comprising of metallic (Nb/Gd, Nb/Ni and NbN/NbO/Co) and oxide
(YBCO/StTiO3(STO)/LCMO, YBCO/STO/LSMO) multilayers. Our main emphasis was
to introduce an insulating layer between superconducting and ferromagnetic layers so that
the proximity effect can be controlled. Several new results have been obtained during the

thesis work. The thesis is organized into following five chapters.

Chapter 1: Introduction

In this chapter, we begin with a brief overview of metallic (Nb, NbN etc.) and

oxide superconductors (YBa,Cu3;O7.5) as well as magnetic materials (Fe, Co, Ni, Gd, and



La,;3Ca;sMnOs). We briefly describe the antagonistic properties of superconductor and
ferromagnetism and present some of the natural bulk materials in which both coexist. We
describe various methods of growing artificial ferromagnet/superconductor multilayers,
such as, molecular bream epitaxy, sputtering, pulsed laser deposition. We review the
theoretical and experimental results on the proximity effects in artificial
ferromagnetic/superconductor multilayers. The chapter is concluded by bringing out the

scope of the thesis work.

Chapter 2: Experimental techniques

This chapter describes the experimental techniques used during the thesis work.
The details of DC magnetron sputtering system are described to deposit metallic thin films
and multilayers such as Nb/Gd, Nb/Ni and NbN/NbO/Co. The configuration of the pulsed
laser deposition (PLD) setup used for deposition of oxide superconductor/ ferromagnetic
multilayers like YBCO/STO/LCMO and YBCO/STO/LSMO are presented. An overview
of various techniques used for the characterization of thin films and multilayers, such as
scanning electron microscopy (SEM), X ray diffraction (XRD), X ray reflectivity (XRR)
and polarized neutron reflectivity (PNR) are described. The details of the Superconducting
Quantum Interference Device (SQUID) setup used for magnetic measurements are
presented. The four probe method used for the electric transport measurements is also

described.



Chapter 3: Metallic superconductor/ferromagnetic multilayers: Growth

and proximity effects

In this chapter we describe the results on the sputter growth and characterization of
following metallic systems: (i) Fe/Au multilayers; (ii) Nb/Gd and Nb/Ni bilayers; and
NbN/NbO/Co trilayer.

Fe/Au multilayers were selected to establish the growth of metallic multilayers by
DC sputtering. For this purpose two series of Fe/Au multilayers were deposited on Si
substrate by sputtering: one series with varying Fe layer thickness, tre = 30-100 A, and
another series with varying Au layer thickness ta, = 50-150 A. The multilayer interface
structure and magnetic properties investigated by specular x-ray reflectometry and
polarized neutron reflectometry indicated their high quality. The results show that
magnetoresistance and remnant magnetization increases with increasing thickness of Fe
thickness.

Nb (500 A)/Gd (300 A) bilayers were prepared on Si substrate. Transport
measurements revealed a two step superconducting transition, which is attributed to
domain wall superconductivity due to the proximity of ferromagnetic Gd. History
dependent R-T and V-l characteristics confirmed the domain wall superconductivity.
Possible explanation of this observation may be that the superconducting region right
below a domain wall exhibits a higher transition temperature compared to the one below a
ferromagnetic domain. Nb/Ni bilayers exhibited anomalous V-1 characteristics near

superconducting transition temperature.



Detailed transport studies were carried out on the trilayer NbN/NbO/Co deposited
by sputtering. The sample exhibited superconducting transition at 6.5 K. In the
superconducting state, a dip in the resistance was observed at a temperature referred to as
Tyun. Below Ty, resistance reappears, with a magnitude of about 1% of the normal state
resistance. The observed resistance is found to decrease on increasing the applied current.
A possible reason for re-entrant resistance might be the vortex dynamics in NbN
superconducting layer due to the stray fields created by Co layer. A detailed measurement
is carried out comparison, the temperature dependent resistance at different currents and

the current dependent resistance at different temperatures in close vicinity of Tsc.

Chapter 4: Oxide superconductor/ferromagnet heterostructures:

Growth and proximity effects

This chapter deals with a detailed study on growth of thin films of high Tgsc cuprate
superconductor YBCO and perovskite manganite LCMO and/or LSMO and their
multilayers by pulsed laser deposition. Results on the growth of YBCO, LCMO and LSMO
are presented. A change in magnetic properties by producing strain in different ways like
varying the oxygen deposition pressure (Po,), lattice mismatch with substrate and varying
the film thickness in LSMO were studied.

The magnetic proximity effect in YBCO/STO/LCMO multilayers has been
investigated by polarized neutron reflectivity (PNR). PNR measurements were carried out
across both superconducting and ferromagnetic transitions. We have made a rare

observation of the suppression of ferromagnetic order in a LCMO layer which is separated



by insulating STO from YBCO. The PNR analysis suggested an emergence of a thin
magnetic “dead” layer in LCMO adjacent to the STO layer below the superconducting
transition temperature of the trilayer. The dead layer is seen even for STO layer as thick as
50 A, suggesting a possible tunneling of the superconducting order parameter through the

insulating barrier thereby modifying the magnetic state of LCMO.

Chapter 5: Summary & conclusions

The summary of the thesis work and main conclusions have been presented in this

chapter. The chapter is concluded by bring out the future scope.

Vi
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by a factor of 20 for the sake of clarity. (b) Spin difference (R" - R") data at 300 K (upper
panel) and 10 K (lower panel). (c) Nuclear scattering length density (SLD) depth profile
extracted from fitting PNR data at 300 K as shown in a, b. (d) Magnetization (M) depth
profile corresponding to PNR data shown in (a) and ( b). Two magnetization models, with
and without magnetic dead (MD) layer at LCMO/STO interface, at 10 K are depicted in d
and the corresponding fits to PNR data are shown in b (lower panel).

Fig. 4.27: (a) PNR (spin up, R" and spin down, R" ) data from the LCMO (300 A)/STO (25
A)YBCO (300 A) sample at 10 K. upper panel show the spin difference (R” - R") data at
10 K. (b) shows the corresponding magnetization depth profiles which fitted PNR data at
10 K.

Fig. 4.28: Polarized neutron reflectivity (PNR) measurements and their modeling across
superconducting transition temperature. (a) Spin difference (R" - R’) data the LCMO (300
A)/STO (25 A)/YBCO (300 A) sample at 100 K (upper panel) and 50 K (lower panel). (b)

Magnetization (M) depth profile at 100 K (upper panel) and 50 K (lower panel)
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corresponding to spin difference data shown in a. Two magnetization models at 100 K are
depicted in the upper panel of (b) and the corresponding fits to PNR data are shown in
upper panel of (a).

Fig. 4.29: Polarized neutron reflectivity (PNR) measurements and their modeling from the
sample with double thickness of insulator layer. (a) Spin difference data from the LCMO
(200 A)/STO (50 A)/ YBCO (200 A) trilayer at 300 K (upper panel) and 10 K (lower
panel). (b) Nuclear scattering length density (NSLD) depth profile (upper panel) and
magnetization depth profile (lower panel) extracted from fitting PNR data at 300 K and 10
K as shown in a. Two magnetization models at 10 K are depicted in the lower panel of (b)
and the corresponding fits to PNR data are shown in lower panel of (a).

Fig. 4.30: Variation of magnetization (M) as a function of temperature for field cooled
condition in a magnetic field of 300 Oe using SQUID (open circle) and PNR (open star)
for LCMO (300 A)/STO (25 A)/YBCO (300 A) trilayer.

Fig. 4.31: Fitting of magnetization depth profile of YBa,Cu;O075 (300 A)/SrTiO3 (25

A)/LazBCal sMnQOj3 (300 A) sample at 10 K obtained from PNR data using Eq. 4.1.
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Chapter -1

Introduction




1.1 Superconductivity

The phenomenon of superconductivity in which the electrical resistivity of a
material abruptly drops to zero below a critical temperature was first discovered in Hg by
Kamerlingh Onnes in 1911 [1]. The temperature at which resistance drops to zero is the
superconducting transition temperature 7Tsc, a characteristic feature of all superconductors.
Another fundamental property of the superconducting state was discovered in 1933 when
Walther Meissner and Robert Ochsenfeld [2] demonstrated that superconductors exhibit
perfect diamagnetism below Tsc i.e. they expel the magnetic field, the effect known as
Meissner effect. Till date several materials are found to exhibit superconductivity, which
can broadly be classified into two categories: conventional and high-temperature

superconductors.

1.1.1 Conventional superconductors

Conventional superconductors are essentially metallic and metallic compounds or
alloys. These superconductors based on their response to applied magnetic field are
classified into Type-I (a single critical magnetic field) and Type-II (exhibit a mixed state
with two critical magnetic fields) as summarized in Table 1.1 and Table 1.2 respectively.
Type-I superconductors are characterized by the inequality A < & /A2, while for Type-II
superconductors A > &2, where A and & are the magnetic penetration depth and coherence

length respectively. Among these, type-1I superconductors such as Nb is employed for



accelerator RF cavities and NbTi and Nb;Sn are extensively used in high magnetic field

applications. Nb in thin film form is also used for making SQUIDs.

Table 1.1 Selected conventional type-I superconductors and their T'sc

System Maximum Tsc
Pb 72K

Hg 42K

Sn 37K

Al 1.2K

Mo 09K

W 0.02K

Table 1.2 Selected conventional type-II superconductors and their Tsc

System Maximum Tgc
\% 54K
Tc 7.8 K
Nb 92K
NbTi 10.0 K
Nb;Sn 18.0K
NbN 16.5K
NbsGe 23.1K
MgB, 39.0K

The mechanism of superconductivity was theoretically established by Bardeen,
Cooper and Schrieffer (BCS) in 1957 [3]. The basis of this theory is that conduction
electron of a given momentum and spin gets weakly coupled to another electron of the
opposite momentum and spin into pairs (i.e. KT, -K|) through an attractive interaction

mediated by phonons, known as Cooper pairs as shown in Fig. 1.1. Cooper pairs are
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pseudo Bosons and can flow without any dissipation. The formation of the bound states
creates instability in the ground state of the Fermi sea of electrons resulting in energy gap
A(T) opening up at the Fermi level. The minimum energy E, required to break a Cooper
pair to create two quasi-particle excitations is £, = 2A(T7). Within BCS theory, zero

temperature energy gap is given as

1
A(0) = 2.7 wp.e NOWV

where N(0) is density of states at Fermi level, V- Interaction potential, wp is Debye

frequency.

Fermi surface

a)

Fig.1.1: (a) Schematic of a Cooper pair, (b) Schematic of cooper pair at Fermi surface

1.1.2 High temperature superconductors

Bednorz and Muller in 1986 discovered superconductivity in La-Ba-Cu-O at a

temperature 29 K in, for which they were awarded Nobel Prize in 1987 [4]. Soon it was
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followed by the discovery of superconductivity in YBa,CuszO7 at around 90 K. As shown
in Table 1.3, highest Ts¢ achieved in cuprates was 135 K. These cuprate superconductors
are known as High Temperature Superconductors (HTSC). The large value of Tsc in
cuprates implied that the mechanism of superconductivity might be different from that in
the conventional phonon-mediated electron pairing of BCS type superconductors.
Possibility of applications at liquid nitrogen temperature (77 K) prompted fabrication of
HTSCs in different forms such as discs, wires, tapes, thin films, etc. However, progress on

developing commercial devices is somewhat slow owing to various material issues.

Table 1.3: Important HTSC cuprate systems and their Tsc

System Maximum Tsc
(La, Sry),CuOy, 37K [5]
YBa,Cu;0; 92 K [6]
YBa,CusOs 80 K [7]
Bi,Sr,Ca;CuyO6 84 K [5]
Bi,Sr,Ca,Cuz0y 110 K [5]
T1,Ba;,Ca;Cu30y5 128 K [8]
Hg Ba,Ca,Cu;05 135K [9]

As shown in Table 1.3, cuprate superconductors are available in a series of
compounds based on Y, Bi, T, and Hg. Among these, YBa,Cu307.5 (YBCO) system is one
of the most studied as it has the least anisotropy. The crystal structure of YBCO depends
on the oxygen content. The crystal structures for oxygen contents equal to 6 and 7 are

shown in Fig. 1.2. The salient feature of the YBCO crystal structure is that it is composed



of three perovskite unit cells (SrTiOs-type) stacked along the c-axis. In the first and third
cells Ba is the body-centered atom, while in the second cell it is Y atom. The Ti atoms of
perovskite structures are replaced by Cu, which forms CuO, layers or planes with two

oxygen atoms per Cu.

YBa,Cu,;0,

Fig. 1.2: Schematic showing the crystal structure of YBa,CusOg and YBa,Cuz0;.



The presence of CuO, layers - known to be responsible for superconductivity - is a
key feature in all HTSC compounds. Thus, all HTSC compounds exhibit a uniform lattice
size in ab-plane. However, the lattice size along c-axis depends upon the number of CuO,

layers.

Table 1.4: The characteristic parameters YBCO

Physical Parameter Value

Eab 15A
Coherence length £, 3A

Aab 1400 A
Penetration depth Ae 7000 A

Kab ~ 90
G-L ratio (x = A/E) Ke ~2300

Hclab ~20mT
Lower critical field Hei. ~100 mT
Gap parameter (2A/KT)q ~ 6meV

(2A/KT). ~3.6 meV

The lattice parameter and the crystal structure of YBa,Cu3Og:5 depend on oxygen
content (8). For & = 0 i.e. YBa,Cus3Og, the crystal structure is tetragonal with lattice
parameters a = b = 3.86 A and ¢ = 11.816 A. As § increases, a tetragonal - to -

orthorhombic transition takes place around & = 0.35. The additional oxygen is



accommodated in the form of Cu-O chains as shown Fig. 1.2(b). For fully oxygenated
YBa,Cu;07 i.e. 8 = 1, lattice parameters of the orthorhombic structure are a = 3.8227, b =
3.8872 and ¢ = 11.6802 A [10]. Owing to layered crystal structure HTSC compounds are
anisotropic in character. The 7s¢c of YBCO strongly depends on the oxygen content. For 6
< d < 6.4 the material is insulating. The 7Tsc increases rapidly to 60 K as the 6 increases
from 6.4 to 6.5 and remains constant for o in the range of 6.5 to 6.7. The Tsc further
increases to 92 K for & > 6.9. The characteristics parameters YBCO are anisotropic owing
to its crystal structure and their typical values are summarized in Table 1.4.

A large value for the ratio A/E, as seen from Table 1.4, suggests YBCO is an
extreme Type-II superconductor. The value of 2A/kTsc measured along the c-axis matches
well with the BCS value of 3.5. However, 2A/kTs¢c along ab-plane is much higher and
cannot be accounted by BCS theory. The value of AC/yTs¢c obtained from the specific heat

measurements matches well with the value of 1.43 given by BCS theory [3].

1.2 Introduction to the Ferromagnetic Materials

Ferromagnetic materials are characterized by spontaneous magnetization below Curie
temperature 7Try. In order to minimize magnetic energy, a ferromagnet breaks up into
macroscopic domains, over which magnetization is uniform and is a characteristic of the
ferromagnet. Ferromagnetic materials are broadly categorized as metallic and oxide

ferromagnetic materials.



1.2.2 Metallic ferromagnetic materials

Traditionally ferromagnetism has been observed in metallic systems, which has been
understood by the phenomenological theories (a) the Curie-Weiss localized-moment theory
[11] and (b) the Stoner band theory of ferromagnetism [12]. During the last few decades
ferromagnetism has also been observed in the oxide systems. A list of metallic
ferromagnets, their 7y and saturation magnetization My are given in Table 1.5. In this
thesis, we study effect of ferromagnetic domain structure of a metallic ferromagnetic film
deposited on superconducting film on the transport properties in the superconducting state
of the bilayer. Essentially, the magnetic flux emanating from the domain boundaries of the
ferromagnetic film crucially influences the transport behavior of the superconducting film.
Further, there exists a possibility of the domain walls acting as pinning centers for the
vortices in the underlying superconducting film. We discuss such issues in detail in chapter

3.

Table 1.5 Properties of elemental ferromagnets.

Element Tem Ms

Co 1388 K 1.72 pg
Fe 1043 K 2.22 g
Ni 637K 0.61 pp
Gd 293 K 7.63 s
Dy 88 K 10.2 s




Weiss postulated a strong internal “molecular field” in ferromagnets, which acts to
align the magnetic moments. The molecular field originates from the quantum mechanical
exchange energy that causes electrons with parallel spins to have a lower energy than those
with anti-parallel spins. Below Try,, the molecular field is strong enough to magnetize the
substance even without any applied external field. However, this theory is unable to
account for the measured values of the magnetic moment per atom in some ferromagnetic
materials accurately. Band theory of ferromagnetism proposed by Stoner successfully

accounts for the magnetic moments in various ferromagnetic materials.

1.2.2 Oxide ferromagnetic materials

The discovery of high-temperature superconductivity in cuprates has strongly renewed
the interest in magnetic oxides. A large part of recent studies has been devoted to the
mixed-valence manganese oxides exhibiting a metal-insulator transition accompanied by
the so-called colossal magnetoresistance (CMR) effects [13, 14]. These oxides have a rich
and complex physics related to the predominance of electron-lattice and electron—electron
interactions. Their structural, magnetic and transport properties are intricately related. In
addition, the CMR effects and the occurrence of metallic phases with a fully spin-polarized
conduction band are promising for applications. It is therefore necessary to master the
growth of high quality thin films with well controlled tailored properties. Progress in the
growth of epitaxial thin films opens the way to all oxide or oxide-metal and ferromagnetic
oxide — superconducting oxide devices. Historically, the mixed-valence perovskites

La; xAxMnOj; (A = Ca, Sr, Ba) were studied in the fifties [15, 16].
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The compounds of the form R; AxMnOs; fall in the class of distorted ABOs type
perovskites, as schematically shown in Fig. 1.3 a. The distortion of the ideal perovskite cell
is caused by the mismatch between the sizes of the A and B site cations (Fig. 1.3 b). In R;_
AxMnO;, the Mn-O-Mn bonds form a three dimensional network, with Mn ion sitting

inside the oxygen octahedron (Fig. 1.3 c).

@ La
® Mn

o0

(a)

Fig. 1.3: (a) Ideal perovskite unit cell showing the oxygen octahedron, (b) Undistorted oxygen
octahedron around Mn*" ion and distorted Octahedron around a Mn®* ion. The distortion causes ab-
plane contraction (shown by inward arrows) of the Mn-O bond length and along c-axis elongation
of Mn-O bond length (shown by outward arrows) (¢) The distortion yielding long and short Mn-O

bonds in ac-plane.

These materials exhibit antiferromagnetic behavior for low and high values of x

and ferromagnetic behavior in some range of x around 0.33. A list of commonly known
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oxide ferromagnets along with their maximum 7, are given in Table 1.4. Among these,
La; xAxMnOs3 (A=Ca2+, Sr2+) is interesting as the lattice parameters in the ab plane are
close to those of YBCO thus enabling preparation of epitaxial multilayers such as
LCMO/YBCO. Further epitaxial bilayers and trilayers with very high quality interfaces
employing manganites and YBCO are ideal candidates to study coexistence and interaction
of ferromagnetic and superconducting orders in artificial structures. Studies on these

structures are presented in chapter 4.

Table 1.4 Properties of oxide ferromagnetic materials

Compound Tem (Maximum)
CrO, 386 K
Fe;04 858 K
La; ,CayMnO; 270 K
La; Sry,MnO; 350 K
Y;FesOp, 560 K

1.3 Coexistence of superconductivity and magnetism

Superconductivity and ferromagnetism are distinct, mutually antagonistic ordered
states. As discussed in Section 1.2, superconductivity is based on attractive interaction
between electrons of opposite spin (singlet pair). Ferromagnetic exchange field tends to
break up the singlet pairs by aligning the spins (Fig. 1.4). However, study for coexistence

of magnetism and superconductivity has been being pursued for decades.
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Fig. 1.4: A schematic diagram of paramagnetic effect of Cooper pair in the presence of exchange

field.

Table 1.5 Coexistence of magnetism and superconductivity in bulk material [17-18]

Bulk Material Superconductivity Magnetism Remarks

NdRh,B4 Singlet SC (< 5.3 K) AFM (< 1.3 K)

TmRh4B, Singlet SC (< 9.8 K) AFM (<0.4 K)

ErRh,B4 SC(<8.7K, & <0.7K) AFM (< 0.8 K) Re-entrant SC <0.7K

GdMogSs Singlet SC (< 1.4 K) AFM (< 0.8 K)

DyMogSs Singlet SC (<2 K) AFM (< 0.4 K)

ErMogSs Singlet SC (< 2.2 K) AFM (< 0.2 K)

HoMo,Ss SC(<1.8K, & <0.7K) AFM (<0.74 K) Re-entrant SC <0.7K

GdMosSes Singlet SC (< 5.6 K) AFM (< 0.8 K)

ErMosSes Singlet SC (< 6 K) AFM (< 1.1 K)

ErNi,B,C Singlet SC (< 10.5 K) AFM (< 6.8 K)

TmNiB,C Singlet SC (< 11 K) AFM (< 1.5 K)

HoNi,B,C Singlet SC (< 8 K) AFM (< 5K)

URhGe Triplet SC (<0.3 K) FM (<9.5 K)

UGe, Triplet SC (<0.4 K) FM

Sm; 35Ceg 15CuOy SC (<23.5) FM in layers Natural FM/SC
multilayer System

RuSr,GdCu,0O5 SC (~30-50K) Weak FM Natural FM/SC

multilayer System
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A large family of materials (Table 1.5) were discovered where superconductivity
and magnetism cohabit. There exist several compounds where superconductivity coexists
with antiferromagnetism (AFM) as the exchange field averaged over superconducting
coherence length is zero. However, coexistence of ferromagnetism and superconductivity
is rather rare. Some compounds such as UGe; and UGeRh which are ferromagnetic (FM)
but support a rare phenomenon of superconductivity based on triplet pairing. Even where
they exist, it has been seen that these two orders are spatially separated in the layered
lattice structure as in the case of Sm; gsCep1sCuQO4 and RuSr,GdCu,0s. In these systems
the relative strength of the superconducting and ferromagnetic orders is predetermined by
the separation between the FM and SC sub-lattice structures. These limitations can be
easily overcome in artificial heterostructures where there is freedom of choice of materials
and their individual layer thicknesses. Advancement of thin film technology has made it
possible to prepare high quality artificially layered epitaxial structures involving
ferromagnetic manganites and superconducting cuprates. In the next section we briefly
discuss some of the thin film and multilayer deposition techniques employed for these

studies.

1.4 Artificial ferromagnet/superconductor multilayer deposition

In this section, basic concepts of some of the techniques such as, molecular beam
epitaxy, sputtering, and pulsed laser deposition used for the growth of artificial

ferromagnet/superconductor multilayers are pesented.
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1.4.1 Molecular beam epitaxy

Molecular Beam Epitaxy (MBE) is carried out in ultra high vacuum (UHV), to
grow high quality epitaxial structures with monolayer (ML) control. MBE technique is
widely used techniques for producing metallic as well as insulating epitaxial layers. The
principle underlying MBE growth is relatively simple: atoms or clusters of atoms, which
are produced by heating up a solid source are allowed to migrate and impinge on a hot
substrate surface, where they can diffuse and eventually incorporate into the growing film.
A schematic diagram of MBE is shown in Fig. 1.5. The conceptual of the technique is very

simple but it requires great effort to produce high quality epitaxial structures.

Heated Substrate

Atomic /Molecular
10-° mbar / beam

/1IN

Effusion cell with shutters

Fig. 1.5: Schematic diagram of basic principle of molecular beam epitaxy.

For beam type feature for the molecules evaporated from a source requires that the
mean free path (A) of the molecules is much larger than the source-to substrate

distance. A increases with decreasing pressure (P) in vacuum chamber i.e. improving by
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vacuum thus high vacuum of 10” mbar order is required. Other than high vacuum, main
key component is effusion cells because it must provide excellent flux stability and

uniformity, material purity the highest temperatures (up to 1400°C) for the longest periods.

1.4.2 DC and RF Magnetron Sputtering

Sputtering is process in usually argon ions (Ar') are accelerated towards a target
consisting of the material to be deposited. To accelerate the positive ions towards the
targets, a negative DC or RF potential is applied to target. The value of potential can vary
the acceleration rate. Material is sputtered from the target due to collision of ions with
target atoms and afterwards deposited on a substrate in the vicinity. The process is realized
in a closed chamber, which is pumped down to a vacuum base pressure before deposition
starts. Initially, to enable the ignition of plasma usually argon is fed into the chamber up to
a pressure ranging between 0 to 10 mbar. In Ar gas there is always some ionized Ar" ions
available due to natural cosmic radiation. Further ions are generated by electrons-Ar atoms
collisions. This technique is suitable for preparation of metallic multilayers, and further

details are presented in Chapter 2.

1.4.3 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is simple and versatile experimental method that is
widely used in the areas of thin film deposition and multi-layer research. In this technique,

a UV pulsed laser beam is focused onto the surface of a solid target of interest. Due to
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intense energy absorption in short area of target (few J/cm?) with short duration (order of
few tens of nanosecond), the solid surface of target leads to rapid evaporation of the target
materials which raised surface temperature up to few thousand K. The evaporated
materials consist of highly excited and ionized species. A glowing plasma plume is
immediately generated in front of the target surface. PLD can be carried out in vacuum as
well as in presence of some dilute background reactive gas i.e. O,, Ny, etc, which is used
for modification of the composition of the thin films. This technique is very suitable for

oxide multilayers and is discribed in Chapter 2.

1.5 Proximity effects in artificial ferromagnet/superconductor

multilayers

1.5. 1 Metallic SC/FM multilayers

Let us first see what happens at the SC/N (N is normal metal) interface. In this case,
cooper pairs from superconductor diffuse into normal metal and induce superconductivity,
a phenomenon known as proximity effect. At the same time, superconductivity weakens in
the superconductor near the interface due to leakage of Cooper pairs. A decrease of the
superconducting transition temperature 7s¢ in a thin superconducting layer in contact with
a normal metal was studied in early 1960 [19]. Tsc was observed to decrease with
increasing thickness of normal metal in SC/N bilayer. Further, for the thickness of the

superconducting layer smaller than a critical value, Tsc is totally suppressed [20].
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Fig. 1.6: Schematic behavior of the superconducting order parameter near the superconductor-

normal metal interface. Superconducting order parameter and coherence length in normal are
Wy ~exp (— X / £ ) and coherence length is &, = hD/kT . Here D is the diffusion coefficient of
N

charge carriers and 7 is temperature.

Superconducting order parameter in the normal metal obeys the relation

~exp< / £, ) where &, = /hD /kT is the coherence length determined by the

diffusion coefficient of charge carriers in the metal (D) and temperature (7) as
schematically shown in Fig. 1.6. This change in order parameter across the interface is
continuous if potential barrier is absent.

When the normal metal is replaced by ferromagnetic metal, superconducting order
parameter not only decays but exhibits oscillatory behaviour in the ferromagnet as shown

in Fig. 1.7. When a Cooper pairs encounters the exchange field Hgx in the ferromagnet it
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acquires a net momentum proportional to Hgx. For the total momentum to be conserved,
probability of a pair with a net momentum p and —p are the same. A linear superposition of
the pair wave functions of opposite momenta gives rise to oscillatory behaviour of the

order parameter. In addition, the decay of the order parameter is again governed by

diffusion coefficient D and the exchange energy Hex as given by &, = /hD / Hex- This

phenomenon is responsible for the non-monotonic behavior of Tsc as a function of the
thickness of the ferromagnetic layer in SC/FM multilayers [21-24]. Such an oscillatory
behavior is also observed in bilayers of Nb/Ni [25], trilayers of Fe/Nb/Fe [26], Fe/V/Fe

[27] and Fe/Pb/Fe [28].

v
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Fig. 1.7: Schematic behavior of the superconducting order parameter near the superconductor-

ferromagnetic metal interface.
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Fig. 1.8: Schematic behavior of the superconducting order parameter in SC/FM/SC trilayers in 0

phase and - phase.

FM Coupling AFM Coupling

Fig. 1.9: Schematic diagram of FM and AFM coupling in FM/SC/FM trilayers.

In SC/FM/SC trilayer, depending on the thickness of the FM layer, there is
possibility to couple the two SC layers with either zero-phase difference or m - phase

difference as shown in Fig 1.8.
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On the other hand, in FM/SC/FM trilayers it is observed that Ts¢ is determined by
the relative magnetization orientation in the two FM layers as shown by schematic diagram
in Fig 1.9 [29, 30]. Parallel orientation of the magnetic moments in the two FM layers
(FM coupling) results in a lower Tsc than that in an anti-parallel configuration (AFM

coupling). This observation was experimentally confirmed by Hauser in Fe;O4/In/Fe;O4

[31].

1.5. 2 Oxide multilayers

YBCO/LCMO heterostructures with high quality interfaces are ideal candidates for
investigating the interaction between mutually antagonistic superconducting and
ferromagnetic orders. While competition between the two ordered ground states [17,18,32-
36], viz., superconductivity and ferromagnetism, in heterostructures of superconducting
cuprates and perovskite manganites leads to suppression of both superconducting and
magnetic transition temperatures [35,36], a variety of exotic phenomena have been seen in
these heterostructures [37] and several phenomena have been predicted theoretically
[30,38]. In fact, giant magnetoresistance originating from superconducting state of YBCO
has recently been observed in trilayers comprising LCMO and YBCO [37]. Further, it is
theoretically predicted [29] that the critical current at junctions depends on the relative
polarity of the magnetic layers thus giving an additional degree of freedom in spintronic
applications. From basic research viewpoint, their antagonistic ground states result in the
suppression of the superconducting order parameter in close proximity to a ferromagnetic

entity with the possibility of coexistence of superconductivity and magnetism. Artificially
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grown superstructures of ferromagnetic and superconducting materials enable a systematic
study of the coexisting orders.

Recently, from polarized neutron reflectivity measurements on a multilayer of
LCMO and doped YBCO, Hoppler et al [39] inferred a giant modulation of the in-plane
magnetization taking place in LCMO layers below the superconducting transition of the
multilayer. It was observed that the magnetization in alternate LCMO layers is strongly
suppressed while it is equally enhanced in the remaining LCMO layers. There also exist
experimental studies which indicated depletion of magnetization (magnetic dead layer) in
the region of LCMO lying adjacent to the YBCO/LCMO interface [40, 41] in addition to
an induced moment on Cu ions in YBCO [40]. Magnetic dead layers are known to result
from chemical inter-diffusion/alloying or interface roughness [42, 43] close to the
interfaces in multilayers of transition metals. Scattering techniques [39-41, 44, 45] and
electron spectroscopy [46] have ruled out these factors in YBCO/LCMO heterostructures.
While it is experimentally established that two cuprate superconductors can be coupled
over long distances through a manganite layer such as LCMO, there appears to be a lack of
consensus on the theoretical mechanism to understand this.

In heterostructures of superconducting cuprates and ferromagnetic manganites,
there is sufficient evidence to suggest that superconducting order persists over much longer
length scales upto 100 A [47, 48], which in the first place is very surprising. Some
experiments in these heterostructures even indicated the proximity of a superconductor

suppressing or significantly modifying the FM order in the ferromagnet [39-41, 44, 45].
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1.6 Scope of the thesis work

In literature, the coexistence of ferromagnetism and superconductivity has been
mainly investigated in artificially prepared ferromagnet/superconductor (FM/SC)
heterostuctures consisting of alternating FM and SC layers e.g. Fe/Nb/Fe, Nb/Gd, NbN/Co,
YBa,Cu304/ La;xCaxMnO;, YBa,Cu3Oy/ La;«SryMnOs etc [18, 49-51]. As discussed
earlier, in these heterostructures, owing to the proximity effect, a superconducting order
parameter can be induced in the FM layer. In other words, neighboring pair of FM layers
can be coupled through a SC layer. Such systems have exhibited rich physics: (i)
oscillations in superconducting transition temperature with increasing thickness of
ferromagnetic layer in three-layer structures (FM/SC/FM), which were ascribed to the
appearance of m-phase superconductivity; (ii) in SC/FM/SC trilayer junctions the relative
phase is equal to m instead of the usual zero (known as m-junction). It has been observed
that the interplay between superconductivity and magnetism can be investigated by
growing bilayers and trilayers in controlled manner, i.e. the thicknesses of the layers can be
varied in controlled manner to change the relative strengths of the two order parameters.

This thesis work is aimed at growth of various FM/SC heterostructures comprising of
both  metallic  (Nb/Gd, Nb/Ni and NbN/NbO/Co) as well as oxides
(YBa,Cu;0,/SrTiOs/LaCaMnQ3;). The main emphasis is to introduce an insulating layer
between superconducting and ferromagnetic layers so that the proximity effect can be
controlled e.g. NbO between NbN and Co, and SrTiO; layer between YBa,Cu;O, and
LaCaMnQOj;. High quality metallic heterostructures were fabricated using magnetron DC

sputtering technique, while oxide heterostructures were fabricated using pulsed laser
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deposition. The grown heterostructures were characterized by a host of techniques,
providing several new results. The experimental details and the obtained results are
organized as follows.

In Chapter 2, we describe the experimental techniques used during the thesis work.
The details of DC magnetron sputtering system are described to deposit metallic thin films
and multilayers such as Nb/Gd, Nb/Ni and NbN/NbO/Co. The configuration of the pulsed
laser deposition (PLD) setup used for deposition of oxide superconductor/ ferromagnetic
multilayers like YBayCu3O4/SrTiOs/LaCaMnOs;, YBa;Cu;Ox/SrTiOs/LaStMnO; s
presented. An overview of various techniques used for the characterization of thin films
and multilayers, such as scanning electron microscopy (SEM), X-ray diffraction (XRD),
X-ray reflectivity (XRR) and polarized neutron reflectivity (PNR) are described. The
details of the Superconducting Quantum Interference Device (SQUID) setup used for
magnetic measurements are presented. The four probe method used for the electric
transport measurements is also described.

In Chapter 3, the results on the sputter growth and characterization of Fe/Au[52]
multilayers, Nb/Gd and Nb/Ni bilayers and NbN/NbO/Co [53] trilayer are presented. The
results on Fe/Au multilayers show that magnetoresistance and remanent magnetization
increases with increasing thickness of Fe thickness. The results on Nb/Gd and Nb/Ni
bilayers revealed a two step superconducting transition, which is attributed to domain wall
superconductivity due to the proximity of ferromagnet. Furthermore, the history dependent
temperature dependent resistance characteristics confirmed the domain wall
superconductivity. Possible explanation of this observation may be that the

superconducting region right below a domain wall exhibits a higher transition temperature
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compared to the one below a ferromagnetic domain. Detailed transport studies carried out
on the trilayer NbN/NbO/Co revealed that in the superconducting state the resistance
reappears. A possible reason for re-entrant resistance might be the vortex dynamics in NbN
superconducting layer due to the stray fields created by Co layer.

In Chapter 4, results on the growth and characterization of thin films of YBCO,
LCMO and LSMO as well as YBCO/SrTiO3s/LCMO trilayers is presented. The films and
multilayers are thoroughly investigated using XRD and XRR measurements. Observation
of only (00n) reflections and clear thickness fringes confirm the epitaxy and high quality of
the films. XRR measurements have been used to estimate the interface roughness of the
films. Such characterization has been carried out on several films and trilayers of
YBCO/SrTiO3/LCMO and few of them have been chosen for further investigation of
proximity effect using polarized neutron reflectivity (PNR). The results show that below
the superconducting transition temperature of the trilayer, a thin magnetic “dead layer” is
formed in LCMO adjacent to the SrTiOs layer, which could be as thick as 5 nm. These
results suggested a possible tunneling of the superconducting order parameter through the
insulating barrier thereby modifying the magnetic state of LCMO.

The summary of the thesis along with future scope of the work are presented in

Chapter 5.
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Chapter -2

Experimental techniques
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2.1 Introduction

In this Chapter we describe the experimental techniques used during the thesis
work. In the next section (i) The details of DC magnetron sputtering system to deposit
metallic thin films and multilayers such as Nb/Gd, Nb/Ni and NbN/NbO/Co and (ii)
configuration of the pulsed laser deposition (PLD) setup used for deposition of oxide
superconductor/ ferromagnet multilayers like YBa,Cu3O,/SrTiOs/LaysCa;3MnOs,
YBa,CuzO4/SrTi0s/Lay3SrisMnO5 are described. In section 2.3, an overview of various
techniques used for the characterization of thin films and multilayers, such as scanning
electron microscopy (SEM), X- ray diffraction (XRD), X-ray reflectivity (XRR) and
Polarized Neutron Reflectivity (PNR) are described. In section 2.4, details of the
Superconducting Quantum Interference Device (SQUID) based magnetometer used for
magnetic measurements and the four probe method used for the electric transport

measurements are described.

2.2 Thin film and multilayer deposition techniques

2.2.1 DC magnetron sputtering

Sputtering is a process in which inert gaseous ions are accelerated towards a target
material of interest to be deposited [54-57]. Momentum transfer from the ions to the target
atoms is sufficient to overcome the binding energy and move towards the substrate to be

deposited on. The process is realized in a closed chamber pumped down (by Turbo pump)
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to a high base vacuum before deposition. The chamber is then filled with ultra-high pure
Argon to maintain a pressure between 0 to 107 mbar. A schematic diagram of dc

magnetron sputtering system is shown in Fig. 2.1.

® Ar . € ®  Target Atoms

Heater

Mixture Gases Substrate

HV Gate Valve
— -(0-1000)V

Pumping
Water cooling < 15°C

Fig. 2.1 Schematic diagram of DC magnetron sputtering system.

When few hundred volts of negative voltage U is applied across the target-cathode
and substrate-anode, the stray charges present in Ar are accelerated towards respective
electrodes producing secondary electrons, which initiate further ionization of Ar atoms.
Plasma is generated and a self sustaining glow discharge starts at a breakdown voltage Up
given [58] by

U = A.p.d
D™ (in(pd) + B)
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where, p is the gas pressure and d is electrode distance, 4 and B are constants characteristic
of the target materials. The ionization probability rises with an increase in pressure. Hence
number of ions and the conductivity of the gas also increase, resulting in a drop in

breakdown voltage.

View port Vacuum Chamber

Gas Inlet Valve Cathode gun

Gate Valve

Heater Power

Supply and Control
Pressure Display

Separate Flow for

Arand O, /N, Power Supply for

Cathode

Fig.2.2: Photograph of DC sputtering system.

The ionization rate can be further increased by set of magnets configured below the
target in such a way that the magnetic field above the target is perpendicular to the electric
field so that the electron path length increases, causes making plasma discharge at lower
gas pressures. The process is called the magnetron sputtering. This leads to higher
deposition rate, the sputtered atoms encounter fewer collisions on the way to the substrate
and the kinetic energy at the impact on the substrate is higher [59]. DC-sputtering is
however, restricted to conducting materials like metals or doped semiconductors. An
insulating target would soon be charged by positive ions leading to a shielding of the

electrical field and a rapid decay of ion current. However, RF-sputtering enables sputtering
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of insulating and non-conducting materials. For reactive sputtering other gases like oxygen
or nitrogen are mixed into the sputter chamber in addition to argon, to produce metallic
oxides or nitrides. A photograph of the DC magnetron sputtering system (Excel
Instruments make) used for metallic thin film and multilayer deposition in the present
study is shown in Fig. 2.2. Sputtering parameters of our system are summarized in Table
2.1. Sputtering process enables deposition of uniform films over large area. But the use of
external gases which always contain impurities is a major disadvantage especially while

depositing reactive metals.

Table 2.1: Salient features of DC magnetron sputtering system

Parameter Range

DC Power supply of Cathode Up 1000 Volt, 1 A

Best Vacuum 1 x 107 mbar

No. Cathodes Three at angle of 0°, 45°, 180°
Co-sputtering Yes

Substrate heating Up 850°C

Ar, Ny, O, with manual controlling by
Background gas
flow meter

2.2.2 Pulsed laser deposition system

During this thesis work, a pulsed laser deposition (PLD) system was set up and its
photograph is shown in Fig. 2.3. The main components of a PLD system are a pulsed laser,
optics, and a vacuum system. PLD [60-62] is employed for preparation of complex multi-
component oxides (YBCO, LSMO, LCMO and STO) thin films and their heterostructures

[63-65]. In this technique the energy source (pulsed laser) is located outside the vacuum
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chamber. A pulsed laser beam is focused onto the surface of a target which has to ablate.
The strong absorption of the electromagnetic radiation (laser pulse) by the solid surface
leads to rapid evaporation of the target material with raised surface temperature up to few
thousand K. A schematic of the PLD system is shown in Fig. 2.4. The evaporated materials
consist of highly excited and ionized species. A glowing plasma plume is immediately
generated in front of the target surface, if the ablation is carried out in vacuum. PLD can be
carried out in vacuum as well as in presence of a dilute background of a reactive gas such

as O, which are used for modification of the composition of the grown films.

S
|

Fig. 2.3: Photograph of the PLD system.
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Fig. 2.4: Schematic diagram of the PLD system

Table 2.2: Salient features of PLD system developed at TPD, BARC

Parameter Range
Wavelength of Laser 248 nm ( KrF:Excimer Laser)
Per pulse energy Upto 750 mJ
Fluence per pulse 7.5 Jem®
Pulse duration 30 n sec
Pulse Repetition rate Up to 50 Hz
Pre-deposition Vacuum 1 x 10 mbar
No. Targets Up to six
Target roasting Yes
Target rotation 10 rpm
Substrate heating Up 850°C

Background gas

Ar, Ny, O, by flow meter




PLD is a easy technique for the growth of thin films as it requires only a few
experimental parameters i.e. laser intensity and pulse repetition rate to be controlled. The
targets used in PLD are smaller as compared to those required in sputtering technique. Also
it is quite easy to produce multi-layered films of different materials by sequential ablation
of assorted targets. By controlling the number of pulses, a fine control of film thickness
down to atomic monolayer can be achieved. The most important feature of PLD is that the
stoichiometry of the target is retained in the deposited films as a result of extremely rapid
heating of the target surface (10'* K/s typically up to temperatures of more than 5000 K
within a few ns) to few thousand of Kelvin depending on the target material [61,62]. PLD
technique has even been used to synthesize nanotubes [66] and nanoparticles [67]. Though
the technique offers several advantages, there are some associated shortcomings such as
reproducibility, difficulty in depositing over large area, which restrict its utilization for
commercial purpose [68, 69]. Another problem often encountered in PLD is the splashing
of particulates on the films due to sub-surface boiling, expulsion of the liquid layer by
shock wave recoil pressure and exfoliation. The size of particulates may be as large as a
few micrometers. Such particulates can greatly affect the growth of the subsequent layers
as well as the electrical properties of the films.

One of the basic requirements for growing high quality thin films using PLD is the
availability of single-phase dense targets. We have synthesized polycrystalline YBa,Cu3O».
s (YBCO), LaysSr;3Mn0O; (LSMO), LaysCa;sMnOs (LCMO) and StTiOs (STO) targets

using solid-state reaction route. Synthesis of ceramic oxides using solid-state reaction
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method involves several steps, such as grinding the constituents (taken in the form of
oxides, carbonates or nitrates), calcination (to decompose the carbonates and nitrates into
oxides), sintering and oxygen annealing. In order to obtain single-phase homogeneous
material, repeated grinding, calcinations and sintering are essential. Targets are then
prepared by pressing the synthesized powder into pellets (25 mm diameter and 3 mm
thickness) and again sintered under atmospheric oxygen pressure O, at 960°C for 4 h.
During the cooling schedule, pellets are annealed at 450°C for 24 h to obtain fully
oxygenated YBCO targets.

In order to deposit heterostructures, laser beam is alternately focused on respective
targets. Otherwise the deposition process remains same as described above. The details of
optimization of parameters for YBCO, LSMO, LCMO, STO films and their

heterostructures are given in Chapter 4.

2.3 Structural and morphological characterization

2.3.1 X-ray diffraction

The determination of crystal structure is an essential part of any work involving
epitaxial thin films. For that X-ray diffraction (XRD) is the most powerful non destructive
technique. XRD data can provide information like phase purity, crystal structure, lattice
parameters, crystal orientations, average grain size, and uniform & non-uniform strain. X-
ray diffraction (XRD) patterns were recorded using a rotating anode type diffractometer

with Cu-K, radiation. In particular, to study the strain and grain size and their distribution,
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the profile of the diffraction need to be analyzed. Both of them are reflected in the width
and asymmetry of the diffraction profile.

Strain in a thin film can originate from the lattice mismatch, defects and deposition
conditions. These strains are of two types: (i) uniform strain and (ii) non- uniform strain.
Effect of these strains [70] on XRD peak positions and broadening are described in the
schematic (Fig 2.5). Change in XRD peak position with respect to the peak position in bulk
material as shown in Fig. 2.5 (b) indicates uniform stain in the film. The shift comes from
changing the lattice spacing in direction perpendicular to film plane. If d reduces
(increases) from its bulk value, peak shifts to higher (lower) 26. In unit cell volume
conserving deformation, d decreases in case of tensile strain in ab plane (expansion of

lattice parameters in ab plane) and d increases in case of compressive strain in ab plane.

CRYSTAL LATTICE DIFFRACTION
LINE

—-Jla."nl-

NO STRAIN

(@)

I _J L

UNIFORM STRAIN

(b)

oy NN\

NON UNIFORM STRAIN 20 —

()

Fig. 2.5: Schematic diagram showing how strain affects XRD peaks. (a) Shows relaxed film, (b)

Film with uniform strain and (¢) Film with non uniform strain.
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Strain (&) can be calculated using

Aipin — A
— ( thin bulk) x

% & 100

Apuik

Further, overall broadening in XRD peak fis determined by instrument broadening /,

broadening due to finite crystallite size fz and non-uniform strain fs and is given by

F=p8%+ B2+ B

}2 + (4¢tanB)?

ﬁ=ﬂ2+{Kﬂ
I Dcos0
Where, D and ¢ are grain size and non-uniform strain respectively.

In case of c-oriented film, simple XRD pattern can provide information about the
thickness of the film. Amplitude of diffracted x-rays from one-dimensional array of atoms
is given by

A — eOle + ele + eZLQd + cee + e(N—l)le

Here d is spacing between atoms and  momentum transfer vector. 4 is written as

1— eiNQd

T 1 —eiQd
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Intensity of reflected beam from thin film is thus given as square of the amplitude of

scattered beam and is most commonly given as

I = AA”

2

sin(NQd)
* sin(Qd)

In this course work, thickness of epitaxial YBCO, LSMO, and LCMO was
estimated by fitting the XRD peak to the above equation, which was found to be very close

to that measured using X-ray reflectivity.
2.3.2 X-ray and polarized neutron reflectivity

Specular reflectivity involves measurement of the radiation (x-ray /neutron)

reflected from a sample (Fig. 2.6) as a function of wave vector transfer Q, [= 2711 (sin(Hi) +

sin (Hf)), perpendicular to the sample surface where A is x-ray or neutron wavelength.

The specular reflectivity is quantitatively related to the Fourier transform of the scattering
length density (SLD) depth profile p(z) [71, 72] averaged over the sample area. In case of
x-ray, SLD is electron density where as in neutron it is some of nuclear and magnetic. In
this thesis work, both Polarised Neutron Reflectivity (PNR) and X-Ray Reflectivity are

used to characterize the multilayer samples. Here detail description of PNR is described.
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Q = (41t/A) sinb,

Specular (6.=60,)

Fig 2.6: Geometry for specular reflectivity

Polarized Neutron Reflectivity (PNR) is an important technique to investigate the
magnetic and structural properties of thin magnetic films and multilayers [73-76]. PNR can
determine the depth profile of magnetization the vector in magnetic thin film structures.
Counting the number of neutrons elastically and specularly (angle of reflection equal to
angle of incidence) reflected as a function of glancing incident angle can provide the in-
plane average of the scattering density. From this scattering length density profile,
concentration of atoms of a given type at a particular depth can be inferred. Furthermore, if
the incident neutrons are polarized and the resultant polarization of the reflected neutron
beam 1is analyzed, possible magnetic contributions to the scattering density can be
distinguished in microscopic detail.

In polarized neutron reflectivity, neutron spin is aligned either parallel or anti-
parallel to the magnetic field. Interaction of neutron occurs by two ways (i) the interaction
of the neutron with the nuclei and (ii) the interaction of neutron with magnetic moment of

species. Potential energy of neutron
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Where p,, and p,, are nuclear and magnetic scattering length density respectively.

Reflectivity for can be expressed by following equations

Q- \/Qz - 16”(/0N1L'OM)
Q + \/QZ — 167z(pNipM)

R* =

Where R and R are PNR for up spin and down spin neutrons, respectively.

Polarizer
sample

Neutron Spin flipper

beam

Spin flipper
\ / Analyzer
Collimation slit Detector

Fig. 2.7: Schematics of the polarized neutron reflectometer

The critical wave vector (above that complete external reflection take place) is defined as

0" = 4 [(pytp,,)
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In the case of multilayer (having several interfaces), at each individual interface the
boundary conditions must be fulfilled and for a stratified medium the total reflectivity is
composed of the contributions from each interface. The Parratt formalism [77] is one
method to calculate the reflected intensity of a stratified medium. PNR measurements are
carried out at Dhruva, BARC (India) and FRM-II (Germany). Standard set-up of polarized
neutron reflectometer is shown in Fig. 2.7.

The angle of incidence was varied by a precise tilting of the sample surface relative
to the fixed collimated neutron beam. Using a polarizing supermirror and a spin flipper,
polarized spin-down or spin-up neutrons were obtained. A guide field was applied
throughout the beam path using special constructions of permanent magnets supplying a

magnetic field along the horizontal direction, perpendicular to the beam path.
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I | Secondary electron
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Fig. 2.8: Block diagram of a typical SEM setup.
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2.3.3 Scanning electron microscopy

A scanning electron microscope is a type of electron microscope where a beam of
focused electrons is scanned on the sample to image its surface. The operation of SEM
consists of applying voltage difference between the conductive surface and the filament
under a vacuum environment of 10 to 10™° Torr. The electron emitted from the filament
are accelerated to about 2-40 kV which then are guided and focused onto the sample
surface by a series of electromagnetic lenses. Schematic representing operation of SEM is
shown in Fig. 2.8.

The electrons interact with the sample within a few nanometers to several microns
of the surface depending on the beam parameters and sample type [78]. Incident electrons
interact with the specimen surface by two types of scattering, i) elastic scattering in which
the electrons change indirection without any change in energy (backscattered electrons)
and 1ii) inelastic in which the striking electrons collide with and displace electrons

(secondary electrons) from their orbits around nuclei of atoms (Fig. 2.9).

Incident electron beam

X- Rays Cathodolumminescence

Back-scattered electrons

Secondary Electrons
Auger Electrons

Fig. 2.9 Interaction of incident electron beam with sample surface.
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When the vacancy created by these ejected electrons is filled by an electron from a higher
orbit level, X-ray characteristic of the energy transition is emitted. Auger electrons and
Cathodo luminicense are other two phenomena occurring due to electron specimen
interactions. Auger electrons are ejected by radiationless excitation of the target atom of
the sample by the incident electron beam while Cathodoluminescence is the emission of
photons of characteristic wavelength from the material.

Secondary electrons are mostly used for imaging the surface of a sample with the
best resolution of the image close to 10 nm. Since secondary electrons have low energy
(<50eV) only those emitted from the first few nanometers on the surface have enough
energy to escape and be typically detected by an Evert-Thornley Scintillator
photomultiplier detector. The SEM image formed is the result of the intensity variation of
secondary electrons from each xy position from the surface during scanning of electron
beam over the surface.

The Evert-Thornley detector consists of a scintillator, collector, guiding pipe and a
photomultiplier tube. Electrons striking the positively biased scintillator are converted to a
bunch of electrons that travel through the pipe to a photomultiplier tube. Here the photons
are converted to a voltage signal depending on the intensity of striking secondary electrons.
This voltage signal is then amplified to generate a point of brightness on the cathode ray
tube screen. Contrast in the brightness of the pixels on the screen is due to the difference in
intensity arising from the varying surface profile of the sample with respect to the incident
electron beam, and therefore directly represents the morphology of the sample surface.

Backscattered electrons are high energy electrons (>50eV) that are reflected or

backscattered out of the specimen interaction volume. Intensity of backscattered electrons
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varies with the specimen’s atomic number. This differing intensity makes higher atomic
number elements to appear brighter than the lower atomic number elements. This
interaction is utilized to differentiate parts of the specimen that have different average

atomic number.

Fig. 2.10: Photograph of SEM (model: Tescan VEGA MV2300T/40).

Energy of X-rays emitted from the sample surface when incident electron beam
interacts with it is characteristic of the element producing it and therefore can be utilized to
identify the chemical composition of the sample. EDX detector measures the number of
emitted X-rays as a function of their energy. The photograph of SEM (model: Tescan
VEGA MV2300T/40) that has been used in this thesis is shown in Fig. 2.10.
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2.4 Transport and magnetic characterization

Superconducting and ferromagnetic properties of thin films and heterostructures are

characterized by transport and dc magnetization measurement.

2.4.1 Four-probe resistivity measurement

Resistivity, an intrinsic property, tells about the electrical transport properties of the
material. In metals it decreases as a function of temperature and saturates at some value,
known as residual resistivity that gives information on the imperfections in the material.
Geometry dependent resistance in GMR and CMR materials were found to show dramatic
changes due to the magnetic field. Measurement of resistance as function of temperature is
the most common method of finding the transition (or critical) temperature Tsc of the

superconductors.

Voltmeter
+V -V
-1 -1
+I Sample I— H -I Sample
I= 1

+V | &——— Voltmeter —_— -V

Cu rrent SoUrce m—

Current Source
A. Two Probe B. Four Probe

Fig. 2.11: Schematic diagram of linear two probe and four probe measurements.
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At temperatures below Tsc, the resistance of the superconductor becomes very
small; values less than 102*Q cm have been measured in conventional low temperature
superconductors (Nb, NbN etc). Therefore the criteria of zero resistance need to be
defined. Zero resistance is sometimes defined as a resistivity less than that of Cu at the
same temperature, (~ 10 #Q cm). The American Society for Testing and Materials (ASTM)
has suggested a criterion four orders of magnitude lower than this value, i.e., 10"2Q cm.

Measurement of resistance (R = V/I or dV/dl) can be done either ratio of the
voltage drop across a specimen (V) when a current (I) of known magnitude is passed or
differentiation of drop voltage with respect current flow through sample. Measurement of
resistance set can be two ways — two probes and four probes as shown by schematic
diagram in Fig. 2.11. In case of low voltage or low resistance measurement the two probe
geometry will not work because the contact resistance and lead resistance will dominate.

In any accurate transport measurement at low level, the environment is essential
which may affect the accuracy of low level measurements [79]. Change in temperatures
can affect low level measurements in several ways, including causing thermal expansion or
contraction of insulators and producing noise currents. Also, a temperature rise can cause
an increase in the input bias current of the meter. It is always better to minimize errors due
to temperature variations by operating the entire system in a thermally stable environment.
Use the instrument’s zero or suppress feature to null offsets once the system has achieved
thermal stability. Repeat the zeroing process whenever the ambient temperature changes.
To ensure optimum accuracy, zero the instrument on the same range as that to be used for

the measurement.
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Excess humidity can reduce insulation resistance on PC boards and in test
connection insulators. Reductions in insulation resistance have a serious effect on high
impedance measurements. In addition, humidity or moisture can combine with any
contaminants present to create electrochemical effects that can produce offset currents.
This effect can be minimize by reduce the humidity in the environment (ideally <50%).
Further this effect can be minimizing to putting instrument on 2-4 hour before actual
measurements.

In low voltage measurement, offset voltages and noise sources pay significant
errors which can normally be ignored when measuring higher voltage levels. Ideally, when
a voltmeter is connected to a relatively low impedance circuit in which no voltages are
present, it should read zero. However, a number of error sources in the circuit may be seen
as a non-zero voltage offset. These sources include thermoelectric voltages, offsets
generated by rectification of RFI (radio frequency interference), and offsets in the
voltmeter input circuit. Thermoelectric voltages (thermoelectric EMFs) are the most
common source of errors in low voltage measurements. These voltages are generated when
different parts of a circuit are at different temperatures and when conductors made of
dissimilar materials are joined together. Joint of dissimilar material can produce few pV,
microvolt (Cu-Pb/Sn ~1-3) to 1000 pV(Cu-CoO) [79]. It can be reduced by using the
single wire from specimen to measurement units (Nanovolmeter). In our case these error
are minimized by following ways

(1) Single copper leads are used to measure the drop voltage.

(1)  Leads connection to instrument, Copper leads always freshly cleaned to remove

the CuO.
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(iii))  Average voltage ( difference of Voltages for current in both direction ) is used
for resistance measurements

Magnetic fields generate error voltages, which is basically due to change in flux
through voltage measure lead close circuits area. This voltage error caused by two reasons;
1) Variation in magnetic field with time, and ii) Relative motion between the circuit in the
field. Voltages in conductors can be generated from the motion of a conductor in a
magnetic field. This error can be minimized using the twisting of voltage leads.

The resistance measured is not necessarily a bulk property. Provided applied
currents are small, a fiber of superconducting region in a specimen may give rise to the
resistivity discontinuity in superconductors. Conversely, circuits can be broken by cracks
and contact failure caused by thermal stress arising during a measurement. These can cause
discontinuities in the voltage signal, which may give the illusion of superconductivity, but

can usually be checked by monitoring the simultaneous current flow.

2.4.2 DC magnetization

The magnetic properties of our samples (in bulk and thin film form) were measured
using SQUID (Superconducting Quantum Interference Device) magnetometer. The heart
of the SQUID magnetometer is Josephson junction [80], which in a superconducting loop
and acts as a magnetic flux to voltage transducer. These junctions are tunnel junctions
comprised of two superconducting thin films with an insulator or normal metal layer
between them. Quantum Design Magnetic Property Measurement System (MPMS) is

widely used for magnetic characterization of materials. MPMS SQUID magnetometer [81]
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generally consists of following five sections. 1) A superconducting magnet, ii) The SQUID
detector, iii) The temperature control module, iv) The sample handling system and v)
Liquid helium (L-He). The system goes down to 2.25 K in temperature and maximum of
5.5 Tesla in magnetic field generated by NbTi magnet. Temperature stability in the whole
range of temperature is achieved by simultaneously controlling cold gas around the sample
chamber and heating the gas with heater wire wound around the sample chamber shown by

schematic diagram in Fig. 2.12.
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Fig. 2.12: Schematic diagram of temperature control system.
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The heart of the MPMS is the mechanism of measurement of magnetic moment
shown in Fig. 2.13. The main components here are second derivative gradiometer coil
(pick up coil), single junction SQUID loop and radio frequency resonant circuit. All of

them are inductively coupled to each other.
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Fig. 2.13: Schematic diagram of measurement unit.

Sample whose magnetic moment is to be measured is scanned through the second
order gradiometer pick up coil which is symmetrically in magnetic field. The total distance
of the scan is known as scan length. Current induced in the gradiometer due to the scan is
felt by the SQUID sensor through the inductively coupled coils. The voltage across the rf

biased tank circuit which is also coupled to the SQUID sensor will reflect the flux induced
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by the sample. The magnetic flux in gradiometer as a function of the position of a unit

magnetic dipole moment is given by

_ HoR? 1 2 1
P(2) = 2 {_ [RZ + (z + Z)2]3/2 + [R2 + 22]3/2 o [R2 + (z — Z)2]3/2}

Where R (= 0.97 cm) is the gradiometer coil radius, 2Z (= 3.04 cm in our QD MPMSS5
magnetometer) is the distance between the two outer turns of the gradiometer coil and z is
the sample distance measured from the center of the gradiometer coil. An ideal SQUID

response of a point dipole moment is given by

V(z) = cp(2)

where, the c is the calibration factor of the instrument. Inclusion of usually present constant

offset a and a linear drift bz modify the SQUID response to the form
ymodified(7) = q + bz + mV (z — z,)

here z, is correction for off centering of the sample. When the actual sample is measured,
SQUID response is fitted to the above expression by the software to obtain the magnetic
moment. In order to destroy the prior history of the measurement the heater in the isolation
transformer is switched on to make the superconducting primary and secondary coil
normal. During the measurement the heater is switched off by the software. This heater is
switched on during the charging of the superconducting magnet to eliminate the induced
currents in the circuit. The figure also shows a typical SQUID voltage response as a

function of the sample position.
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Chapter -3

Metallic superconductor/ferromagnet

multilayers: Growth and proximity effects
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3.1 Introduction

In this Chapter we present investigation of the proximity effects in the metallic
SC/FM thin film heterostructures by transport and magnetic measurements. In order to
fabricate the metallic SC/FM heterostructures by DC magnetron sputtering, we have first
optimized the growth conditions of individual superconducting (Nb and NbN) and
magnetic (Fe, Co, Ni and Gd) thin films. The following heterostrucres were grown and
characterized (i) Fe/Au multilayers; (i) Nb/Gd and Nb/Ni bilayers; and NbN/NbO/Co

trilayers. The obtained results are analyzed in the following Sections.

3.2 Metallic thin films by DC magnetron sputtering

Here we describe the growth and characterization of thin films of various
ferromagnetic (i.e. Co, Ni and Gd) and superconducting (Nb and NbN) materials by DC
magnetron sputtering. The idea is to optimize the growth conditions parameters such as Ar
pressure, sputtering power, substrate temperature and post annealing process parameters,

etc., so that bilayer, superlattices and multilayers can be grown easily.

3.2.1 Magnetic thin films

(a) Co films
In order to estimate the deposition rate of Co by DC magnetron sputtering, films

were deposited on Si (111) substrate at room temperature under argon partial pressure of
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~5 x 10~ mbar, with sputtering power of 30 W (500 V, 60 mA) for 180 s. The nominal
thickness of the films was 1000 A. In order to confirm the thickness of these films,
specular X-Ray Reflectivity (XRR) measurements were carried out using Cu K, radiation
as a function of wave vector transfer Q = (4z/J) sin 6, where 6 is the incident angle on the
film and 4 is the wavelength of the probe. A typical result is shown in Fig. 3.1. The
experimental data were theoretically best fitted to a two layer model as depicted in the inset

of Fig. 3.1, which assumes that a CoO layers forms on the surface of the Co film.
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Fig. 3.1: XRR measurements on Co film, open circles and solid line are measured and fitted data,

respectively. Inset shows two layer model used for the fitting.
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It is evident that the thicknesses of Co and CoO layers obtained from the fits are 867+18 A
and 19+4 A respectively. This result indicated that: (i) the deposition rate of the Co (under
the given sputtering parameters) is 5 A/s, (ii) the surface Co layer gets readily oxidized.
Using this deposition rate, Co films of various thicknesses were grown and the XRR data
showed that the actual thickness is within +5% of the nominal thickness estimated from the
deposition time.

In order to observe the evolution of the morphology of the film with annealing
temperature, 100 A Co thin films were annealed immediately after deposition (inside the

sputtering deposition
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Fig. 3.2: SEM images of the sputter deposited Co films annealed at different temperatures (under a
vacuum of 5x10°° mbar for 1 h).
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chamber under a vacuum of 5x10 mbar for 1 h) at different temperatures Tq,. The films
were then coated by a 100 A silver capping layer at room temperature. The Ag-capping
layer was important to prevent the surface oxidation of Co-films, which influences the
magnetization data. Surface morphology of the films deposited with different annealing
temperatures were studied by scanning electron microscopy. Typical SEM images recorded
for Co films are shown in Fig. 3.2. The films exhibit a featureless morphology upto an
annealing temperature of 500°C, indicating their amorphous nature which was further
confirmed by XRD measurements. However, at higher annealing temperature, the

morphology turns granular in nature.

m(H]f‘mmE

0
H(kOe)

Fig. 3.3 The normalized magnetic moment (m/mayco.) versus applied field (H) hysteresis loop

recorded at 300 K for Co-films annealed at different temperatures T,j,.
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Typical magnetic moment (m) vs applied field (H) plots recorded on different
samples mentioned in fig. 3.2 in the field range of £ 2000 Oe at 300 K are shown in Fig.
3.3. During these measurements, the H was applied parallel to the plane of the film. From
the m-H loops, the value of coercive field Hc was deduced at 300 K and 10 K (m-H data at
10K not shown), and the obtained results are shown in Fig. 3.4. From Fig. 3.4, it is evident
that Hc remains very low until the annealing temperature of 500 °C, after which H starts
rising and attains a peak (410 Oe) at 700°C. However, at still higher annealing temperature,
the Hc decreases. This result is consistent with the SEM morphology shown in Fig. 3.2.
The grain growth is not attained until the annealing temperature of 550°C, which yields
soft ferromagnetic property of the films. The H¢ increases, as the grain size increases
owing to the formation of magnetic domains. The H¢ decreases at higher annealing

temperatures possibly due to the diffusion of Si impurities into the Co-films.
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Fig. 3.4: Variation in H¢ (10 K and 300 K) for Co-films annealed at different temperatures T,.
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Fig. 3.5: Hc variation with temperature for Co films as deposited (open circles) and Annealed at

700 °C (closed circles).

The Hc of the films were also investigated as a function of temperature, and the
results obtained for the as-deposited Co-films annealed at 700 °C are given in Fig. 3.5. It is
seen that for as-deposited Co-films, the H¢ increases significantly as the temperature is
lowered down. This is attributed to the very small grain size of the Co, as at high
temperature the thermal fluctuation overcomes the magnetic domain orientation. These
results are in agreement with those reported by Frolov et al. [82], who observed the change
in magnetic properties of nanocrystalline cobalt films annealed above 500 °C. Re-plotting

12 . .
behavior, as shown in

of Hc vs T data shown in the main panel of fig. 3.5 as a function T
inset of Fig. 3.5, clearly indicates that for as-deposited cobalt films the blocking
temperature 73 is lower than 300 K [83, 84]. However, Co-films annealed at 700 °C,

exhibit linear behavior in He with T"? until room temperature indicating 75 is higher than
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300 K. Due to much larger gain size obtained under this condition, thermal fluctuations
have no major effect on the domains. Therefore H¢ has a weak dependence on temperature.

The results presented in this Section are important from the viewpoint of the
growing bilayers or multilayers. It is evident that the Co-films grown at room temperature
are uniform and therefore, ideal for growing bilayers and multilayers. They also possess
soft magnetic property. Granular morphology produced when the films are annealed at
higher temperatures increases the possibility of surface roughness. Therefore high
temperature annealing is not ideally suited for the preparation of bilayer/multilayers. We
note that Fe films grow almost in similar fashion as Co. However, Ni has a little different

growth, which is described below.

(b) Ni films

Ni films of 100 A nominal thickness were deposited on Si (111) using DC

magnetron sputtering under the conditions identical to those used for Co films.

Fig. 3.6: SEM images of Ni films of different thicknesses deposited by sputtering.

58



The SEM image of such a film is shown in Fig. 3.6 (top-left), which clearly indicates a
granular morphology. Therefore, in order to grow smooth Ni films, the film thickness was
increased. Typical SEM images of the films of different thicknesses shown in Fig. 3.6
clearly suggest that uniform films are obtained when thickness is greater than 500 A. It is
known that the early stages of thin film formation, i.e. in the thickness range of 50500 A,

is very sensitive to the processing techniques and parameters used [85, 86].

10nm
g | Sonm
=
[ 2000nm
100 50 0 50 100

Fig. 3.7: The normalized magnetic moment (m/mg) versus applied field (H) hysteresis loop
recorded at 300 K for Ni-films of different thickness. The full hysteresis loop for 20000 A Ni films
is shown in inset.

H¢ and the squareness of hysteresis loop defined as S = remanent magnetization
(mg) / saturation magnetization (ms) for Ni-films (at 300 K) of thickness ranging from 100
to 20000 A are plotted in Fig. 3.8 as a function of film thickness ¢. It is seen that H¢
increases with ¢ whereas S decreases. This possibly suggests that the easy axis of
magnetization, which lies within the plane for low thickness, changes to some random

direction with increase in film thickness. Similar behavior i.e. increasing in H¢ with ¢ upto
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3000 A was also observed by Kumar et al [87]. However further increase in ¢ resulted in a

decrease of Hc.
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Fig. 3.8: Hc and S plotted with different thickness of sputtered deposited Ni.

(c) Gd films

We have also optimized the growth parameters of the Gd films by DC magnetron
sputtering, and found that uniform films are obtained at a thickness of 300 A. A typical
zero field cooled (ZFC) and field cooled (FC) magnetization measurements for an applied
field of 100 and 1000 Oe are shown in Fig. 3.9.

The Curie temperature 7, for these films was found to be 290 K which is close to
that in bulk Gd. These results are in agreement with those reported by Yamada et al. [88]
who observed Ty ~293 K in a film deposited at a substrate temperature of 600 °C. The
value of Ty of ~290 K is observed for as-deposited Gd films. A strong irreversibility is
seen in ZFC & FC data at 100 Oe while they are reversible at 1000 Oe indicating that 100
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< Hc < 1000 Oe. Hc values extracted from m-H loops recorded at different temperatures

(Fig. 3.10) are plotted in Fig. 3.11. H¢ increases with decreasing temperature as expected.
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Fig. 3.9: Magnetic moment (m) with temperature (T) is measured in ZFC and FC mode at 100 Oe
for 300 A Gd film.

Figure 3.10: Magnetic moment (m) with applied magnetic field (H) at different temperature for

Gd film (300 A) deposited by sputtering.
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Fig. 3.11: Variation in H¢ with temperature for Gd film (300 A) deposited by sputtering.

3.2.2 Superconducting films

(a) Nb films

Preparation of Nb thin films by sputtering, though widely reported in literature, is
difficult as Nb is highly susceptible to gaseous impurities, particularly oxygen. The
dissolved impurities not only suppress the superconducting transition temperature but also
strongly influence the characteristic length scales and the fields of the superconducting
state. Therefore, in the present work we have optimized several deposition parameters,
including the base vacuum, sputtering pressure, and sputtering power. It goes without

saying that the best base vacuum is essential for obtaining the superconducting Nb films
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[89]. However at a base vacuum of 5x10” mbar, the best achieved by the pumping the
sputtering chamber in our system, significant amount of the oxygen is still present. In order
to getter this oxygen, Nb (99.999%) was pre-sputtered at a high power of 170 W for 10
minutes, which improved the base vacuum to 1 x 107 mbar. Nb films of 500 A, thickness
on Si substrates were prepared soon after pre-sputtering process at room temperature. The
four probe temperature dependent resistance data for these Nb films is shown in Fig. 3.12.
The films exhibit a sharp zero field superconducting transition, Tsc at ~9 K. The

diamagnetic response shown in Fig. 3.13 also reveals a Tsc of ~9 K.
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Fig.3.12: Superconducting transition transport electrical resistance with temperature in Nb film.
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Fig. 3.13: Superconducting transition magnetic moment with temperature in Nb film.
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(b) NbN films

The superconducting NbN films can be prepared by reactive sputtering with N,
using pure Nb target. Here we describe the optimization of various parameters for
obtaining NbN on Si(111) substrates. The reactive sputtering was carried out using a
mixture of high purity argon and nitrogen (99.999 %) gases. The total pressure of argon
and nitrogen is 6.3 x 10~ mbar, with flow rates of 7 SCCM for nitrogen and 35 SCCM for
argon. Following two sets of experiments were carried out.

(i) Deposition of films at room temperature but varying the sputtering power between
54 -135 W. The XRD patterns of the NbN films grown at different powers are shown in
Fig. 3.14. It is seen that the intensity of (111) and (200) reflections increases with
sputtering power, indicating higher the power better is the chance of formation of NbN

phase. The normalized resistance of these films are shown in Fig. 3.15.
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Fig. 3.14: XRD patterns are recorded for all films of NbN (50nm) deposited at different sputtering
power from 54 W to 135W.
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The results show that at low deposition power (54 W), films are semiconducting and do not
exhibit superconductivity down to 4.2 K. Beginning at 68 W, Tsc monotonically increases
with sputtering power. A highest 7sc of 10.8 K was obtained for a sputtering power of
135 W, which is far below the bulk Tsc of NbN. Increase Tsc with sputtering power was

also observed by Chockalingam et al. [90].
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Fig. 3.15: A temperature dependent resistance is measurement from 4.2 K to 300 K. Inset the

superconducting transition.

(ii) Deposition of films at sputtering power of 135 W but varying the substrate
temperature between 30 and 800 °C. The XRD patterns of the films grown at different
substrate temperatures shown in Fig. 3.16 clearly show the improved crystallization of the
NbDN films with increasing substrate temperature. It is seen that NbN has a preferred
orientation of (111) at 600 °C, which is same as that of Si (111) substrate. However, at

substrate temperature of 800 °C, the preferred orientation of the films turns out to be (200).
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The R vs T plots of the films deposited at different substrate temperatures are shown in
Fig. 3.17. It is seen that the highest 7sc of 16.2 K is obtained at 600 °C, which is close to
the bulk Tsc of the NbN. At a substrate temperature of 800 “C, Tsc slightly decreases to

15.8 K owing to the chemical reaction with the substrate.
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Fig. 3.16: XRD patterns are recorded for all films of NbN (500A) deposited at different substrate

temperature Tg,, from room temperature to 800 °C.
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Fig. 3.17: Superconducting transition in films of NbN (500A) deposited at different substrate

temperatures Tgyp..
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3.3 Metallic S/F bilayers

3.2.1 Ferromagnetic/ non ferromagnetic bilayers

In order to gain hands on experience in the growth of metallic
superconductor/ferromagnetic bilayers and multilayers, we have selected simple Fe/Au
bilayers. These bilayers were repeated to form stack of multilayers, and their transport and
magnetic properties were investigated as a function of thickness. For this purpose, [Fe
(50A) /Au (100 A)];p multilayer (i.e. superlattice of ten bilayers) were deposited on Si
substrates using magnetron sputtering at room temperature. In some cases the superlattices
were vacuum annealed at 100 °C and 150 °C.

The XRR measurements performed on as-deposited and vacuum annealed
superlattices are shown in Fig. 3.18 (a). From these results it is seen that with increase in
annealing temperature: (i) the reflectivity at higher Q value is reduced, suggesting an
increase in interlayer roughness; and (ii) the position of Bragg peaks gradually shifts to
larger Q values, which can be due to the release of strain causing reduction in the bilayer
thickness. The normalized electron scattering length density (SLD) profile for a bilayer
which gave best fit to XRR data are shown in Fig. 3.18(b). On annealing at 100 °C for one
hour Fe/Au interface roughness increases from 9 A to 13 A. Further annealing at 150°C for
one more hour reduces the roughness to 11 A.

Fig. 3.19 (a) shows the m-H hysteresis curve (open circle with line) and MR data

(open triangle) for superlattices annealed at 100°C for one hour, which confirms the
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ferromagnetic nature of the superlattices. The magnetoresistance (MR) data for as-

deposited sample and vacuum annealed superlattices are shown in Fig. 3.19. No significant

change in magnetization was observed on annealing. However, a reduction in MR was

observed on annealing. The MR for annealed sample at 100°C and at 150°C are 0.14% and

0.18% respectively, compared to the as-deposited sample (~0.30%). These results are

consistent with XRR data that the interface roughness increases on annealing the

superlattices.
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Fig. 3.18: (a): Specular X-ray reflectivity measurements from as-deposited multilayer (open

circles) and sample annealed at 100°C (open squares) and 150°C (open triangles (b) shows the

normalized SLD profiles at interfaces extracted from fit to XRR data.
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Fig 3.19: (a): M(H) hysteresis curves (open circles) and magnetoresistance (open triangles) as
function of applied magnetic field for [Fe(50 A)/Au(100 A)],, multilayer after annealing at 100 °C

for one hours. (b): MR vs H for as-deposited (b) and sample annealed at 100 °C (¢) and 150 °C (d).

Further, a series of Fe/Au multilayer samples of varying Fe and Au layer thickness
were grown on Si substrate by DC magnetron sputtering system. In the first series; ten
bilayers of Fe (variable thickness of 30, 50 and 100 A) and Au (fixed thickness of 50 A)
were grown and the structure can be represented as: Si substrate/[Fe(tge A)/Au(50 A)]io,
with tg. = 30, 50 and 100 A, respectively. In the second series; ten bilayers of Fe (fixed
thickness of 50 A) and Au (variable thickness of 50, 100 and 150 A) were grown and the
structure can be represented as: Si substrate/ [Fe (50 A)/Au(tay A )]io, with ta, = 50,
100 and 150 A, respectively. Typical magnetization curves (normalized) with in-palne
magnetic field for one multilayer [Fe(50 A) /Au(50 A)]y at room temperature (open circle
with line) and 5 K (open triangle with line) are presented in Fig. 2.20 (a). This multilayer

sample shows the characteristic magnetic behaviour of a good ferromagnet with well
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defined saturation value and a remanent magnetization (M;) ~77% of the saturation
magnetization (Ms). Fig. 2.20(b) shows the variation of M,/M; ratio as a function of layer
thickness. For all the samples the remnant magnetism is in the range of 75 % to 78 % of
the saturation magnetism. MR measurements were carried out at room temperature for all.
Fig. 2.20(c) depicts the MR measurements from same multilayer same sample at room
temperature. The variation of MR at room temperature for different multilayers (different
thickness of Fe and Au) are represented in Fig. 2.20(d). MR depends strongly on the
magnetic moment in the Fe layer and on coupling between the Fe layers through
non-magnetic Au. For higher thickness of Au layer there was a strong drop in MR most
likely due to reduced coupling between the magnetic layers.

Both MR values and M; are increasing with ferromagnetic (Fe) thickness and

decreasing with non-ferromagnetic (Au) thickness in Fe/Au multilayer.
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Fig.3.20: M(H) hysteresis curves for [Fe(50 A)/Au(50 A)],, multilayer sample at 5 K (open
triangles) and 300 K (open circles). (b): variation of M,/M; ratio with thickness of Fe (closed
circles) and Au (closed triangles) layers. (c): MR vs H plot for [Fe(50 A)Au(50 A)]. (d):

variation of MR with thickness of Fe (closed circles) and Au (closed triangles) layer.
70



3.3.2 Proximity effect in Nb (500 A)/Ni (500 A) bilayers

Bilayers of Nb (500 A)/Ni (500 2\) were deposited on Si (111) substrates by DC
magnetron sputtering under optimized growth conditions, as discussed in earlier section.
To measure the thickness and roughness of the interface of Nb (500 A)/Ni (500 A)
bilayers, XRR measurements were carried out and the results are presented in Fig. 3.21.
The best fit (solid line) to the experimental data (open circles) yielded the thickness of 540
A and 490 A respectively for Nb and Ni layers. The roughness of Si/Nb, Nb/Ni and Ni/air
interfaces are 15, 18, and 12 A respectively. These results show high quality of the Nb/Ni

bilayers.
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Fig. 3.21: XRR measurement on Nb/Ni bilayers
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(a) Superconducting properties

Zero field cooled (ZFC) magnetization data of the Nb/Ni bilayer under a field of 50 Oe
applied parallel to the substrate plane is shown in Fig. 3.22. The superconducting transition
Tsc corresponding to Nb layer is suppressed to 7 K due to proximity of ferromagnetic Ni.
The R-T plot shown in the inset of Fig. 3.21, reveals Ts¢c of ~7.1 K, which is in agreement

with magnetization data.
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Fig. 3.22: magnetic moment measured with temperature in ZFC mode at 50 Oe for Nb/Ni bilayers.

Inset show the superconducting transition in transport measurements.

(b) Magnetic properties

The m-H hysteresis loops for the Nb/Ni bilayers recorded at 10 K (> Ts¢) and 5.5 K
(< Tsc) are shown in Fig. 3.23. Hysteresis loop recorded at 10 K clearly shows the
ferromagnetic nature from the Ni layer. The saturation and coercive fields of Ni layer are
found to be 100 Oe and 55 Oe respectively indicating soft ferromagnetic nature of Ni layer.

72



However, the magnetic hysteresis loop shown in Fig. 3.23, measured at 5.5 K shows a
peculiar behavior i.e. the magnitude of magnetization increases with decreasing field,
which is attributed to the presence of both diamagnetic (due to superconductivity in Nb
layer) and ferromagnetism (in Ni bilayer). Since Ni has a ferromagnetic transition (7,) of
~ 630 K contribution of Ni layer to the total moment of Nb/Ni bilayer is expected to be
nearly same at 5.5 K and 10 K. Thus, the diamagnetic contribution in the Nb/Ni bilayer
obtained by subtracting the m-H data recorded at 10 K from the one at 5.5 K is shown in
Fig. 3.23, which is a characteristic of a superconducting film, except a sharp peak

occurring at ~ 55 Oe, which corresponds to the coercive field of Ni layer.
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Fig. 3.23: The m-H hysteresis loops for the Nb/Ni bilayers were recorded at 10 K (> Ts¢) and at 5.5
K (< Tso).
The typical current-voltage characteristics of the Nb/Ni bilayers at different
temperature under demagnetized condition are shown in Fig. 3.24. These curves clearly
show the two steps, which can be correlated to the inhomogeneous superconductivity

owing to the domain wall superconductivity.
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Fig. 3.24: Two step V-I curves of Nb/Ni bilayer at different temperatures.

In principle, the R-T curve of the Nb/Ni bilayers should have shown two steps like
transition, which however could not be observed possibly due to the very soft

ferromagnetic nature of the Ni.

3.3.3 Domain wall superconductivity in Nb (500 A )/Gd (500 A ) bilayers

In this Section, we investigate the domain wall superconductivity in Nb/Gd
bilayers. Gd was deliberately selected as it is a ferromagnet with 77, of 290 K, i.e., below
room temperature. Further Nb and Gd are immiscible and therefore high quality interfaces
can be achieved. Nb(500 A)/Gd(300 A) bilayers were deposited on Si (111) substrates at

room temperature using dc magnetron sputtering. XRR data showed high quality of the
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bilayers with interface roughness < 12 A. The magnetic and superconducting properties of

these bilayers are presented below.

(a) Magnetic Properties

A typical ZFC and FC magnetization data on Nb/Gd bilayers under a field of 100 Oe

applied parallel to the film is shown in Fig. 3.25. Curie temperature 7r), was found to be

~285 K, which is close to that observed for Gd films (see Fig. 3.9).
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Fig. 3.25: Magnetic moment (m) with temperature (T) is measured in ZFC and FC mode at 100 Oe
for bilayers of Nb/Gd.

Onset of the diamagnetic behavior (inset of Fig. 3.24) of the bilayers in the ZFC
curve gives the superconducting transition of the Nb layer Ts¢c ~ 6.6 K, lower than that
measured for pure Nb films (see Fig. 3.13), which is attributed to proximity of

ferromagnetic Gd layer.

75



2l @W
10K

/"}’—F‘-

HikOe)

10 20

Fig. 3.26: Magnetic moment (m) with applied field measured at 10 K for bilayers of Nb/Gd.

Magnetic hysteresis loop of the Nb/Gd bilayers shown in Fig. 3.26 was measured at
10 K, just above the Ts¢ of the bilayers. The coercive field is 400 Oe, nearly same as that
of pure Gd films. The saturation of magnetization does not occur even upto 20 kOe.
However, the non-saturation of Gd can possibly be attributed to polycrystalline nature of
the films and the canting of ferromagnetic moments away from the c-axis at low
temperatures. It is found that the canting angle is as large as 50 degree in nanocrystalline

Gd, which itself can be size dependent [91].

(b) Superconducting Properties

In order to investigate the proximity effect of ferromagnetic Gd layer on the
superconducting properties of Nb/Gd bilayers, electrical transport measurements were
carried out. Typical R-T plot for the bilayer is shown in Fig. 3.27 along with the R-T plot
of pure Nb films for comparison. Following inferences can be drawn: (i) the onset of

superconducting transition temperature for bilayers decreases from 9.0 K to 6.6 K (also
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seen from the magnetization measurements shown in Fig. 3.25); and (ii) for bilayers the
transition to superconducting state takes place in two steps, indicating presence of two
types of superconducting transitions. This was however not observed in the case of Nb/Ni

bilayer as Ni is a soft ferromagnet.
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Fig. 3.27: Superconducting transition in transport electrical resistance measured with increasing

temperature from 4.5 K to 10 K for Nb Film and bilayer of Nb/Gd.

Two step superconducting transition in bilayers is attributed to the differing pair
breaking field experienced by the Nb film lying above the domains and that lying above
the domain wall region (Fig. 3.28) resulting in a phenomenon analogous to the domain
wall superconductivity in superconducting films deposited on insulating ferromagnets
where the influence of exchange field on the superconductor is absent [89, 92-96].
Diffusion of charge carriers of all polarities into the Nb film from the domain wall region
of Gd film lying below results in a lower suppression of Ts¢c so long as the width of the
domain wall is smaller than the coherence length of the cooper pairs. On the other hand

carriers diffusing into the region of Nb film lying above the FM domain of Gd are unipolar,
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causing a larger depression of Tsc. Therefore, Nb film lying above the network of domain
walls exhibits higher transition temperature marked as Tsc" while that lying directly on the
domains exhibits lower transition marked as Ts°. Thus the Nb layer would exhibit

inhomogeneous superconductivity with Tsc" > Tsc.
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== ==~ B
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Fig. 3.28: Schematic diagram of nucleation of domain wall superconductivity in the Nb layer of

Nb/Gd bilalayer where ferromagnetic Gd layer have magnetic domains with domain walls.

In order to understand the role of domains on the two-step superconducting transition
in Nb/Gd bilayers, R-T plots (Fig. 3.29) were recorded at different magnetic fields. From
this figure following inference can be drawn: while Ts¢c decreases with increasing applied

field, the transition broadens and the gap between the two transitions disappears. This is
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attributed to the fact that at very high magnetic field, Gd domains align along the field,

which diminishes the domain walls, and hence diminishes the high 7’sc parts in the Nb film.
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Fig. 3.29: Superconducting transition in transport electrical resistance measured with increasing

temperature from 4.5 K to 10 K for Nb Film and bilayer of Nb/Gd.

Following experiment clearly demonstrates the effect of domains on the SC
transition. Note the m-H loop of the bilayer shown in the inset of Fig. 3.29. Two points A
and B, corresponding to the same magnitude of applied field (+400 and -400 Oe) but
having a high (magnetized state) and zero magnetic moments (de-magnetized state),
respectively. The point B corresponds to the coercive field of the Gd layer. The R-T plots
recorded by establishing the sample under conditions at A and B are shown in the inset of
Fig. 3.30. It is clearly seen that the Tsc in the case of condition A (magnetized state) is 40
mK lower than that under condition B (de-magnetized state). In the case of Nb/permalloy

bilayer similar experiments show increase in 7sc of 10 mK in de-magnetized state [95].
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Further, we present voltage - current characteristics at 6.15 K under conditions A and B in
Fig. 3.31. It is evident that the critical current in the case of de-magnetized state is
substantially higher (~8%) than that in the case of magnetized state, which is not only
attributed to the higher Ts¢ in the former case but possibly also due to the additional
pinning due to attractive interaction between the domain walls in FM layer and flux
vortices in the Nb film as it may me noted that such a high enhancement in critical current

cannot be accounted solely by 40 mK increase in Tsc.
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Fig. 3.30: History dependent resistances versus temperature (R-T) curves are recorded with same

field (400 Oe) in two different magnetic domains structures.
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Fig. 3.31: History dependent resistances versus temperature (R-T) curves are recorded with same

field (400 Oe) in two different magnetic domains structures.

3.4 Proximity effect in NbN/NbO/Co trilayers

In the Nb/Ni and Nb/Gd bilayers it was demonstrated that the magnetic layer
directly affects the superconductivity via exchange field as well as exchange of charge
carriers. In order to investigate the effect of only dipolar field on the superconductivity, we
have grown a NbN(600 A) /NbO(100 A) /Co(100 A) trilayer (NbO is insulating) using DC
magnetron sputtering on Si (111) substrates at room temperature.

The m-H hysteresis loop of the trilayer recorded at 10 K is shown in the inset of
Fig. 3.32, which shows the ferromagnetic characteristics of Co layer. Co layer shows
saturation at >2 kOe with a coercive field of ~250 Oe. The R-T plot of the trilayer is
shown in Fig. 3.32, which clearly shows a Ts¢c of 6.5 K. The R-T plots were recorded at a

current of 0.2 mA. For comparison, the R-T plot of the pure NbN films is also shown in
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the same figure. Comparing the two curves we note (i) 7Tsc is nearly same for NbN film

and trilayer, indicating presence of NbO and Co layers does not affect Tsc; and (i)

observation of the presence of re-entrant resistance for trilayers at temperature below Tsc.
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Fig. 3.32: Resistance versus temperature plot of a NbN/NbO/Co trilayer and NbN film measured at

applied current of 200 pA. Inset Inset shows magnetization hysteresis curve measured at 10 K

showing ferromagnetic nature of the film.

R-T plots measured with different currents between 0.01 mA and 1mA are shown

in Fig. 3.33. It is evident that the re-entrant resistance with a resistance minimum (7x)

persists over a wide range of currents: We conclude (i) Tvin shifts to lower values on

increasing the probe current, which is attributed to the temperature dependent critical

current of the superconducting layer, (ii) the value of the reentrant resistance decreases

with increasing probe current i.e. highest for the lowest probe current.
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Fig. 3.33: Temperature dependent resistance of

currents.

These observations have been explained on the basis of the dynamics of vortices
and anti-vortices produced in superconducting NbN film due to the ferromagnetic Co
layer, as schematically shown in Fig. 3.34. For any probe current, below Tsc (which
decreases with increasing probe current), the random ferromagetic domains of Co generate

a bound vortex - anti-vortex pairs in NbN layers. In an earlier studied by I. F. Lyuksyutov

et al [97] and Feldman et al [98] have predi

dots.

NbN/NbO/Co trilayers measured at different probe

cted a resistive state in SC layer with magnetic
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Fig. 3.34: Schematically diagram of production of vortex and anti vortex in NbN due to stray field

of Cobalt layer.

Movement of vortex- anti-vortex pairs generates a resistance in the superconductor.
When the probe current is very small (e.g. 0.01 mA), the Tsc is quite high (i.e. 6.5 K). At
high temperature, the thermal energy is quite high, which leads to the instantaneous break
of vortices/ anti-vortices pairs, and hence, a sharp rise in the re-entrant resistance. As the
probe current increases, the Tsc decreases, which results in the lower thermal energy for
the breaking of vortices/ anti-vortices pairs. This leads not only the slow increase in the re-

entrant resistance but also its values remain low.

3.6 Conclusions

In this chapter, we present magnetic and transport studies on metallic
heterostructures grown by DC magnetron sputtering. We have grown several Fe/Au

multilayers and studied the effect of post-deposition annealing temperature on the interface
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quality of the multilayers using X-Ray reflectivity measurements and correlated to the
observed magnetoresistance data. Several bilayers of Nb or NbN with metallic
ferromagnetic materials were prepared. Nb/Ni bilayers exhibited two-step resistive
transition as observed from current-voltage characteristics. Further, two step transition in
the temperature dependent resistance analogous to the domain wall superconductivity
observed in Superconducting films deposited on insulating ferromagnets [92] was
observed in Nb/Gd bilayers. This was attributed to the domain structure in the underlying
ferromagnetic Gd film. We presented an observation of re-entrant resistive transition
below Tsc in NbN/NbO/Co trilayers. This resistive state was attributed to a vortex

dynamics in superconducting NbN layer produced by stray field of Co layer.

85



Chapter -4

Oxide superconductor/ferromagnet
heterostructures: Growth and

proximity effects
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4.1 Introduction

Due to their matching of lattice constants, superconducting YBa,Cu3;07.5 (YBCO)
and ferromagnetic perovskite manganites La;3Ca;3MnO3; (LCMO) or LaysSr;sMnOs
(LSMO) are amenable to epitaxial thin film growth with a wide variety of substrate options
such as SrTiO; (STO), LaAlO; (LAO), etc. Heterostructures of these materials grown with
high interface quality are ideal candidates for investigating the interaction between
mutually antagonistic SC and FM orders. We present a detailed study on growth of YBCO,
LCMO and LSMO thin films and heterostructures are prepared by pulsed laser deposition.
Structural aspects of LCMO and LSMO films grown on different substrates with varying
extents of lattice mismatch and lattice strain and their influence on the magnetic properties
are discussed in detail. The magnetoelastic coupling makes the effect of lattice strains very
important factor in these materials. Besides varying the substrate, lattice strain can also be
introduced by varying the oxygen pressure (Po,) employed during deposition.

The mainstay of this chapter is the study of magnetic proximity effect in manganite
/ cuprate heterostructures. We recall the very well established existence of a long range
coupling between superconducting cuprate films through ferromagnetic LCMO layers [47,
48, 99]. This is surprising because we know in metallic superconductor / ferromagnet
heterostructures, this coupling is of very short range [18, 49]. Further, it is seen in many
studies on oxide superconductor / ferromagnet heterostructures, onset of superconductivity
modifies the magnetic state of the ferromagnet [39]. We also know that the application of a
strain on the substrate affects the magnetic state of the ferromagnetic layer in a FM/SC

structure [39]. The aim of our study is to understand if a superconductor separated
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electrically from a ferromagnet can influence the magnetic layer, if so what the thickness
of the insulator required to decouple the superconductor from the ferromagnet should be.
For such study, it is essential to prepare high quality samples with well defined thickness
and high interface quality.

The trilayer samples with insulating layers are grown using pulsed laser deposition
and characterized by XRD, XRR and magnetization measurements. We studied proximity
effect in these structures by polarized neutron reflectivity (PNR) measurements. Detailed
analysis of PNR data provide direct evidence for the modification of the magnetic state in
LCMO layer across insulating STO below the superconducting transition temperature 7sc
in LCMO/STO/YBCO trilayer. Magnetization in LCMO is suppressed to zero (magnetic

dead layer) near the LCMO/STO interface below Tsc.

4.2 Growth of Perovskite manganite films

In this section, optimization of growth conditions for Perovskite manganite LSMO

and LCMO and how they affect magnetic properties are described.

4.2.1 Thin films of Lay;Sr13sMnO3; (LSMO)

(a) Effect of oxygen partial pressure

Thin films of LSMO grown by PLD on STO(111) substrate were studied by

varying the P, employed during deposition. A pulsed KrF excimer laser (248 nm; 5 Hz)
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beam was focused onto the rotating LSMO target. The substrate was maintained at 750°C,
which was kept 5 cm away from the LSMO target. Prior to deposition, a base vacuum of
order of 5 x 10 mbar was created in the deposition chamber and LSMO were deposited
by varying Po from 0 to 2.0 mbar keeping other parameters identical. The deposition was
followed by in-situ post annealing at 750°C for 1 hour in 1000 mbar oxygen pressure and

natural cool down to room temperature in the same environment.
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Fig. 4.1: XRD pattern on LSMO film deposited at 1.0 mbar oxygen pressure. Inset shows the
enlarged view of (111) doublets of STO and LSMO fitted to lines corresponding to the X-ray

source used.

XRD patterns recorded to confirm the phase formation are shown in Fig. 4.1.
Observation of only (111) and (222) reflections of LSMO indicates the films are highly
oriented in (111) direction. The two doublet (111) peaks around 26 = 40° shown enlarged

in the inset of Fig. 4.1 correspond to STO and LSMO respectively. The doublets are due to
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Cukei (1.5406 A) and Cug,, (1.5444 A) in the X-Ray beam. A set of doublet peaks (222)

are also seen between 86°-89°.

SToa1) LSMO(111)

Pm: 2.00 bar

1.00 bar

0.50 bar

0.30 bar

Intensity (a. u.)

0.10 bar

0.00 bar

42 43
20(degree)

Fig 4.2: (111) peaks of STO/LSMO samples deposited under different Po,. Arrow shows the peak

position.

For each of the films prepared under different Pp,, XRD peaks corresponding to
(111) reflections are presented in Fig 4.2. With Pp, = 0 and 2.0 mbar, the nature of LSMO
peaks indicate that the films are amorphous while the peak begins to emerge for Py, = 0.1
mbar. Thickness of the deposited films (750 + 50 A) is nearly same for 0.3 < Pp, < 1.
Further, grain sizes extracted from the (111) peaks are also comparable. We will focus
further part of our discussion mainly on the results obtained for samples prepared under
these Pp; values. The inter-planar distance d;;; along (111) is estimated from XRD peak

position to be 2.215, 2.217 and 2.218 A for Pp; = 0.3, 0.5 and 1.0 mbar respectively. This
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amounts to a compressive strain in the out of plane direction considering the bulk value of
d;;; is about 2.24 A. Assuming the lattice distortion is volume conserving, we calculated
the tensile lattice strains in the ab plane to be 0.57%, 0.52% and 0.49% for Po, = 0.3, 0.5

and 1.0 mbar respectively.
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Fig. 4.3: FC and ZFC m (normalized by m(7=5 K)) vs T data in 100 Oe field. T, is marked by an

arrow.

Magnetic moment m versus temperature 7 data recorded under zero field cooled
(ZFC) and field cooled (FC) modes in 100 Oe magnetic field applied parallel to the plane

of the film is shown in Fig. 4.3. Curie temperature, Ty, extracted from this data indicated
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by an arrow in this figure increases from 280 to 330 K as Py, increases from 0 to 2.0 mbar.
The variation in 7ry, is consistent with the previously observed variation of 77, with lattice
strain for films deposited on (100) substrates [100]. Here we note that the films deposited
on (100) and (111) substrates undergo tetragonal distortion, while the films deposited on
(110) substrates are expected to undergo orthorhombic distortion. Following the theoretical
calculations by Bottcher and Henk [101], it seems that the lattice distortions in our samples
are volume conserving. We conclude from m(7)/m(5K) vs T/ Try plots in Fig. 4.4 that the
magnetic moment increases with increasing lattice distortion, which is consistent with the

results of Ref. [100].
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Fig.4.4: Normalized magnetization at SK vs T/ Tp, for different films under field cooled condition.
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Fig. 4.5 shows m vs applied field H loops recorded on samples prepared under

different values of Pp; at T = 5 K. The samples with Py, = 0.3, 0.5 and 1.0 mbar show

square type hysteresis loops with a well defined coercive field H¢, which increases with

increasing Pp,. There are two possible factors contributing to the change in Hc. Firstly, d;;;

is minimum for Pp, = 0.3 mbar. This essentially increases the magneto-crystalline

anisotropy for field applied parallel to the plane of the film, which should cause H¢ to be

larger. However, the observed behavior is contrary. As the grain sizes are nearly same in

all the three films, this can perhaps be explained by the fact that 7y, decreases with lattice

strain and at a given temperature, Hc is expected to be lower for smaller 7y,
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Fig. 4.5: m — H loops measured at 5K for different values of Po;.
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Fig. 4.6: XRD pattern of S00A LSMO thin films on a) STO(100), b) MgO(100) and c) YBCO
substrates.

(b) LSMO films on different substrates

LSMO films of nominal thickness 500 A were deposited on STO (100), MgO (100)
and YBCO (001) substrates (c- oriented YBCO film (1000 A) on STO (100) substrate is
here called YBCO (001) substrate) held at 750°C under Py, = 0.5 mbar using PLD. The
laser fluence and frequency used were 3.5 J/em® and 5 Hz respectively. XRD patterns of
the grown films are shown in Fig 4.6. It is evident that the films grown on all the three
substrates are preferentially oriented with (n00) planes parallel to the substrate plane.

The position (broadening) of LSMO (200) peak on STO, MgO and YBCO
substrates are 47.52°(0.23°), 46.92° (0.34°) and 46.82° (0.30°) respectively. It is known that

the shift in peak position gives the uniform strain whereas broadening provides the
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information about non-uniform strain. The theoretical value of uniform strain (&) of
LSMO film on different substrates is equal to that of lattice mismatch, which can be

estimated using the following equation:

(Asubstrate — ALsmo)
o % = substrate % 100

Asubstrate

The value of &, obtained for LSMO on STO, MgO and YBCO substrates are
0.6%, 8% and -2% respectively. Since LSMO has a cubic crystal structure, value of c-

lattice parameter can be calculated using

nA(h? + k? +12)%5
ZSithkl

Crsmo =

The obtained value of c-lattice parameter of LSMO on STO, MgO and YBCO
substrates were found to be 3.8267, 3.8728, and 3.8806 A respectively. In the case of
uniform strain in a cubic unit cell, the unit cell volume is expected to remain unchanged.
The unit cell volume of LSMO is 59.23 A* (lattice parameter a = 3.876 A for bulk LSMO).
Thus using the c-lattice parameter, we have estimated the lattice strains in the ab plane to
be 0.64%, 0.04% and -0.06% for STO, MgO and YBCO substrates respectively. The
positive (negative) sign indicates tensile strain on film deposited on STO and MgO
(YBCO) substrates. In the case of STO the theoretical strain is equal to the experimentally

measured strain, indicating absence of non-uniform strain, whereas in the case of MgO and
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YBCO substrates, the non-uniform strain is predominant. The value of non-uniform strain

can be estimated from the broadening of the XRD peak using the equation:

2 2 2\%°
(IBExp - 'Bln - 'BGrain ) = 4.&tanf

The values of non-uniform strain calculated for LSMO on MgO and YBCO substrates are
0.00252 and 0.00194 respectively.

In order to investigate the effect of strain on magnetic properties of LSMO films,
m-T measurements of LSMO films grown on STO, MgO and YBCO were carried out

under ZFC and FC conditions in an in-plane field of 100 Oe as shown in Fig 4.7.
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Fig. 4.7: ZFC and FC m vs T in a field of 100 Oe. Tr, is marked by arrow.

96



m(H)/m_ ..

YBCO(100)

1000  -500 0 500 1000
H(Oe)

Fig. 4.8: m — H loops measured at 100 K for different LSMO films on different substrates.
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Fig. 4.9: Hc vs T in LSMO films deposited on different substrates.
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The results in Fig. 4.7 reveal that (i) Try increases with increasing strain from 285
K in the film deposited on STO and highest (310 K) for that on MgO; and (ii)
Irreversibility between ZFC and FC branches increases with increasing strain. The m-H
loops for the three films measured at 100 K are shown in Fig. 4.8. Coercive field H¢ also
depends on the amount of strain i.e. lowest (25 Oe) for STO and highest (90 Oe) for MgO
substrates. Hc vs temperature extracted from m-H loops measured at different temperatures
is plotted in Fig. 4.9. Hc of LSMO on MgO being 3-4 times higher than that on STO
between 5 and 270 K clearly indicates that strains in LSMO films strongly influence the

magnetic properties.

(c) Effect of film thickness

In order to establish the effect of strain on the magnetic properties, LSMO films of

varying thickness (100-1000 A) were deposited on STO and MgO substrates.
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Fig.4.10: XRR patterns of LSMO films with different thickness on MgO (100) substrates.
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Thickness of films is varied by varying the deposition time. Further XRR measurements

are carried out to confirm the thickness of LSMO film as shown in Fig 4.10. Thickness

and roughness of the films were estimated from best fit to XRR data. It shows that the

roughness of films decreases with increasing film thickness, which can be attributed to the

relaxation in the non-uniform strain.
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Fig.4.11: XRD pattern of LSMO films with different thickness on a) MgO(100) and b) STO(100)

substrates.
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Typical XRD patterns of LSMO films grown on MgO and STO substrates are shown
in Fig. 4.11(a) and (b). It is noted that the full width at half maxima (FWHM) of peaks
decreases with increasing film thickness. This effect is more pronounced in the case of
films deposited on MgO. Non uniform strain calculated by broadening and plotted as a
function of thickness is depicted in Fig 4.12. It is evident that the strain exponentially
decreases with increasing thickness, which is expected as the strain relaxes as the thickness

Increases.
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Fig.4.12: Non uniform strain with LSMO thickness on MgO(100) substrates.

ZFC and FC m vs T data recorded for LSMO films of different thickness deposited
on MgO substrate in 100 Oe field applied parallel to the film plane are shown in Fig. 4.13.
For LSMO films of thickness from 21 nm to 100 nm, the irreversibility in ZFC and FC
decreases with increasing thickness. The m-H loops of LSMO films of different

thicknesses grown on MgO and STO substrates are shown in Fig. 4.13. H¢ values extracted
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are plotted as a function of film thickness in Fig. 4.14, which decrease monotonically with
thickness in the case of films deposited on MgO whereas in the case of films deposited on
STO it is independent of thickness, indicating strain quickly relaxes in the case of STO. On
the other hand, in case of MgO, due to larger lattice mismatch the relaxation of stain can

occur only at very high film thicknesses.
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Fig.4.13: m vs T for LSMO film of different thickness on MgO Substrate.
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Fig. 4.14: m — H loops measured at 5K for LSMO film with different thicknesses on a) STO(100)

and b) MgO(100) substrates.
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Fig.4.15: Variation in Hc with LSMO film thickness deposited on STO(100) and MgO(100)

substrates.

4.2.2 Thin films of Lay;3CaysMnO3; (LCMO)

Thin films of LCMO were grown on STO (100) and MgO (100) substrates under
identical conditions, i.e. substrate temperature ~750°C, oxygen pressure ~0.5 mbar, laser
fluence (per pulse) of 3.5 J/em® and 5 Hz frequency. The nominal thickness of the films
was 200 A. Typical XRR plot of the LCMO film is shown in Fig. 4.16. The data fit yielded
the film thickness of ~240 A, and roughness ~10 A,

Magnetic moment (m) versus temperature (7) data recorded in zero field cooled
(ZFC) and field cooled (FC) modes in 100 Oe magnetic field applied parallel to the plane

of the film is shown in Fig. 4.17. The ferromagnetic transition, T, is observed at 145 K. It
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shows similar behavior, which is observed in case of LSMO. LCMO on MgO have more
irreversibility in ZFC and FC, which reveals the hard ferromagnetic nature where as

LSMO/STO shows soft nature

10° o measured
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o 107
c ;
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Fig.4.16: XRR pattern of LCMO film with on MgO (100) substrates.
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Fig.4.17: ZFC and FC m vs T of LCMO films on STO (100) and MgO (100) substrates.
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The results of XRR and magnetization data show that the quality of LCMO films is

same as that of LSMO, if grown under identical conditions.

4.3 Growth of YaBa,CuzO7.5 (YBCO) films:

YBCO films of nominal thickness 150 A were deposited on STO (100) and MgO
(100) substrates held at 750°C under Po,= 0.5 mbar, laser fluence per pulse of 3.5 J/em®

and 5 Hz frequency. XRD patterns are recorded for both films as shown in Fig. 4.18.

— YBCO/MgO(100)

{005)
Mg0/(200)
(006)

Y(001)
—
002)

Y(003)

Intensity(a.u.)

Fig.4.18: XRD pattern of YBCO films on MgO (100) and STO (100) substrates.
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In XRD patterns, only (00n) YBCO peaks are observed with side oscillation due to
thickness fringes. YBCO on MgO peaks have higher broadening than YBCO on STO. This
may be lattice mismatch of YBCO with MgO is higher which may produce strain in YBCO
film. The thickness of YBCO, 128A was estimated by fitting of thickness fringes as shown
in inset of lower panel of Fig. 4.18. Which was further confirmed by XRR measurement as
shown in 4.19 is same.

A zero field cooled measurement in presence of applied magnetic field (20 Oe)
parallel to substrate is shown in Fig 4.20. Which shows the Ts¢c for YBCO thin film on

STO is 78 K where is no superconductivity was observed in YBCO on MgO.

YBCO(13nm)/MgO(100)

=
&

005 010 0.5
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Fig.4.19: XRR pattern of LCMO film with on MgO (100) substrates.

105



YBCO on STO(100)
u.m B GFI{\:’IU:GIH

/
OTan=TBK

= E{ sSC

£ /

@ .

E'U.ﬂﬁ - j

E f

_ 9O
-0.10 r—M

Fig.4.20: Superconducting transition on YBCO film on STO (100) substrates.

4.4 Growth and characterization of LCMO/STO/YBCO heterostructures

In order to optimize the growth conditions for LCMO/STO/YBCO heterostructures
on STO (100) substrates by pulsed laser deposition, we have first grown the STO (25
A)/YBCO (200 A) bilayers on STO (100) substrates. The XRD pattern of the bilayer of
STO/YBCO is presented in Fig. 4.21. Presence of only (00n) reflections shows that YBCO
film is highly c-oriented. Typical XRR plots for the STO/YBCO bilayer are shown Fig
4.22. The thickness of the YBCO and STO layers are found to be 185 and 24 A,
respectively. Moreover, the STO/YBCO interface roughness was found to be 12 A,

indicating very smooth interface.
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Fig. 4.21: X-ray diffraction data from STO/YBCO bilayer on STO (100) substrate.
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Fig. 4.22: X-ray reflectivity (XRR) pattern from STO/YBCO heterostructures. Inset show the
corresponding thickness and roughness of each layer which gave best fit to XRR data.

Growth parameters used for STO (25 A)/YBCO (200 A) bilayers were also used for

the growth of LCMO (300 A)/ STO (25 A)/YBCO (300 A) and LCMO (200 A)/STO (50
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A)/ YBCO (200 A) trilayers on STO (100) substrate. LCMO/STO/YBCO heterostructures
were characterized by XRD to confirm the crystalline nature and XRR measurement was

carried out to find layer thickness and interface roughness.

4.3.1 X-Ray Diffraction

The degree of crystalline of the heterostructures was evaluated by X-ray Diffraction
(XRD) measurements. Typical XRD pattern of the trilayer for LCMO (300 A)/ STO (25

A) YBCO (300 A) is presented in Fig. 4.23. YBCO layer preferentially grows along the c-

axis.
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Fig. 4.23: X-ray diffraction data from LCMO/STO/YBCO trilayer on STO (100) substrate.
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The inset shows the magnified version of the (001) peak of the YBCO, which has
the thickness fringes. YBCO (001) peak was fitted using following equation to estimate the

thickness of YBCO in trilayer:

Sin?(NQd)
% “sin2(Qd)

Where, N is the number of lattice planes, d is lattice spacing (here for the first peak of
YBCO, d is equal to c-lattice parameter, and Q = 47” sin 8, A = wave length Cu K,). The fit

yields film thickness of 28 nm and Lattice parameter ¢ = 11.67 A corresponding to an

oxygen content of 6.7 in YBCO [99, 100] indicating YBCO is in under doped regime.

Table 4.1: parameters obtained from XRR measurements.

LCMO (300 A)/STO (25 A)/YBCO (300 A) | LCMO (200 A)/STO (50 A)/YBCO (200 A)

heterostructure heterostructure

layer ~ Thickness  Electron SLD Roughness Thickness Electron SLD  Roughnes

(A) (107 A) (A) (A) (107 A) s (A)

LCMO 32015 4.97+0.06 13£3 187+12 4.88+0.07 10+3
STO 2342 4.30£0.05 4=1 50+3 4.25£0.05 51

YBCO  285+I5 4.76+0.04 12+4 185+11 4.74x0.05 14=4
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4.3.2 X-Ray Reflectivity

In order to confirm the thickness of the layers and estimate the interface roughness,
the XRR patterns were recorded for LCMO (300 A)/STO (25 A)/YBCO (300 A) and
LCMO (200 A)/STO (50 A)/YBCO (200 A) trilayers are shown in Fig 4.24. The inset of
Fig 4.24 shows the electron scattering length density (ESLD) profile which gave best fit to
XRR data. The obtained parameters of the analyses of the XRR data are presented in Table

4.1.
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Fig. 4.24: X-ray reflectivity (XRR) pattern from two heterostructures LCMO (300 A)/STO (25
A)YBCO (300 A) and LCMO (200 A)/STO (50 A)/YBCO (200 A).
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4.3.3 Magnetic Properties

Temperature dependent DC magnetization data measured on LCMO (300 A)/STO
(25 A)/YBCO (300 A) under FC mode is shown in Fig. 4.25. The ferromagnetic transition is
observed at temperature 7pv = 130 K, which is slightly lower (150 K) than the individual
LCMO layer. Superconducting transition 7sc = 60 K is inferred from ZFC data shown in
the inset of Fig. 5.5. The lower Tsc of the trilayer is attributed to proximity effect and/or
low oxygen content, as revealed from XRD data. From the oxygen content estimated
earlier, Tsc reduction is expected to be 78 K. This implies that there is a strong magnetic

proximity effect.
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Fig. 4.25: FC Magnetization of LCMO (300 A)/STO (25 A)/YBCO (300 A) trilayer in 300 Oe

field showing the FM transition at around 130 K. Inset show ZFC showing Tsc ~ 60 K.
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4.3. Investigation of magnetic proximity effect in LCMO/STO/YBCO

heterostructures using PNR

In order to study the magnetic proximity effect, PNR measurements were carried
out as a function of temperature under FC condition. PNR data with neutron spin polarized
in the field direction (R") and that opposite to the field (R") recorded at 300 and 10 K are
shown in Fig. 4.26 (a). The solid line in Fig. 4.26(a) is a fit to experimental data. The
difference between spin dependent neutron reflectivity (R" - R"), is plotted in Fig. 4.26 (b)
at 300 K where R" and R™ are the same indicating zero net magnetization.

In order to extract the information from PNR measurements, we first optimized the
nuclear scattering length density (NSLD) profile from PNR data at 300 K by constraining
layer thicknesses and interface roughness to be within 95% confidence limit [102], i.e., 2-c
error, established from the analysis of XRR data. The reflectivity was calculated using the
dynamical formalism of Parratt [77] and parameters of the model were adjusted to
minimize the value of weighted measure of goodness of fit ¥ [101]. The NSLD was fixed
and then only magnetization depth profile M(z) was optimized to the PNR data taken at 10
K. Fig. 4.26 (c) and (d) correspond to NSLD and M(z) depth profiles at 300 K and 10 K
respectively which fitted the PNR data well for given temperatures (Fig. 4.26(a) and
5.6(b)). The interface roughness for air/LCMO (surface), LCMO/STO (LCMO on STO),
STO/YBCO (STO on YBCO) and YBCO/substrate interface were obtained from XRR and
PNR tobe 13+ 3 A 4+1 A, 12+4 A and 6+ 2 A respectively. Thus LCMO/STO

interface roughness (~4 A) was about one third of the other interfaces grown by PLD.
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Fig. 4.26: (a) Polarized neutron reflectivity (PNR) measurements and their modeling. a, PNR (spin
up, R" and spin down, R") data from the LCMO (300 A)/STO (25 A)/YBCO (300 A) trilayer at 300
K and 10 K. Reflectivity data at different temperature are shifted by a factor of 20 for the sake of
clarity. (b) Spin difference (R" - R") data at 300 K (upper panel) and 10 K (lower panel). (c)
Nuclear scattering length density (SLD) depth profile extracted from fitting PNR data at 300 K as
shown in a, b. (d) Magnetization (M) depth profile corresponding to PNR data shown in (a) and (
b). Two magnetization models, with and without magnetic dead (MD) layer at LCMO/STO
interface, at 10 K are depicted in d and the corresponding fits to PNR data are shown in b (lower
panel).

The important finding in this study is the magnetization depth profile of the sample
at 10 K (Fig. 4.26) measured well below Tsc. A detailed comparison of different models of

magnetization depth profile and corresponding fits to measured PNR data at 10 K is shown

in Fig. 4.27. We used different models for the magnetization depth profile by considering
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uniform and non uniform magnetization across LCMO layer. A comparison of three
models which gave better fit (with smaller )(2) to PNR data at 10 K are shown in Fig.
4.27(b). These three models are (a) Where the magnetization is homogeneous throughout
LCMO layer, (b) magnetization is suppressed (or formation of magnetic dead layer) at
LCMO/STO interface but uniform magnetization in the rest of LCMO layer and (c)
formation of magnetic dead layer at LCMO/STO interface and non uniform magnetization
in the rest of LCMO layer. Fig 4.27 clearly depicts that model (c) best fit (with smallest y*)

the PNR data at 10 K, suggesting modulation in magnetization depth profile LCMO layer.
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Fig. 4.27: a, PNR (spin up, R" and spin down, R ) data from the LCMO (300 A)/STO (25
A)/YBCO (300 A) sample at 10 K. upper panel show the spin difference (R” - R") data at 10 K. b,

shows the corresponding magnetization depth profiles which fitted PNR data at 10 K.
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A comparison of two models, with and without magnetic dead layer at LCMO/STO
interface, is shown in Fig. 4.27. Assuming uniform magnetization over the whole LCMO
layer didn’t fit PNR data well at 10 K as shown in Fig. 4.26 (a) and (b). The fit to PNR
data at 10 K and solid curve in the lower panel of Fig. 4.27 with minimum y° was obtained
with magnetic depth profile shown as a solid line in Fig. 4.27(b), suggesting a magnetic
dead layer (graded area in Fig. 4.27 (b) at LCMO/STO interface of thickness, & ~ 100 A
and a non-uniform magnetization in the rest of LCMO layer, which increases to a

maximum value ~205 emu/cc near the surface.

a o503l — fit with no MD layer b ith no MD layer
—eo—fit with MD layer ith MD layer
@® Dataat 100K 20 T =100K
10

: z
S 0.00 S
:q:) 1 1 N 1 g 0 2 1 s 1
= ] L) v )
5 0 e LCMO//E YBCO
c UUo = 9

— fit with MD layer

with MD layer

0.03 T=50K

50

0.00

N [ A [ N [
0.02 003 0.04 0 200 400 600
Q (A™Y Depth (A)

Fig. 4.28: Polarized neutron reflectivity (PNR) measurements and their modeling across
superconducting transition temperature. (a) Spin difference (R" - R") data the LCMO (300 A)/STO
(25 A)/YBCO (300 A) sample at 100 K (upper panel) and 50 K (lower panel). (b) Magnetization
(M) depth profile at 100 K (upper panel) and 50 K (lower panel) corresponding to spin difference
data shown in a. Two magnetization models at 100 K are depicted in the upper panel of (b) and the

corresponding fits to PNR data are shown in upper panel of (a).
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In order to confirm the effect of superconductivity on magnetic modulation in
sample A, we carried out PNR measurements at 100 K (> Tsc) and 50 K (< Tsc). Upper
and lower panels of Fig. 4.28(a) show PNR (Spin difference) data at 100 K and 50 K
respectively. A comparison of different magnetization models to fit PNR data at 100 K is
shown in the upper panel of Fig. 4.28(b) which clearly suggests a small but uniform
magnetization (solid curve) for whole LCMO layer. The other model with magnetic dead
layer at LCMO/STO interface is not consistent with the PNR data at 100 K. On the other
hand the PNR data at 50 K (lower panel of Fig. 4.28(a) and (b) is consistent with the
magnetization model profile used at 10 K. These results clearly suggest that the magnetic
dead layer emerges below the superconducting transition.

We recall the observation of suppressed magnetization at the LCMO/YBCO
interface over a thickness of 2-3 unit cells in LCMO as a result of charge transfer across
the interface [44]. However, magnetization suppression in our case occurs over much
larger length scales upto several nanometers, which is comparable to long range coupling
seen across LCMO/YBCO superlattices [47]. Thus our result might be a first indication of
the depletion of magnetization in the LCMO layer induced by possible tunneling of the SC
order parameter into LCMO through an insulating STO layer.

We now focus on the result of the PNR experiments at 10 K under similar
conditions on LCMO (200 A)/STO (50 A)/ YBCO (200 A) where the thickness of the
insulating STO is larger at 5 nm. Fig. 4.29 shows the PNR data (spin difference) at 300 K
and 10 K. NSLD profile of the sample (upper panel of Fig. 4.29 (a) and (b)) is obtained
from 300K PNR data. PNR data at 10 K (lower panel of Fig. 4.29 (a) and (b)) clearly

suggests a modification of the magnetization in LCMO layer. A comparison of different
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magnetization models and corresponding fits to PNR data are illustrated in the lower panel
of Fig. 4.29 (a) and (b). We again observe a magnetic dead layer of thickness ~ 40 A at
LCMO/STO interface. However the magnetization profile beyond this dead layer in
LCMO is uniform with M = 100 emu/cc. We note that the length scale of magnetic dead
layer (= 40-100 A) formed at LCMO/STO interface is significantly larger than the interface

roughness (= 0.5 nm) obtained from XRR and PNR data.
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Fig. 4.29: Polarized neutron reflectivity (PNR) measurements and their modeling from the sample
with double thickness of insulator layer. (a) Spin difference data from the LCMO (200 A)/STO
(50 A) YBCO (200 A) trilayer at 300 K (upper panel) and 10 K (lower panel). (b) Nuclear

scattering length density (NSLD) depth profile (upper panel) and magnetization depth profile
(lower panel) extracted from fitting PNR data at 300 K and 10 K as shown in a. Two
magnetization models at 10 K are depicted in the lower panel of (b) and the corresponding fits to

PNR data are shown in lower panel of (a).
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Further, the average magnetization 120 + 10 emu/cc of LCMO (300 A)/STO (25
A) YBCO (300 A) (taking into account the magnetic dead layer of thickness ~ 100 A)
estimated from PNR data at 10 K is in good agreement with a value of 110 emu/cc
obtained from macroscopic SQUID magnetometer (Fig 4.30). This value is well below the
saturation magnetization (M) = 400 emu/cc observed for single layer LCMO thin films

[103]. However the magnetization of LCMO layer highly depends on the thickness of

YBCO layers.
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Fig. 4.30: Variation of magnetization (M) as a function of temperature for field cooled condition

in a magnetic field of 300 Oe using SQUID (open circle) and PNR (open star) for LCMO (300

A)/STO (25 A)/YBCO (300 A) trilayer.
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It is a distinct possibility that the depletion of magnetization in the LCMO layer is
caused by superconducting order parameter tunneling into the LCMO layer. Both
ferromagnetism and the superconducting state derive their existence from the local density
of states. Primarily, presence of superconducting order in LCMO consumes a part of the
local density of states at the cost of the strength of the magnetic state. However, SC order
persisting over long distances is not expected in the presence of large exchange field,
which causes the SC wave function to oscillate and decay rapidly. However, possibility of
long range presence of superconducting order for opposite spin cooper pairs is theoretically
discussed by Bobkova and Bobkov [104] under non-equilibrium conditions, which
compensate the non-zero momentum acquired by the pairs upon their interaction with the

exchange field of the ferromagnet.
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Fig. 4.31: Fitting of magnetization depth profile of YBa,Cus;O;5 (300 A)/SrTiO; (25

A)/Lay;3Ca;sMnO; (300 A) sample at 10 K obtained from PNR data using Eq. 4.1.
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We argue that the system prepared under field cooled conditions is also a non-
equilibrium state with not only a nanoscopic phase coexistence of FM and charge ordered
states but also with ferromagnetic domain walls. We argue that in systems with phase
coexistence and domain walls, the random direction and strength of the local in-plane
vector potential may also compensate for the net momentum acquired by the pairs on their
interaction with the exchange field.

The randomness may result in several length scales in the FM system, which is
evident from our attempt to fit the magnetization profile in the LCMO layer obtained from

PNR data to the form

With a large value for o = 18 and M, is the magnetization sufficiently far from the
LCMO/STO interface (Fig. 4.31). The magnetization profile may thus indicate the
presence of a large number of length scales in the system.

4.4 Conclusions

Influence of oxygen partial pressure on phase formation and magnetic properties of
LSMO (Lay;3Sr3MnQ3) thin films on STO grown by PLD were studied. Strain were
calculated by XRD and observed that Tr) and Hc¢ increased with strain in LSMO film.
Further strain in LSMO films were produced by depositing LSMO films on MgO, STO and
YBCO (c- oriented YBCO (100 nm) on STO) substrates. Highly c-oriented LSMO films
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are confirmed by XRD patterns. Uniform and non-uniform strains were calculated by XRD

peak position and broadening.

We prepared several LCMO/STO/YBCO trilayers using pulsed laser deposition and
thoroughly characterized by X-Ray diffraction and X-Ray reflectivity measurements to
ascertain the high degree of epitaxy and high quality of interfaces. Some of the samples
were chosen for performing Polarized Neutron Reflectivity measurements. We have
unambiguously demonstrated that a superconducting YBCO separated from a
ferromagnetic LCMO layer by an insulating STO induces magnetic modulation in the
LCMO layer. The modulation is in the form of a magnetic dead layer at the LCMO/STO
interface below superconducting transition temperature. The depth of the magnetic dead
layer is seen to increase when the insulating layer is made thinner. In addition to the
magnetic dead layer at LCMO/STO interface we observed non uniform magnetization
depth profile in rest of LCMO layer in LCMO/STO/YBCO heterostructure with thinner

insulator layer.
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Chapter 5

Summary and Conclusions
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Investigation  of  the  proximity  effects in  artificially  grown
ferromagnetic/superconductor heterostructures has been a field of active research for past
several decades. Essentially superconductivity and ferromagnetism are antagonistic
phenomena. This antagonism has an origin at the microscopic level, i.e., attraction
between electrons creates Cooper pairs in a singlet state, whereas exchange interaction that
produces ferromagnetism, tends to arrange electron spins parallel to one another.
Therefore, when the Zeeman energy of the electrons of a pair in an exchange field /
exceeds superconducting gap A, the superconducting state is destroyed. For the above
reasons, the coexistence of the superconducting and ferromagnetic order parameters is
unlikely in a uniform system. However, in nature there are few materials, such as,
(RE)Rh4B4 and (RE)Mog¢Xs ( RE- rare earth, X- S, Se), RuSrGdCu,0s, UGe,, URhGe etc.,
in which magnetism and superconductivity coexist. It has been demonstrated that s-wave
superconductivity coexists with antiferromagnetism, for example in (RE)RhsB; and
(RE)MosXsg (RE- rare earth, X- S, Se), and the triplet-paring superconductivity coexists
with ferromagnetism in UGe,, URhGe, RuSrGdCu,Os.

The coexistence of ferromagnetism and superconductivity has been mainly
investigated in artificially prepared ferromagnet/superconductor (F/S) heterostructures
consisting of alternating F and S layers e.g. Fe/Nb/Fe, Nb/Gd, NbN/Co, YBa,Cu3;Oy/
LaCaMnOs3, YBa;Cu3Oy/ LaSrMnO;, etc. In these heterostructures, owing to the proximity
effect, a superconducting order parameter can be induced in the F layer; on the other hand,
the neighboring pair of F layers can interact with one another via the S layer. Such systems
exhibit rich physics: (i) oscillations in superconducting transition temperature with

increasing thickness of ferromagnetic layer in three-layer structures (F/S/F), which were
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ascribed to the appearance of m-phase superconductivity; (ii) in S/F/S Josephson junctions
the relative phase can be 7 instead of the usual zero (known as m-junction) depending on
the thickness of the F layer. Relative strengths of the two order parameters and their
interplay can be varied by growing bilayers and trilayers different thickness in controlled
manner.

Mainstay of this thesis is the growth of Ferromagnet/Superconductor
heterostructures based on metallic (Nb/Gd, Nb/Ni and NbN/NbO/Co) and oxide materials
(YBa;Cu304/SrTiOs/LaysCa; 3Mn0Os3). The metallic thin films and FM/SC heterostructures
were grown on Si substrates using DC magnetron sputtering; while oxide thin films and
heterostructures were grown by pulsed laser deposition. Oxide thin film heterostructures
were widely studied, with an objectives to understand if the proximity effect persists even
when an insulating layer between superconducting and ferromagnetic layers is introduced.
Thin films and heterostructures grown during thesis work were characterized using a host
of techniques, such as, scanning electron microscopy; X-ray diffraction; X-ray reflectivity
and polarized neutron reflectivity (PNR). The temperature dependent magnetization was
measured using the SQUID magnetometer. The temperature dependent electrical transport
was measured using four probe method. The main results obtained during the thesis work
are summarized as follows:

¢ Superconducting thin films of Nb and NbN prepared using DC sputtering exhibited
Tscof 9 Kand 16.2 K respectively.
e The ferromagnetic thin films of Co were prepared and in situ annealed up 800 °C,

Change in surface morphology was correlated with magnetic properties. Co films
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deposited at room temperature exhibited soft ferromagnetic behaviour whereas those
annealed at high temperature exhibited hard ferromagnetic behaviour.

For Ni films, thickness dependence of the magnetic properties was studied. It is
observed that coercive field increases with thickness whereas remanant
magnetization decreases with thickness.

The growth parameters of the Gd films were optimized and it was shown that for
films having thickness of 300 A exhibited Curie temperature ~ 290 K.

Two series of Fe/Au multilayers were grown: one with varying Fe layer thickness
from 30-100 A keeping Au thickness at 50 A, and the other with varying Au layer
thickness from 50-150 A keeping Fe thickness at 50 A. Magnetoresistance and
remanant magnetization increase (decrease) with thickness of Fe (Au) film.
Annealing of multilayers at 100 °C causes increase in interface roughness and
decrease in magnetoresistance.

Nb/Ni bilayers exhibit anomalous (i.e. two step behaviour) current-voltage
characteristics near superconducting transition temperature, which can be correlated
to the inhomogeneous superconductivity owing to the domain wall
superconductivity.

Nb/Gd bilayers exhibit two step superconducting transition, reminiscent of domain
wall superconductivity in superconducting layers deposited on insulating
ferromagnetic substrates [90]. The superconducting region lying right below a
domain wall exhibits a higher transition temperature compared to that right below a
ferromagnetic domain. Such a conclusion is consistent with (a) the disappearance of

the two step behaviour with increasing applied field, b) the observed magnetic
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history dependent R(T) transitions and (c) the magnetic hysteresis dependent V(I)
characteristics.

e The re-entrant resistance was observed in NbN/NbO/Co trilayer below the
superconducting transition. This re-entrant resistance around 1% of the normal state
resistance which is compare with similar deposited NbN film. R-T curves are
recorded at different probe currents. The observed resistance is found to decrease on
increasing the probe currents. A possible reason for re-entrant resistance might be the
vortex dynamics in NbN superconducting layer due to the stray fields created by Co
layer.

e The magnetic proximity effect in YBCO/STO/LCMO trilayers has been investigated
by polarized neutron reflectivity (PNR). PNR measurements were carried out across
the both superconducting and ferromagnetic transitions. The suppression of
ferromagnetic ordering in a LCMO layer was observed, which is separated by STO
insulator from superconductor YBCO. The PNR analys suggested an emergence of a
thin magnetic “dead layer” in LCMO adjacent to the STO layer below the
superconducting transition temperature of the trilayer. The dead layer is seen even
for STO layer as thick as 5 nm, suggesting a possible tunnelling of the
superconducting order parameter through the insulating barrier thereby modifying

the magnetic state of LCMO.

This thesis work has clearly demonstrated that by inserting an insulator layer
between superconducting and ferromagnetic layers, new effects are observed. For example,

in case of NbN/NbO/Co, a re-entrant resistance below superconducting transition
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temperature is observed, while in case of YBCO/STO/LCMO a magnetic dead layer is

observed in LCMO. These results provide further scope for future research in the following

areas:

(1) Investigation of re-entrant superconductivity in
superconductor/insulator/ferromagnet heterostructures by varying the thickness of
insulating layer, using superconducting layers of different coherence lengths
and/or using soft or hard ferromagnetic layers.

(i) Investigation of magnetic proximity effect in YBCO/STO/LSMO as a function of
STO thickness.

(iii) Further investigation of domain wall superconductivity in

superconductor/ferromagnetic bilayers using different superconducting and

ferromagnetic materials.
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