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Abstract

Giant magnetoresistance effect (GMR) has been broadly employed in hard
disk read heads and non-volatile memory devices since its discovery by Albert
Fert and Peter Grunberg. The importance of GMR was further confirmed by their
sharing of the Nobel Prize in 2007. Commercial GMR devices are dominated by
spin valve (SV) structures, in which a thin non-magnetic layer is sandwiched
between two ferromagnetic layers. Currently, commercial SV are dominated by
metal-based structures, because of their simplicity in theoretical treatment and
fabrications. Recently, all-oxide SVs and oxide-based SVs have attracted
research interests, using oxide materials with high spin polarization such as CrO,
and rare-earth doped manganites like (La,Sr)MnOs;. The aim of this project is to
demonstrate GMR in all-oxide SVs with such oxides.

In this work, | fabricated pseudo SV (PSV) devices, which do not rely on
antiferromagnetic layers for introducing coercivity contrast between magnetic
layers. Well-defined magnetic states were achieved by intrinsic differences
between coercivities of the two ferromagnetic layers. The materials selected in
this work were La;-xAxMnO3 (where A = Ca and Sr) for ferromagnetic electrodes
and LaNiO; (LNO) for non-magnetic layer. All samples were fabricated by

pulsed laser deposition (PLD). PLD is an advanced technique to deposit thin
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films which can retain the stoichiometry of target materials.

This work was primarily divided into two parts. The first part was the
optimization of deposition conditions for each layer in the PSV. The second part
was concerned with measurements of the PSV devices.

The surface morphology and crystallinity of thin films were investigated by
atomic force microscopy and x-ray diffractometry. GMR responses are generally
worsened by rough surfaces and poor crystallinity of thin films. Precise
optimization of deposition parameters, such as substrate-to-target distances, laser
fluence, repetition rate and oxygen pressure, are therefore necessary to obtain
thin films with extremely flat surfaces and highly crystalline structure. Two PLD
systems were utilized to deposit thin films in this project, one was a typical PLD
system and the other one a laser molecular beam epitaxy (LMBE) system.
Compared with PLD, LMBE can produce epitaxial films with atomic flatness.
Experimental results showed that the roughness (~1 nm) and crystallinity
(FWHM ~ 0.2° obtained from w-scan) of the films fabricated by LMBE were
superior to those produced by PLD. Magnetic properties, such as magnetization
and coercive field of the separate layer were studied by vibrating sample
magnetometer. For 100 nm thick Lag7Sro3sMnO3z (LSMO) thin films on LaAlO3

(LAO) (001) substrates, Curie temperatures were about 330 K, as estimated by
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both magnetization-temperature and resistance-temperature measurements.

After the optimization of deposition parameters, PSV devices were
fabricated. All devices were prepared by standard processes of UV-lithography,
dry etching and lift-off. There are two measurement configurations for
demonstrating GMR  effect, namely current-in-plane  (CIP) and
current-perpendicular-to-plane (CPP) geometries.

CIP devices were fabricated with PSV structure Lage7Sro.33Mno gsRUp 0503
(LSMRO) (100 nm)/ LNO(15 nm)/LSMO(50 nm). Ru doping in LSMO has been
shown to induce coercivity enhancement 2.5 times that of LSMO (~100 Oe at
80K). Double coercivity was clearly observed in the devices. Magnetoresistance
measurements were performed on the device at 10 K.

LSMO(50 nm)/ LNO(15 nm)/Lag7Cap3MnO3 (25 nm) PSV, prepared to be
fabricated into CPP device, was deposited on LAO with LNO as the bottom
electrode. Microstructural analysis showed the epitaxial nature of the films, and
hysteresis loop measurements illustrated double coercivity characteristic of the
heterostructure. Successful preparation of PSV structures described here would
serve as a protocol for further investigations of spin transport in other oxide

systems.
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Chapter 1 Introduction

1.1 Motivation of this thesis

The giant magnetoresistive (GMR) effect, in which the resistance of
magnetic multilayers or granular systems change by the order of 10% in the
presence of an applied magnetic field, opens up a new field of research which
utilizes the spin degree of freedom in charge carriers, namely, spintronics
(Section.1.3). Recent experiments of current-induced magnetization switching
[1.1-1.3] even demonstrated that in such GMR systems the magnetization could
be controlled by current instead of magnetic field. GMR-based devices are
therefore one of the candidates for the next-generation nonvolatile memory
devices. However, the large current density required (>10" A/cm?) for device
operations is not suitable for those metallic structures due to electromigration
problem. Two approaches were suggested to overcome this problem: (1) to
reduce the current density and (2) to replace metallic systems with more robust
structures.

In this work, the second route was adopted, and | investigated all-oxide
GMR system because of its high structural tolerance compared with metallic

ones. Besides, reports on GMR effect in all-oxide structures were very scarce,
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and those reporting magnetization switching by means of current in such
structures were even less. Detailed investigations, such as the effect of interfaces
between different oxide layers or the spin diffusion lengths of non-magnetic
conducting oxides on GMR, are required for a deeper understanding of GMR
effect in such systems. Successful demonstration of these effects will be a crucial
step towards the realization of non-magnetic-field controlled magnetic devices.
Materials in GMR devices are required to be conductive, and perovskite
oxides are chosen among conductive oxides (the reasons and details of which
will be presented in Section.1.4). Pseudo spin valve (PSV) structure (Section.3.2)
was selected to show magnetoresistive effect due to its simplicity in fabrication.
The proposed devices were fabricated by pulsed laser deposition (PLD) and

photolithography processes.

1.2 Giant magnetoresistance

Year 2007, the second year | engaged into the research of GMR effect, was
a milestone for modern electronic devices. In this year, Albert Fert and Peter
Grunberg were awarded the Nobel Prize in Physics [1.4-1.6] for their discovery
of GMR effect. Needless to say, massive data storage devices such as iPods,
ultra-lightweight mobile laptops could not be made possible without the

discovery of GMR. GMR is therefore of great importance in terms of
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information storage industry and more importantly, it has started the research on
the manipulation of spin degree of freedom in charge carriers.

GMR effect, discovered individually by Fert [1.7] and Grunberg [1.8] in
1988, originates from the imbalanced scattering of electrons when they are
traveling through two separated ferromagnetic conductors. The degree of
scattering depends on the relative orientations between electron spins and the
magnetization directions of the conductors. An antiparallel magnetization
configuration in the two magnetic layers represents the high resistance state,
while the parallel configuration is the low resistance state. It should be noted that
although Fert and Grunberg discovered GMR when they investigated metallic
multilayers, there is a wide range of materials (e.g. oxides [1.9, 1.10] and organic
materials [1.11, 1.12]) that can exhibit GMR.

The significant changes in resistances in response to slight variations of
magnetic field make GMR devices extremely sensitive to magnetic field. The
phenomenon was therefore quickly employed in magnetic recording heads,
which were first commercialized in 1997 [1.4]. Until now, over 5 billion
recording heads have been manufactured, and GMR heads were gradually
replaced by ones utilizing tunneling magnetoresistance (TMR) effect (Chapter 3).

Many scientists suggested that GMR and TMR can also be used in non-volatile
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data storages as magnetic random access memory (MRAM) [1.13]; such
MRAMs have advantages of non-volatility and low energy consumption
compared with conventional DRAM and SRAM.

As mentioned above, GMR refers to a large resistance change induced by
means of magnetic field. Interestingly, such enormous resistance changes can
also be realized by current injection [1.1, 1.2]. In 1996, Slonczewski [1.14]
suggested the possiblility of current-induced resistance changes, and explained
this with spin torque. Spin torque received considerable attention from
experimentalists [1.3, 1.15-1.18] and theorists [1.19] in recent years. In addition,
microwave generation by spin torque induced magnetic precession [1.20, 1.21]
provides another research direction. Apart from data storage devices, Baselt et al.
[1.22] even promoted the idea of GMR for biological application, details of

which were reviewed by Megens and Prins [1.23].

1.3 Spintronics

Figure.1.1 summarizes important discoveries about electron spins. As early
as 1896, Zeeman effect already suggested the presence of the spin degree of
freedom, although it had not been discovered when Zeeman observed the effect.
Unlike charges, electron spins were ignored in the mainstream charge-based

electronics in the 20" century. Even with the discovery of dilute magnetic
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semiconductors by Robert Gat azka and colleagues [1.25], few scientists thought
about incorporating spins into their electronic devices. Luckily, inspired by the
birth of GMR, many researchers began to contemplate the function of spins and
since then, spintronics (“spin” elec“tronics”) attracted great interests from
research institutes and the storage industry [1.26-1.32] because of its underlying

physics and potential applications.
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Figure 1-1 A timeline showing milestones for spin-related researches. (After
Ref.[1.24])

In the field of spintronics, the major interests are achieving high spin

polarization, and retaining specific spin states for the longest-possible time.

Material scientists tried to achieve the first goal by using half metallic materials

(Chapter 2), a new class of materials proposed by de Groot in 1983 [1.33].

Promising half metallic materials, including Heusler alloys [1.34], perovskite

manganese oxides (the material used in this work) [1.35], and CrO, [1.36, 1.37]
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have been intensively studied. Research efforts are also focused on maintaining
the spin states in mateials, because of the potential outstanding performance of
guantum computers [1.38]. Such investigations have been done on
nanostructures, e.g. carbon nanotubes [1.39] and quantum dots [1.40], or in novel
materials including oxides [1.41] and organics materials [1.42]. Datta and Das
took one step forward and suggested the spin field effect transistor (spin FET)
[1.43]. The spin FET possesses entirely different functionalities compared with
conventional FET devices. Lastly, the electronics industry is interested in

incorporating spin-based devices into silicon-based electronics [1.31].

1.4 Material Selection

For ferromagnetic electrodes in my PSV devices, rare-earth optimally-doped
lanthanum manganites (mainly Lagg7Sro33sMnO3) and their derivatives were
chosen because of the following reasons.

1. They are half-metallic, and therefore the devices can possibly attain high
resistance changes.

2. Theoretical predictions suggested that the current density required for
magnetization switching in GMR devices is inversely proportional to the spin
polarization, and roughly proportional to the saturation magnetization. Since

rare-earth-doped lanthanum manganites are half metallic (i.e. with 100% spin
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polarization) compared with ~20-40% in 3d transition metals, and have low
saturation magnetization (~500 emu/cm®) compared with Co (1440 emu/cm?®),
they are suitable candidate for such devices in these regards.

3. They have comparatively low resistivity among conductive oxides.

4. Many perovskite oxides have similar lattice constants, and this allows
epitaxial growth of oxide films on typical single crystal substrates such as
SITiO3 (STO) or LaAlO; (LAO).

5. Lage7Sro3sMnOs for example, is a room temperature ferromagnet (i.e. Curie
temperature above room temperature), and therefore room temperature GMR
device is possible in this regard.

In this study, four different lanthanum manganites were employed, including
Lag7SrosMnO; (LSMO), Lag7CapsMnO3z (LCMO), (LaggsNdo.15)0.7Sr0sMn0O3
(LNSMO), and Lag 7Sr0.33Mng.g5RUp 0503 (LSMRO).

The aforementioned LSMO was primarily used in this work. For
demonstrating GMR effect, PSV relies solely on the difference between
coercivities of two ferromagnetic layers. Normally, coercivity contrast was
achieved by depositing ferromagnetic layers of different thicknesses and identical
compositions. This approach limits the design of PSV, for example on layer

thicknesses. Therefore, other magnetic materials were used for inducing
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coercivity contrast between two ferromagnetic electrodes, in order to produce
well-defined antiparallel magnetization state and hence introduce pronounced
step-like magnetoresistance responses.

It was suggested [1.44] that low-level Ru-doping in LSMO would induce a
charge transfer between Ru and Mn ions through the reaction Mn*+Ru*"—
Mn**+Ru®*. The (antiferromagnetic) coupling between Mn and Ru spins,
together with the strong spin-orbit interaction of Ru-site spins, was postulated to
cause a much stronger magnetic anisotropy and hence larger coercivity than the
otherwise undoped LSMO. Interestingly, various properties of the Ru-doped
LSMO (such as lattice parameters, saturation magnetization, Curie temperature
and resistivity) were not dramatically affected by Ru doping. Such properties
favor the combination of LSMO and LSMRO as the soft and hard layers of spin
valves or magnetic tunnel junctions [1.45]. It should be noted that there is some
controversy concerning the Ru-doping approach, as very different results have
been reported in literature[1.46].

Apart from B-site doping (Ru doping is in the B site of perovskite structure
I.e.ABQ3), A-site doping by Nd was also employed to produce coercivity contrast,
as reported previously by researchers in the Department of Applied Physics (AP)

[1.47, 1.48].
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LCMO is another doped lanthanum manganite that is under intensive
studies. LCMO (~5000e) is well known to have larger coercivity than LSMO
(~50-1000e) at low temperature. The marked coercivity contrast is enough to
fabricate a  magnetoresistive  device  with  reproducible  step-like
magnetoresistance behavior. As repeatable production of LSMRO films was very
difficult using the thin film deposition system in AP, LCMO was an alternative to
introduce coercivity contrast with LSMO in PSV. The main drawback for using
LCMO as one of the ferromagnetic layers in PSV is that the Curie temperature of
LCMO is only 260K, which is slightly below the room temperature. PSV
utilizing LCMO can only be operated at low temperatures.

Regarding the choice of spacer layer in PSV, LaNiOs (LNO) is the only
suitable candidate as it is paramagnetic as well as highly conductive in the
temperature range (10-400K) to be measured. It has a resistivity which is about
an order of magnitude lower than LSMO. This promising property reduces spin
independent scattering in the non-magnetic layer. More importantly, LNO is a
perovskite structured oxide with very similar lattice parameters as LSMO, which

enable the epitaxial growth of the heterostructure.
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1.5 Overview of this thesis

The main theme of this thesis is an experimental study on the
magnetotransport properties of perovskite oxide heterostructures. The study
could not be possible without understanding the properties of single layers
constituting the heterostructures. Therefore, the study also included
characterization of single oxide layers. This thesis can be divided into two parts.
In the first part, readers will be introduced to various topics related to the current
project. As mentioned above, a very brief description on magnetoresistance and
its relation with spintronics is given in Chapter 1. In Chapter 2, I will introduce
half-metallic perovskite manganites from structural, electrical and magnetic
points of view. Following that, I will discuss magnetoresistance effects, with an
emphasis on GMR, in Chapter 3.

In the second part, focus will be shifted to the core subject of this thesis,
which is the experimental study. Chapter 4 presents the experimental methods,
including sample preparation by PLD, sample characterization by means of x-ray
diffraction, surface morphological, electrical and magnetic characterizations
techniques, and device fabrication using photolithographic methods. In Chapter 5,
characterization of single-layered perovskite oxides will be shown.

Characterizations are divided into two parts, dealing with oxide thin films
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prepared by PLD and LMBE. Chapter 6 describes the magnetoresistive effect of
all-oxide heterostructure in current-in-plane (CIP) geometry. The results show a
combination of magnetoresistance in individual layers in the heterostructure. The
last chapter (Chapter 7) on experimental study ends with an analysis of
microstructure and hysteresis loops measurements of another all-oxide
heterostructure that will be fabricated into current-perpendicular-to-plane (CPP)

device in the near future. Chapter 8 finally summarizes the findings.
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Chapter 2 Review of the perovskite manganites

2.1 Background

Perovskite manganites (AMnO3; where A=La, Ca, Ba, Sr, Pb, Nd, Pr) have
long been studied since 1950s [2.1] by Jonker and Van Santen. The main research
interest of manganites arose from the complexity of such correlated electron
systems, within which the spin, charge, orbital and lattice degrees of freedom
interact simultaneously. In such complicated correlated electron systems,
classical independent electrons treatments do not work anymore. These studies of
manganites not only provide a protocol for investigations of correlated electron
systems, but also give a reexamination of modern condensed matter physics
theories [2.2-2.5].

The re-discovery of colossal magnetoresistance (CMR) (will be mentioned
in Chapter 3) in manganites in 1990s provoked hopes for developing commercial
applications rather than pure scientific interests (for a review see [2.6]). Many
devices concepts [2.7-2.12] have been proposed and demonstrated. However, the
development of industrial applications based on manganites are still hindered by
the large field required for exhibiting CMR effect and their low Curie

temperatures, and hence were not adopted so far.
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The focus of studies was then shifted to GMR and TMR effect (both will be
mentioned in Chapter 3) in multilayered structures partly composed of
manganites, based on the half-metallic nature [2.13] of manganites (strictly
speaking, La;xAexMnO3; where Ae=Ca, Sr, Ba). Recent research efforts have also
focused on studying magnetoresistance (mostly on TMR [2.14]), as well as the
interplay between electronic, magnetic and crystal structures [2.15-2.17] of these
lanthanum manganites.

In this Chapter, | will briefly review on the crystal structure, electronic and

magnetic properties of perovskite lanthanum manganites and their correlations.

2.2 Crystal structure

The ideal crystal structure of mixed-valence lanthanum manganites is the
perovskite structure, as shown in Figure.2.1.(a). The Mn ion (B site ion) at the
center of the unit cell is surrounded octahedrally by oxygen ions. La ions or
substitute alkanline earth ions (A site ion) such as Sr ions are distributed at the
eight corners of the unit cell. However, most of the time, the MnOg octahedral is
distorted, and hence the perovskite structure is usually orthorhombic. The
relations between orthorhombic and ideal cubic perovskite structure is shown in
Figure.2.1.(b).

The crystal structure of perovskite lanthanum manganites is governed by a
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tolerance factor suggested by Jonker and Van Santen [2.1]:

f=(ry+ ro)/ﬁ(rm +15),
where Ae is alkaline earth ion, and ry is the shortest distance between the x (Ae,
O, and Mn) ion and the origin. The perovskite structure is stable with f between
0.89 and 1.02 [2.1] and f = 1 represents the perfect cubic structure. Depending on
oxygen stoichiometry and composition content of substitute B-site ion (divalent
ion), there are variations in the Mn-O-Mn bond angle. This induces a change
from cubic to orthorhombic structure for the manganite unit cells, as mentioned
before. In the study of manganites in 1950, Jonker and Van Santen [2.1] further
concluded that Curie temperature (T.) was determined by the Mn-O-Mn bond
angle. This bond angle is also closely related to the double exchange mechanism
[2.18], which will be discussed in Section.2.4.1. Therefore, it can be seen that the
crystalline structures (Mn-O-Mn bond angle) of manganites are intimately
related to their electronic (double exchange mechanism) and magnetic properties

(Curie temperature).
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Figure 2-1 (a) Perovskite unit cell of LSMO (b) Orthorhombic (red) and cubic
(green) unit cells for perovskite manganites and the relative orientations of the
crystallographic axes.

2.3 Electronic structure and properties

2.3.1 Electronic orbitals

The electronic configuration of a neutral manganese atom is
15%25°2p°35%3p°®3d°4s?. For a Mn** ion, there are one 3d and two 4s electrons to
be lost, and hence the electronic configuration would be 1s?25?2p®3s%3p°3d*. In
contrast to Mn**, the electronic configuration of Mn** would be
15°25°2p°3s%3p°®3d°. The electronic properties of the manganites are mainly due
to the interactions between Mn 3d orbitals and the 2p orbitals of neighbouring

oxygen ions [2.17]. In the ideal case, the perovskite is cubic and this structure
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provides a crystal field [2.19] to split the 3d orbitals into 5-fold degeneracy as
shown in Figure.2.4. The 3d orbital levels consist of higher energy ey doublets
and lower energy tyq triplets.

However, as mentioned before, the perovskite unit cells are always
distorted, and this kind of distortion is named Jahn-Teller distortion [2.20]. The
eg and tyy of energy levels are further split by this distortion. Jahn-Teller
distortion only occurs for Mn®* with one single e, electron, because the distortion
is only energetically favourable when either tyy or e4 energy level is partially
occupied.

Electrical conduction in perovskite manganites is mainly carried out by
Mn-O-Mn bonds [2.17]. The tyq orbitals rarely overlap with the oxygen 2p
orbitals, and the electrons on the ty; orbitals are more localized. On the other
hand, the eq orbitals have a large degree of overlapping with the O-2p orbitals as
depicted in Figure.2.2. Figure.2.3 shows the 3-dimensional 3d orbitals in
orthorhombic perovskites. The hopping mechanism between Mn ey orbitals and
O 2p orbitals is responsible for electrical conduction in perovskite manganites.

In this section, | have introduced the electrical properties of manganites

from charges and orbital point of view.
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Figure 2-2 Orbital overlap in a plane of the perovskite structure. The tyg dyy
orbital overlaps slightly with the O 2p orbital, and the eq dy’and d,* orbitals have
large overlaps with the O 2p orbital. (Taken from [2.21])
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Figure 2-3 The five 3d orbitals, including two ey orbitals and three tyq orbitals in
orthorhombic perovskites. (Taken from [2.17])
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Figure 2-4 A schematic showing the relative energies of the Mn 3d orbitals: (a)
Isolated Mn atom, (b) in MnOg octahedron, and (c) MnOg octahedron after
Jahn-Teller distortion. (d) Shape of MnOg octahedron with Mn** and (e) Mn**
ions (the latter one undergoes a Jahn- Teller distortion) (Taken from [2.6])

2.3.2 Anisotropic resistivity
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Figure 2-5 Resistance-temperature measurements along in-plane direction for
two 68-nm thick Lag gsBap 33sMO3 (LBMO) films grown on (100) STO (strain-free)
and (110) NdGaOs substrates (compressive in-plane strain).Measurements were
taken under various external magnetic fields (0, 4,and 8 T). (Taken from [2.22])
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Figure 2-6 Temperature dependence of resistance measured along out-of-plane
direction using mesa structures with area A;, for one LBMO film grown on (100)
STO (strain free) and another one on (110) NGO (compressive in-plane strain)
substrates. The inset shows a schematic cross-sectional view of the mesa
structure. (Taken from [2.22])

Figure.2.5 and Figure.2.6 show the investigations of anisotropic resistivity
in manganite thin films by Klein et al. [2.22]. They found that barium-doped
lanthanum manganite films with compressive in-plane stress exhibited metallic
conduction behaviour in plane, and insulating behavior in perpendicular-to-plane
direction. This anisotropy, however, was ignored by some authors [2.23, 2.24]
who used Van der Pauw method [2.25] for resistivity measurements, a technique
which should be applied to homogeneous sample. The resistivity measured in
this work employed typical four point probe method, as will be mentioned in

Chapter 4.

2.4 Magnetic interactions and properties

In perovskite manganites, magnetic properties are governed by the
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interactions between spins of Mn ions. The magnetic properties of the perovskite
manganite are interrelated with the electrical properties, which originate from
electron transfer between Mn 3d orbitals and O 2p orbitals, as mentioned in the
previous section. In the coming sections, two primary magnetic interactions that
affect electron transfer in perovskite manganites, double exchange and

superexchange interactions, will be discussed .

2.4.1 Double exchange

Zener [2.18] was the first one to propose double exchange mechanism for
electrical conduction in manganites. Double exchange starts with a single eq
electron in Mn®" ion, which is transferred from the Mn 3d orbital to an oxygen 2p
orbital. Simultaneously, electron transfer occurs from the same oxygen 2p orbital
to an empty eq orbital in an adjacent Mn*" ion. After the transfer of electrons,
Mn®* becomes Mn** and vice versa. The simultaneous transfer of electrons was
the reason why it was named “double” exchange.

The transfer parameter t; for the hopping of an ey electron from Mn®** to

Mn*" ion depends on the relative orientation between adjacent manganese tog

0.
spins .This is summarized in the relation t; :tcosiéj ,\where 6 is the angle

between neighbouring manganese spins. To summarize double exchange
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mechanism (Figure.2.7) in a sentence: when the adjacent manganese spins are in
parallel state, the probability of hopping by e4 electron along the Mn**-O-Mn**
bond is maximized, and hence the electrical conductivity should be at its highest

value.

o i

Figure 2-7 A schematic for double exchange mechanism.
2.4.2 Superexchange

In perovskite manganites, superexchange [2.26] describes the magnetic
interactions between Mn ions separated by an intervening closed-shell non-
magnetic O> (electronic configuration: 1s*2s°2p°) ion. If the orbitals of two
adjacent ions point toward each other, the electron in O 2p orbital will spend part
of its time on the empty orbital when one orbital is fully occupied and another
orbital is vacant. In manganites, this means that electrons in the fully occupied O

2p orbital can appear on the empty Mn g4 orbital for a certain period of time. The
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electron originally in the O 2p orbital is said to be “shared” by O and Mn ions.
This kind of electron sharing is the characterisitic of superexchange mechanism.

There is a misconception that superexchange necessarily leads to an
antiferromagnetic state. It can also, however, lead to ferromagnetic state. There
are three cases of interactions within Mn-O-Mn bond for superexchange
mechanism. The cases are Mn**-O-Mn**, Mn**-O-Mn** and Mn**-O-Mn** as
shown in Figure.2.8. However, among these three cases, there are only two sorts
of transfers of electrons. For Mn**, one of the eq orbital is occupied. By Pauli
Exclusion Principle, spin of the transferred electron must have opposite
orientation with that of the electron in eq4 orbital, as the t,y and e; must have the
ferromagnetic alignment of spins by Hund’s coupling. On the other hand, for
Mn**, the transferred electron must have the parallel alignment of spins with the
tog €electrons. Finally, it can be clearly shown that Figure.2.8(a) and (b) depict
antiferromagnetic coupling while (c) ferromagnetic coupling between Mn** and
Mn*" in superexchange mechanism.

It should be reminded that, superexchange interaction can not only lead to
antiferromagnetism but also to ferromagnetism (Figure.2.8) while double
exchange can only lead to ferromagnetism. However, in view of electrical

property, double exchange always corresponds to metallic state while
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superexchange corresponds to insulating state.
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Figure 2-8 Schematic showing the possible cases of the combination of both spin
alignment of Mn** and Mn** and orbitals involved. (After Ref.[2.27]).

2.4.3 Coercivity tuning

This work aims at demonstrating GMR effect in all-oxide PSV structures, in
which magnetic materials with marked contrast in coercivity were employed. The

study of coercivity tuning in manganite thin films was emphasized in this work.
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Since the discovery of GMR, only a few articles [2.28,2.29] reported the
presence of GMR effect in all-oxide PSV. In such investigations, two
ferromagnetic electrodes of identical compositions and different thicknesses were
utilized to achieve coercivity contrast. This approach is limited by, for example,
the layer thickness of the spin valve structures.

Various approaches have been examined in order to induce coercivity
contrast, such as magnetostatic coupling due to shape anisotropy [2.30], or using
different magnetic materials with marked coercivity differences [2.31]. In this
work, low level (i.e. doping in small quantities) B-site Ru-doping into LSMO
was employed to enhance the coercivity of bare LSMO films. Details of

coercivity modification in Ru-doped LSMO thin films were given in Section.1.3.

2.5 Half metallicity in manganites

Other than typical behavior of ferromagnetic metals, manganites also
exhibit the unique feature of half metallicity. Half metallic ferromagnet was first
suggested in 1983 [2.32]. In half metals, up-spin band and down-spin band are
separated, and one of the spin bands is empty. This is different from convectional
ferromagnetic metals, in which both up and down spin bands are occupied
(Figure.3.7). Other than perovskite manganites, double perovskites (e.g.

A,FeMoOg ; A = Ca, Sr, Ba) [2.33], CrO, [2.34, 2.35], magnetite (e.g.FesOy)
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[2.36] and Heusler alloys [2.37] also exhibit half metallicity and high Curie
temperatures (Tc¢). Theoretically, since one of the spin bands is empty in half
metallic materials, electrons that are transmitted through these materials can be
100% spin polarized [2.32, 2.38]. Therefore, half metallic materials can be
utilized as perfect spin polarizers.

The first experiment showing the presence of half metallic materials was
done by Park and colleagues [2.13] in 1998. In the same year, Soulen et al. tried
to measure the spin polarization of theoretically proposed half metallic materials
[2.39]. The results are summarized in Table.2.1. The percentage values of spin
polarization vary with measurement methods. This can be seen from the results
(98%) of Park et al. as measured by spin resolved photoemission, and the results
(78%) from Soulen et al. who measured the spin polarization value by
superconducting point contacts on LSMO thin films.

In spite of the success in these experimental studies, scientists are still
confronting some problems on realizing technological applications with such
materials. For example, as for Heusler alloys, the study is still at its infancy
because of increased complexity of electronic structure analysis. Detailed review
of half metallic materials in both theoretical and experimental aspects can be

found elsewhere [2.40, 2.41].
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Figure 2-9 Electronic density of states of lanthanum manganites and Ni at T=0K.
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(After Ref.[2.6]).
Ferromagnetic materials Spin polarization (%)

CrO; 90
LSMO 78
NiMnSb 58

Ni ~46.5%
Fe ~46
Co 42
NiFe 37

Table 2-1 Spin polarization of some ferromagnetic materials. (After Ref.[2.39]).
2.6 Oxygenation of perovskite manganite

Oxygen vacancies are very important in oxide materials. They play crucial
roles in determining resistivity, metal-insulator transition temperature T;v and
ferromagnetic-paramagnetic transition temperature T¢ in manganites. Oxygen
vacancies can induce non-stoichiometries in thin films compared with the target
materials. During film deposition, there are always interactions between gaseous

oxygen and oxygen vacancies, which the reaction rate and direction depends on
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the applied oxygen partial pressure:
0" & %Oz +2e” +vacancy

When there are vacancies in the thin film lattice, the chemical formula, for
example LSMO, is rewritten as (La>")1.x(Sr**)x(Mn**)1.,(Mn*"),(0%)s5, where &
is the number of oxygen vacancies per formula unit. According to conservation
of charges, x, y and & are interrelated by

20 =X—-Y

Therefore, the applied oxygen partial pressure affects the number of oxygen
vacancies and hence the number of La®*, Sr**, Mn** and Mn*" ions in the lattice.
The variations of the Mn®" and Mn*" contents play a key role in determining
magnetic interactions (as mentioned in section.2.4), and this in turn alters the
resistivity, T¢c and metallic-semi-conducting transition temperature (T;v) of

manganite films.

2.7 Effects of strain and thickness on thin film manganites

Materials . Out-of-plane Latticg mismatch Latticg mismatch
Lattice constant (A) (Bulk) with LAO with STO
SrTiO3(STO) 3.905 N/A N/A
LaAlO; (LAO) 3.788 N/A N/A
Lag 7Sro3MnO; 3.873 -2.2% 0.8%
Lag 7Cag sMnO; 3.858 -1.8% 1.20%
LaNiO, 3.84 -1.3% 1.70%

Table 2-2 Lattice parameters of materials and their corresponding lattice
mismatches with common substrate materials LAO and STO.

Epitaxial thin films can be successfully grown only if they are prepared on
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substrates with well-matched lattice parameters. Table.2.2 summarizes the lattice
parameters of some materials used and their lattice mismatch (defined as A=
(Asubstrate-Aou)/Asubsrate) With  common  substrate  materials. Positive lattice
mismatches suggest the films being subjected to in-plane tensile strains, whereas
negative values represent in-plane strain compressive strains. As mentioned in
previous sections, magnetic, electronic and other properties of manganites are
partly determined by the electron-lattice interactions (e.g. variations in electron
transport properties with different Mn-O-Mn bond angles). Therefore, in-plane
strain-induced lattice distortions (Figure.2.10) play a crucial role in deciding the
properties of manganites.

Sun et al [2.42] have done a systematic study on the effect of substrates and
film thicknesses on electron- and magneto-transport properties of LSMO films.
Their results showed a typical behavior that resistivity decreases with thicker
films on the same kind of substrates. On the other hand, substrate-dependent
resistivities of the films were determined by the variations in Mn-O-Mn bond
length induced by the strain of substrate, i.e., the shorter the bond length is, the

lower the resistivity.
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Figure 2-10 The distortion of epitaxy thin film (a) under in-plane tension and (b)
in-plane compression. (Taken from [2.6])

Properties such as magnetic anisotropy and coercivity enhancement of
strained manganite films were examined in the current study. Other
substrate-induced strain effects on manganite films, including magnetic
anisotropy [2.43], coercivity tuning [2.44], and surface morphology [2.45] have
been investigated by others, which provided clues for explanation of the features
exhibited by the films deposited in this work.

In practical situations, the lattice parameters of the films under stress would
not be identical along the thickness. As the film thickness increases, the top
layers of the film are less influenced by the substrate. This results in the
“relaxation” of the film. Overall, there are three kinds of microstructures of an

epitaxy film under stress, as illustrated in Figure.2.11. To summarize the points
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above, substrate-induced strain is a determining factor for manganite thin film

properties.

(a) (b) (c)

Figure 2-11 Three possible lattices, (a) coherently strained, (b) partially relaxed
and (c) fully relaxed of epitaxy thin film under substrate-induced strain.
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Chapter 3 Magnetoreistance (MR)

3.1 Background

The magnetoresistive effect (MR) was first observed by Lord Kelvin [3.1]
150 years ago; to be more precise, the phenomenon Lord Kelvin detected was
“anisotropic magnetoresistance” (AMR) (Section.3.1.2). However, MR effect
was completely ignored until 1950s. Since 1950s, many research efforts have
been placed on colossal magnetoresistance (CMR) (which will be mentioned in
Section.3.1.3 [3.2, 3.3] However, the large magnetic field required to achieve the
resistance change severely limited its applications.

MR once again attracted intensive investigations due to the discovery of
GMR [3.4, 3.5] effect (Section.3.2) in 1988. In merely 10 years’ time, GMR was
employed in read heads of magnetic hard disks (Figure.3.2). On the other hand,
TMR (Section.3.1.4) -based devices are gradually replacing their GMR
counterparts in various applications. TMR devices generally exhibit larger
changes in resistances compared with similar devices based on the GMR effect;
its main drawback is the need of depositing very thin insulating layers. GMR
(Figure.3.1) or TMR heads are still the mainstream technologies in the

production of digital storage devices and such technologies have grown
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tremendously recently, as shown in Figure.3.1. Details of these effects will be

discussed.
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Figure 3-1 Growth of areal density of hard disk drives over years. After ref.[3.6].

Figure 3-2 A hard disk with GMR read head. After ref. [3.7].

3.1.1 Ordinary magnetoresistance (OMR)

Consider a sample with an electric current flowing along the positive

x-direction, as shown in Figure.3.3. Once there is a magnetic field applied in the

positive z-direction, electrons are deflected (yellow arrow) from their original

paths (red arrow) by the Lorentz force acting on them. The electrons travel with
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longer paths inside the sample in the presence of the magnetic field, and hence

the sample resistance increases. The effect is coined as OMR.

++++++++++

Figure 3-3 Schematic showing OMR effect.

3.1.2 Anisotropic magnetoresistance (AMR)

Figure 3-4 Schematic of the AMR effect.

The physical origin of AMR arises from spin-orbit interactions, in which
electron clouds around the nuclei deform as the magnetization changes in
direction. This deformation changes the amount of electrons to be scattered, thus
achieving a change in resistance. As can be seen from Figure.3.4, the sample
changes to a high resistance state with an increasing field, when the electric

current is parallel to the sample magnetization. On the other hand, a low
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resistance state is obtained when the current is perpendicular to the sample

magnetization.
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Figure 3-5 In-plane (solid lines) and out-of-plane (dashed lines)
magnetoresistance of the post-annealed sample on (1) STO at (a) 285 K, (b) 264
K, (c) 201 K and (d )96 K, the as-grown samples on (2) LAO at (a) 232 K, (b)
159 K and (c) 96 K and (3) Si at (a) 211 K, (b) 159 K and (c) 96 K. (After
Ref.[3.8].)
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AMR effect of thin films greatly depends on the kind of substrates they are
deposited on. Figure.3.5 shows the work by Ziese et al. [3.8], who investigated
the effect of substrates STO, LAO and Si on the AMR of LCMO. It is clearly
shown that as-grown LCMO thin films on LAO and Si did not show AMR effect,
as no difference in MR behaviour was observed with measurements made in
longitudinal (current parallel to external field) and transverse (current
perpendicular to external field) directions. On the other hand, AMR could be
observed in post-annealed LCMO thin films on STO and LAO. The work by
Ziese et al. provides information to my project on the preparation of manganite

materials (LCMO and LSMO on LAO and STO substrates).

3.1.3 Colossal magnetoresistance (CMR)

As mentioned before, DE mechanism suggests that the hopping parameter
of an electron between Mn ions increases with the degree of parallel alignment of
Mn spins. This means when more Mn spins are aligned, the resistance of CMR
manganites (with the general formula RE;.x\MyMnQOj3 (RE= rare earths, M= Ca, Sr,
Ba, Pb)) is lowered. The CMR effect actually originates from DE mechanism.
With CMR property, some materials can exhibit more than a thousand-fold
change in resistance upon the application of an external field. McCormack et al.

[3.9] reported an MR value of 127000% at 77K with a 6-T field applied to
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LCMO thin films. It should also be mentioned that CMR materials attain largest

MR around Curie temperatures.

3.1.4 Tunneling magnetoresistance

In a magnetic tunnel junction (MTJ), a very thin (usually several nm)
insulating barrier is sandwiched between two ferromagnetic layers. The tunneling
electric current depends on the relative orientation of magnetizations in the
ferromagnetic layers. TMR originates from the different probabilities of electron
tunneling into the (asymmetric) spin sub-bands of the ferromagnets. A detailed
theoretical review can be found elsewhere [3.10]. Recently, room temperature
MTJ devices with manganites as ferromagnetic electrodes was reported [3.11].
This opens up the possibility of utilizing manganites for high density magnetic

storage (harddisk) and magnetic random access memory (MRAM).

3.2 Giant magnetoresistance

3.2.1 Origin of GMR

The GMR effect was first observed separately by the groups of Albert Fert
[3.4] and Peter Grunberg [3.5]in 1988, in which the resistance of a
magnetic/non-magnetic multilayered structure changes with applied magnetic

field. The change in resistance can be more than 100 % [3.11]. The order of MR
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strongly depends on the kinds of materials used, the sample structure, and also
sample geometry [3.12]. There are four kinds of structure that can exhibit GMR,
including magnetic multilayers, PSV, SV and granular structures (Figure.3.6).
Currently, the most commonly used structure in industry is the spin valve
structure, while pseudo spin valves were prepared in this work for sake of
simplicity.

The theory behind GMR is the asymmetric scattering by different spin
bands in the ferromagnets. Spins which are parallel to the magnetization are
majority spins, while those anitiparallel to the magnetization are minority spins.
The asymmetry of majority and minority spin bands in ferromagnets is illustrated
in Figure.3.7. This asymmetry or splitting of two spin bands is due to exchange
splitting.

Consider the 3d electronic band structures of different materials in
Figure.3.7. It should be noted that the sp electrons (which are in 4s and 4p
orbitals) are mainly responsible for the conduction in 3d transition ferromagnetic
metals (Fe, Co and Ni) and their alloys, because they have high velocities, small
density of states and hence long mean free path according to Mott [3.13]. The
conductivity of 3d metals depends on the relative position of the Fermi energy to

the d bands. After an in-plane field is applied, the majority d spin band of this
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ferromagnetic metal (Figure.3.7) e.g. Co, with exchange splitting, is fully
occupied. On the other hand, the minority d band is only partially occupied.
Therefore, the Fermi level lies on the sp band for majority spin band, whereas
still lies on the d band for minority spin. As mentioned before, sp electrons are
mainly for conduction in ferromagnetic metals, therefore, the majority spin
electrons have higher conductivity compared with that of the minority spin
electrons. To conclude, the physical origin of the GMR is ascribed to spin

dependent conduction or spin-dependent scattering.
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Figure 3-6 Various structures demonstrating GMR effect: (a) magnetic multilayer,
(b) PSV, (c) SV and (d) granular thin film. (Taken from Ref.[3.12].)

Consider the PSV structure in Figure 3.8 (a), which consists of three
layers of thin films on a substrate. In contrast with MTJ, one conductive layer
(rather than an insulating layer) is sandwiched between two ferromagnetic

electrodes with different coercivities. The magnetizations of both ferromagnetic

Chan Yuk Kwan 38



2

Q'v The Hong Kong Polytechnic University

layers are free to rotate. Using the conclusion from the electronic band structures,
the trilayer structure achieves a high resistance state (Figure.3.8(b)) when the
ferromagnetic layers are in the antiparallel state. This is because both up-spin and
down-spin electrons have the same probability to be scattered. On the other hand,
the structure has a low resistance value (Figure.3.8(c)) when the majority spin
electrons have lower probability of scattering than the minority spins. The
complete picture concerning the correlations between magnetization

configurations and resistance states can be seen in Figure.3.9.

L Cufup) Colup) IFe{up)

CCu(dn) Coldn)
|

1 i i ] _1 " | i -3
~ -3 i} 5 = o, 0 5 =l -3 i

ENERGY (eV)

Fe(dn)

DENSITY OF STATES [states/eV.atom.spin]

Figure 3-7 Density of states of 3d electron bands in copper, cobalt and iron.
Broken line (----) indicates the position of the Fermi level. (After Ref.[3.14].)
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Figure 3-8 Schematic diagram of PSV and the corresponding density of states of
different layers when (a) no field is applied (b), it is in the antiparallel state (high
resistance state) and (c) it is in the parallel state (low resistance state).

In the coming sections, some parameters influencing the GMR will be

reviewed, particularly those related to manganite thin films. A comprehensive
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review about GMR in metallic thin films can be found in Ref.[3.15].
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Figure 3-9 Schematic representations of GMR effect from the point of view of
(a)magnetoresistive measurement, (b) arrangements of spins in the PSV structure
and (c) hysteresis measurement. (After Ref.[3.15].)

3.2.2 Measurement geometry

There are two geometries for conducting MR measurements, which are

current-in-plane (CIP) and current-perpendicular-to-plane (CPP), as depicted in

Figure.3.10. The CIP configuration is easier to perform by preparing four

separated electrodes on the trilayer PSV structure. In contrast, for the CPP

geometry, it is necessary to produce a structure that forces the current to flow

across the trilayer, which involves complicated fabrication processes. However,

the analysis of GMR is simpler in CPP measurement geometry, and the

corresponding theories are well developed [3.16]. To date, most GMR-related

studies focus on CPP devices, because such devices yield larger MR and
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demonstrate current induced magnetization switching as well.
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Figure 3-10 Two measurement geometries (a) CIP and (b) CPP of PSV structure.

3.2.3 Dependence on nonmagnetic layer thickness

Choosing the right thickness of nonmagnetic layer in GMR multilayers is

more complicated than one can imagine. The non-magnetic layer cannot be much

thicker that the electronic mean free path (for CIP device) or spin diffusion

length [3.16] (for CPP device), or the GMR effect cannot be observed. It also

cannot be too thin to induce interlayer exchange coupling [3.17] (IEC) between

two ferromagnetic layers.

Nikolaev et al. [3.18-3.20] have done a series of experiments about IEC of

all-oxide heterostructures similar to structures investigated in this work, except

with very thin nonmagnetic spacers. From Figure.3.11, it shows oscillations of

coupling strength with an increase in nonmagnetic layer (spacer) thickness,

indicating the alternative changes in ferromagnetic and antiferromagnetic
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coupling effect. The authors then tried to simulate the effect with RKKY model
[3.21] (a conventional model for IEC), but, experimentally, the decay rate of the
coupling strength was faster than the results predicted by the model. Therefore,
they suggested that there is a damping coefficient in the RKKY model for
explaining the experimental results. As shown in Figure.3.11, the RKKY model
with the damping coefficient can successfully demonstrate a quantitative

argument with the experiments. The authors further suggested that the damping

coefficient resulted from a strong electron scatting in the LNO layer.

0_3 g ' I 1 I I
/A |m—-—# (a) Experiment
i\ |~ (0) RKKY model
0.2 pong ’t,‘ —— (c) RKKY with damping
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Figure 3-11 Spacer thickness dependence of coupling strength in the
Lao 67Bap.33sMnO3/LNO/Lag 67Bag 33MnO3/ Lag 33Ca.67;MnO3 heterorstructure.
After Ref.[3.19].

Figure.3.12 illustrates MH measurements of samples with different spacer
thickness, reported by Sirena et al [3.22]. The sample with spacer thickness
7 nm displayed double coercivity, showing that the ferromagnetic electrodes
were magnetically decoupled. Other samples present typical hysteresis loops

strongly influence by IEC. The study suggests clues for choosing suitable spacer
43
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thickness in designing the GMR heterostructures investigated in our work.
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Figure 3-12 hysteresis loops of trilayer samples
(Laps5Sr0.4sMNO3/STO/Lag 555r0.4sMNO3) with different spacer (STO) thickness.
After Ref.[3.22].

3.2.4 Roughness dependence

Surface roughness of individual layers or interface roughness [3.23] in SV
structure is another parameter that deserves detailed investigations, as roughness
is a determining factor for the properties of GMR in such structure. However,
only a few works about the effect of interface roughness on GMR, in all-oxide
spin valve structure or multilayer, can be found. A number of experiments about
the roughness effect exist for metallic structures, one of which was presented by
Fullerton et al. [3.24]. With the experimental results of monocrystalline Fe/Cr
multilayer, they revealed that spin-dependent scattering at the interfaces can be
enhanced by roughness. The same group also investigated the relations on

polycrystalline Fe/Cr multilayer [3.25], but the results obtained was in contrary
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to that of monocrystalline samples, showing that interface roughness could
reduce GMR effect. These two articles suggested that spin-dependent scattering
IS very sensitive to the structure of interfaces.

If roughness at interfaces increases to a certain extent, pinhole [3.26] may
occur and this can leads to a reduction in GMR. Pinholes (Figure.3.13) could
have two effects on SV structure: (1) inducing magnetic coupling between two
ferromagnetic electrodes when they are in direct contact, and (2) current “leaks”

at pinhole can degrade GMR.

Ferromagnetic layer 1 [N

Nonmagnetic layer

/

Pinhole
Ferromagnetic layer 2 [

Figure 3-13 Schematic for the formation of pinhole in PSV structure

Most studies [3.26-3.28] on pinhole effect focused on the structure that

exhibit TMR instead of GMR when the commercial magnetic recording heads

employ TMR. Although the two transport mechanisms are totally different,

insightful ideas can be obtained from such investigations. In this work, study of

roughness of single layer manganite thin films will be presented in Chapter 5.
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Chapter 4 Experimental Methods

4.1 Target fabrication

Material  Calcination Sintering

LSMO 1100°C (10 hr) and 1200°C (10 hr) 1320°C (10 hr)
LNSMO  1100°C (10 hr) and 1200°C (10 hr) 1350°C (20 hr)

LSMRO  900°C (10 hr) 1400°C (10 hr)
LCMO  900°C (10 hr) 1400°C (10 hr)
LNO 900°C (2 hr) 1200°C (10 hr)

Table 4-1 Calcination and sintering temperatures of various targets.

Targets for PLD were synthesized using conventional solid-state-reaction

methods. The LSMO target, for example, was fabricated by using starting

materials of La,O3, SrCO3;, MnO, powders. The powders (especially for La,O3

and MnO,) were first separately dehydrated at 100 °C for at least 2 hours in air.

After dehydration, they were mixed at appropriate weight ratios and ball-milled

for 6 hours. Stoichiometric mixture of powders were ground and reacted at

1100 °C for 10 hours and then calcinated at 1200 °C for 10 hours. The calcinated

powders were ground into fine powder and pressed into a circular pellet by an oil

compressor, using a force of 5 Tons. The pellet was then finally sintered at

1320 °C for 10 hours. Details of synthesis temperatures of different targets are

listed in Table 4.1.

The as-prepared target was structurally characterized by XRD and

compositionally by EDX.
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4.2 Thin film processing

4.2.1 Substrate preparation

Commercial LAO (100), STO (100) and STO (110) (from CrysTec
GmbH, Berlin, Germany and Hefei Kejing Materials Technology Co Ltd., Hefei,
China) were used in this study. One side of each substrate was epi-polished. The
substrates were cleaned with acetone and then ethanol in an ultrasonic bath for at
least 5 minutes and then dried with compressed air before loading into the

deposition chamber.

4.2.2 Pulsed laser deposition (PLD) method

Figure.4.1 shows the schematic of the PLD system used in this project. The
vacuum chamber is attached with a digital pressure gauge, a rotary pump, a fused
silica glass window, substrate and target holders.

Thin film deposition procedure is as follows. Cleaned substrates were
fixed at the substrate holder with silver paste. Targets were fixed mechanically by
screw and the target holder was set to rotate during deposition. Such a procedure
reduced the possibility for leaving a deep trench on the target by the laser beam.
The chamber was then pumped for about 45 minutes down to a base pressure of

1-10 mTorr. Subsequently, the substrate holder was heated up to a certain
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temperature (optimal deposition conditions will be given in Chapter 5), and the

chamber was filled with oxygen at 150 mTorr.

Laser beam

Focusing lens

| | Fused silica window

Substrates

lonization gauge
Rotating targg

D -

Figure. 4-1 Schematic diagram of PLD system for thin film deposition.

Afterwards, a Lambda Physik KrF excimer laser (A = 248 nm) was used to
fire laser pulses at a frequency of 5 Hz unless specified. The laser pulses were
focused by a lens with a focal length of 30 cm and then transmitted through a
fused silica glass window. The pulse energy was set to about 200 mJ (unless
specified otherwise) for the smoothness of film surfaces. The focused laser beam
struck onto the rotating target with a spot area of 1 mm?® The energetic focused

laser beam vaporized the target material and produced a plume of target species.
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Particle of the target species finally fell on the substrate to form a thin film. After
deposition, the heater was cooled down at a rate of about 0.16 °C/s to room

temperature and then turned off.

4.2.3 Deposition of heterostructures by laser molecular beam

epitaxy (LMBE)

Figure 4-2 Laser Beam MBE-II system

The laser molecular beam epitaxy Il system is shown in Figure.4.2. The
system consists of a main chamber, separated from a load-lock chamber by a gate
valve. It is equipped with a reflection high energy electron diffraction (RHEED)
[4.1] system for monitoring the growth of epitaxial thin films in situ. A

nanocluster beam source (NC200U Oxford Applied Research) [4.2] allows the
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deposition of nanoclusters.

In the system, a turbomolecular pump is used to evacuate the system down
to 10® Torr. If higher vacuum is required, the chamber is able to be further
pumped down to 10 Torr by a LH-3 ion sputter pump. In order to maintain a
high vacuum (107 Torr) in the main chamber, a load-lock chamber was used as a
“pbuffer”, which connected the main chamber to the ambient. For example, when
substrates or targets are to be placed inside the main chamber, they are positioned
onto the transfer arm in the load-lock chamber. The load-lock chamber is then
evacuated to 10 Torr by a turbomolecular pump. The degree of vacuum is not
greatly deteriorated after the gate valve is opened. This is because the pressure
difference between the load-lock (10 Torr) and the main chamber (107'-10" Torr)
is not large. Through the transfer arm, a maximum of four targes can be placed
on the targets holders separted by 90°. In-situ deposition of multilayers without
breaking the vacuum is therefore feasible.

For removing any foreign materials on the target surfaces, the rotating
targets were pre-ablated for 100 pulses. The substrate temperature was elevated
to 600-800 °C, estimated by using an infra-red pyrometer. The substrate holder
was set to rotate in order to obtain thin films with a high degree of thickness

uniformity. Ambient oxygen of 150-190 mTorr, with a flow rate of 20 standard
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cubic centimeters per minute (sccm), was maintained during deposition. In order
to achieve such a high oxygen pressure, the gate valve separating the inner
chamber from the molecular pump, was half-closed. This certainly lowered the
efficiency of evacuation, and the base pressure was increased from 107 Torr to
10° Torr. All of the conditions were stabilized for 10 mins before deposition.

The laser (Lambda Physik KrF excimer laser with wavelength of 248 nm)
used in LMBE-II was of the same model as the one in PLD system. The laser
beam energy was set to roughly 250 mJ at a frequency of 5 Hz. The laser fluence
was about 3-5 J/cm?. For deposition of a thin film of 80 nm, the deposition time
was about 10 mins. The actual film thickness was determined by cross-sectional

SEM, as discussed in Section 4.3.1.1 below.
4.2.4 Device fabrication

4.2.4.1 UV photolithography

A two-step UV photolithography process was employed for the fabrication
of CIP devices. Two masks were designed by using AutoCAD™, for producing a
track of 100 pum in width with four electrodes on top. The fabrication process, as
shown in Figure.4.3, included conventional UV photolithography, argon ion

milling, Pt metallization and lift-off.
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The process of photolithography was carried out in a class-1000 cleanroom
in the Department of Applied Physics. After the deposition of trilayer structure, a
3-um thick AZ 5214 E photoresist layer was spin-coated on the sample at 4000
revolutions per minute (rpm) for 60 seconds. The sample was then baked inside
an oven at 95 °C for 1 minute. This was followed by illumination of UV light
(Figure.4.3 (a)) with a power density of 24 mW/cm? though a chrome mask for
15 seconds. AZ 5214 E could be positive and negative photoresist under specific
heat treatment; in this experiment, it was used as a positive resist. Photoresist at
regions illuminated by UV light was removed by immersing the samples in a
beaker of developer for 40 seconds. The desired pattern was finally transferred
(Figure.4.3 (b)) from the mask to the photoresist layer.

The next step was to (Figure.4.3 (c)) etch the trilayer by bombardment of
Ar-ions. In an ion miller, an Ar-ion source was set at 5 keV, and the etching beam
current was about 100 pA. Etching a 100-nm thick trilayer structure required 30
minutes of time. Such an etching process removed the uncovered trilayer
structure (Figure.4.3 (d)) down to the surface of the substrate. The surfaces of
STO and LAO substrates, after etching, became oxygen-deficienct at high
temperature in vacuum and hence they were conducting. Therefore, the samples

were left in air for at least 24 hours to allow the surface to “recover” from
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deoxygenation before the next photolithography step.

' Ferromagnetic ' Substrat
ubstrate .
|ayer 1 l uv |Ight
Non-magnetic .
' gnetl ' Photoresist
I

layer 1

Ferromagnetic y 4 Pt electrode lAr ions
layer 2

(b)

/

Figure 4-3 UV-lithography steps for fabricating a CIP device. Details of
procedures are described in text.

In the second photolithography step, a different photomask (Figure.4.3 (e))

was used for the preparation of top eletrodes. Pt layer of 100 nm thick was
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deposited (Figure.4.3 (f)) on the surface of the sample (with patterned resist) by
PLD. In the final step, by placing the sample into acetone for about 2 hours
(lift-off), four electrodes were remained on the pads and a CIP device was

fabricated.

4.3 Characterization methods
4.3.1 Structural characterization and surface morphology

4.3.1.1 X-ray diffraction (XRD)

XRD provides crystal structure information of thin films and bulk samples.
Using a Bruker D8 Discover x-ray diffractometer, measurement including 6-26
scans, rocking curves (or m-scans) and phi (¢) scans were conducted in this
project. The schematic of x-ray measurement is shown in Figure.4.4.

As for 0-260 scans, Bragg’s law states that:

ni=2Dsind,n=123..., (4.1)
where D is the inter-planar distance, A the wavelength of x-ray radiation, and 0
the angle at which the incident rays illuminates the sample, was used to
determine the lattice parameters. From the results, angle 6 was measured, and
hence lattice parameter a, b, ¢ could be obtained by using Equation.4.1 when A is

known as 1.541 A (Cu K, radiation). In my case, the structures of materials were
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all cubic or pseudo-cubic and therefore a=b=~c.

X-ray
etector
ﬁ Diffracted beam

monochromator

Pinhale
detector

Figure 4-4 Diagram depicting the experimental geometry of X-ray diffractometer.
There are slits, x-ray tube, photo-detector and four primary axis of gonimeter

After lattice parameters were obtained, the degree of crystallinity of the
films could be determined by rocking curve measurements. In the measurements,
the x-ray source and the detector were fixed at angles corresponding to a specific
atomic plane spacing, while the sample was rocked about w-axis (Figure.4.5).
The tilting of the grains’ atomic planes from the w-axis can be detected by such
scans, hence determining the degree of crystallinity of the film. Quantitatively,
the full-width at half-maximum (FWHM) values of the rocking curves were used
to compare the degree of crystallinities among samples (e.g. 0.5° for LSMO and

0.1° for LAO single crystalline substrate)
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B (fixed) \ 0 (fixed)

Figure 4-5 Schematics describing the geometry of w-scan.

Regarding the ¢-scans, since the crystal structure and orientations of single
crystalline substrates were pseudocubic (001), the source and the detector were
maintained at constant values corresponding to (002) planes of the substrates
during the scans. The samples were then tilted along the y-axis by 45°, followed
by 360° ¢-scans. For cubic structures, the scans demonstrated four peaks of
(202), (202), (202), and (202) planes separated by 90°, showing a four-fold
symmetry of the lattice. For ¢-scan mentioned below, it should be reminded that
the samples were still maintained at 45° of y angle.

In the ¢-scan, the important thing to note is that if the measured thin films
were truly cubic, the ¢-scans of the films could be done by fixing the source and
the detector at the angles of (202) planes of the films, which were calculated
from the 26 values of (200) planes in the 6-26 scans.

However, most of the thin films were pseudo-cubic and hence the calculated
20 values of (202) planes were somewhat different from the ideal values.

Therefore, ¢-scans with four peaks were hardly observable for the films because
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the detector and the source were fixed at incorrect angles. For improving this
situation, 6-26 scans for obtaining correct 6 values of (202) planes of the films
would be used to allow easier observation of four peaks in ¢-scans. By setting ¢
angle as one of the four peak values obtained from the substrate’s ¢-scan, 6-20
scan at that particular ¢ angle showed a peak corresponding to (202) plane of
each film. That peak value was finally the true and correct value for the ¢ scan of

the films.

4.3.1.2 Atomic force microscopy (AFM)

AFM is a non-destructive technique to study the surface morphology of the
film surfaces. One of the advantages of AFM is that the images grasped have a
high correspondence with the actual film surface topologies. Therefore, the
image can give very useful quantitative information such as surface roughness.

When investigating the sample surface, tapping-mode AFM (NanoScope 1V,
Digital Instruments)was used. In the tapping mode, the AFM probe was set to
vibrate at a constant frequency (Hz) and scanned across the sample surface
during profiling. When the probe came close to the surface of the sample, the
probe was deflected. This deflection was detected by the variations on the
positions of photodiode through a laser beam. The data obtained were then

converted to a three dimensional surface profile of the sample.
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4.3.1.3 Cross sectional scanning electron microscopy (SEM)

SEI 30KV  X50000 100nm WD 7.0mm

Figure 4-6 Cross-sectional image of a layer of thin film, with thickness about
200 nm, on a substrate.

SEM is a conventional technique to image surfaces of samples, either in thin

films or in bulk form. The primary purpose of using SEM in this work was to

calibrate the film deposition rate in our systems. In this work, a field emission

SEM (FESEM) (JEOL JSM-6335F) was used to obtain cross-sectional images of

the films with high resolution. FESEM provides narrower electron beams than

convectional SEM, because electrons are generated by a field emission source

with a tungsten wire fashioned into a sharp point subjected to a high electric field

(~6 KV). Therefore, an image with high spatial resolution can be obtained. A
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cross-sectional SEM image, showing a layer of LSMO thin film on LAO

substrate, is displayed in Figure 4.6.
4.3.2 Composition characterization

4.3.2.1 SEM energy dispersive x-ray (EDX)

The SEM system used in this work is accompanied by an energy dispersive
x-ray (EDX) system, and it was used for compositional characterization of bulk

targets used for PLD.

When a specimen is excited by electron bombardment, some of atoms of the
specimen are ionized, by transition of K-shell electrons into vacuum. Since there
is a hole in the K-shell, there is a certain probability for the upper shell electrons
to fill up the gap, resulting in a release of energy in form of a photon (x-ray) with
definite energy. The energies of photons released from different elements are
different, because of the unique energy levels between shells given by the
specific atomic structure of an element. Hence, the composition of the specimen

can be obtained by analyzing the x-rays detected by EDX.
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4.3.3 Magnetic characterization and electrical transport

measurements

4.3.3.1 Vibrating sample magnetometry (VSM)

This section gives a brief introduction to the operation of VSM, which was
first invented by Foner [4.3, 4.4] in 1950s. VSM is a commonly used technique
to measure magnetic response of a sample against the applied magnetic field.

The schematic of a VSM is shown in Figure.4.7.

The simplest form of VSM comprises of a electromagnet, a vibrating stage,
pick-up coils and a rod for attaching samples. A sample vibrating vertically at a
specific frequency is placed between the poles of the electromagnet. With the
application of a uniform magnetic field, a signal in form of an induced voltage is
generated in the pickup coils according to Faraday’s law, due to the presence of
the oscillating magnetic flux from the sample. By comparing the induced voltage
against that arising from a reference sample (with known magnetization),
magnetic moments of other samples can be obtained. On the basis of the working
principle of VSM, other magnetometers [4.5, 4.6] have been developed to

investigate the specific magnetic properties.

A Lakeshore 7407 system, with a sensitivity down to the range of pemu (for
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room temperature measurements) was utilized in this work. The system provides
a cryogenic option for low temperature measurements, using a continuous-flow
cryostat (model 74018). Measurements can be performed at temperatures ranging
from 4.2 to 450 K, if liquid helium is used for cooling the samples. In this study,
only liquid nitrogen was used, and the lowest temperature for measurements was

77K.

Vibration \ Reference
stage Coils
<
L
Reference Pick-up Coils
Specimen .

B e N |

The region for placing

74018 and 76014) \ Sample

the cryostat (Model /

Figure 4-7 Schematic of a VSM. (After Ref.[4.4])

The model 74018 cryostat is displayed in Figure.4.8. It was first positioned
within the electromagnet, as shown in Figure.4.7. Before measurements, the
vacuum jacket was pumped down to 20 mTorr for about 30 minutes by a rotary
pump. This was then followed by the introduction of liquid nitrogen into the
cryostat. The cryogen flow rate was optimized, such that any temperature from

77K to 450 K could be achieved quickly with the minimum consumption of
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liquid nitrogen.

Gas Vents ———, Vacuum pump flange

Exhaust gas heater

/4 . Evacuation valve

Cooling agent inlet
(LHe or LN)

Vacuum jacket Sample heater

Figure 4-8 Low temperature cryostat for Lakeshore VSM system.

It should be mentioned that there are two heaters in the cryostat; one is the
exhaust gas heater, which is located beneath the gas vents, and another one is the
sample heater, placed near the bottom of the cryostat. The exhaust gas heater
prevents condensation at the gas vents by keeping the temperature at 40°C. The
second heater is used to adjust and stabilize the temperature around the sample
inside the cryostat. This design allows the sample to be exchanged at low

temperature without greatly changing the temperature in the cryostat.

4.3.3.2 Resistance-temperature measurement (RT)
Electrical transport measurements were performed by using a four-point

configuration so that the contact resistance would not contribute to the

resistances measured. Figure.4.9 depicts the dimensions of the samples and the

Chan Yuk Kwan 62



2

Q'v The Hong Kong Polytechnic University

electrodes on them. In order to avoid joule heating, a current between 0.1 mA
and 100 mA was used to measure the sample resistance. In temperature
dependent resistance (RT) measurements, samples were placed inside a
close-cycled cryostat. The cooling and heating rates, adjusted by a temperature
controller (Lake Shore 321), were set at 5 K/min in temperatures ranging from 20
K to 380 K. The system was automated, and was controlled by a Labview

program.

5mm

A
v

0.4mm Platinum (Pt)

Figure 4-9 Dimensions and geometry of thin films and electrodes for electrical
transport measurement.

4.3.3.3 Magneto-transport measurement system (MMS)

The magneto-transport measurement system (MMS) integrates the OmniPlex

closed cycle cryostat (CCR) (Model 76014) into the electromagnet of the VSM

system. Figure 4.10(a) displays the OmniPlex closed cycle cryostat. As depicted

in Figure 4.10 (c), a sample, with the same dimensions and geometry described
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in Figure 4.9, was positioned on a home-made PCB. Electrodes of the sample
were ultrasonically bonded to the contact pads of PCB, while the pads were

soldered with copper wires and connected to the contacts of the sample holder.

CCR Expander

=~ ‘a,f’/

\ \

@ Hﬂ‘ Sample Insert
@;: ] Rotation

Flush/Fill Unit —__

Vacuum Shroud —__

Cryostat Tail

@

Figure 4-10 OmniPlex closed cycle cryostat assembly (Model 76014), (a)
cryostat, (b) sample insert and (c) a photo of a sample mounted on the holder.

The sample, being fixed at the sample holder on the sample insert, was then
introduced into the cryostat. Pumping of the sample space was required before
cooling. It generally took 2 hours for cooling down from room temperature to
10 K, with a cooling rate 3.25 K/min. Before measurements, the maximum

sample current that can be applied without causing joule heating was tested. This
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was done by performing I-V measurements with a small but increasing current
(starting from the order of pA). Such a test aimed at verifyimg that the sample

followed Ohm’s law, eliminating the factor of joule heating effect.
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Chapter 5 Single-layered Perovskite Thin Films

5.1 Introduction

It has been mentioned that two thin film deposition systems were utilized
in this project. The characterization of single layers in this chapter is separated
into two parts, describing the characterization of films deposited by PLD and
LMBE, respectively. The reason for switching between the two systems arose
from the fact that the roughness of LSMRO thin films (to be discussed in this
chapter) deposited by the PLD system was too high to be used for PSV
fabrications.

In Chapter 4, | introduced the general ideas of fabricating PSV. Before
device fabrication, the properties of individual layers in the PSV structure, such
as crystallinity and surface roughness, should be thoroughly investigated. Such
properties are important for the performances of devices. | have shown, for
example, in Section.3.2.4 how the film roughness can deteriorate or enhance the
magnitude of GMR. In this Chapter, | will discuss the details concerning the
optimization of deposition processes for, and the characterization of,
single-layered perovskite thin films. Such layers will be used as the constituents

for the spin valve structures.
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For that purpose, a standard procedure (Figure.5.1) was followed for

conducting the characterization and optimization processes. Deposition of

perovskite oxides by PLD has been studied for a long time [5.1]. At the

beginning of the optimization process in my work, deposition parameters of

various materials were obtained from the literature and used as reference points

[5.1, 5.2].In the optimization process, surface morphology of the samples was

examined by AFM and crystalline structure by XRD; because both techniques

were non-destructive, the samples would not be damaged and subsequent

measurements could be conducted. AFM measurements, in particular, required

films free from surface contaminations. AFM measurements were conducted

before other measurements took place.

The next step were resistance-temperature (RT) measurements, which

required preparation of Pt electrodes on top of the perovskite layers. As

mentioned in Chapter 4, Curie temperatures (T.) of the films were estimated by

the metal-insulator transition temperature (T;v) in RT measurements. If the

estimated Tc was below the value taken from literature, the oxygen pressure for

deposition was increased. The optimization procedure of oxygen pressure

stopped when the highest T, of the films was found. Other parameters that

determine Tc, such as target-to-substrate distance and substrate temperature
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during deposition, could also be changed in the optimization process.

(2) Initial Deposition
parameters taken from
Literature

[(2) AFM & XRD]

|

[ (3) RT measurement]

(4) HighT.?

Highly oriented crystalline structure

(5) To change
NoO Deposition parameters

Flat surface?

| Yes
{ (6) Hysteresis Ioop}

measurement

A
[ 7 Magnetoresistance}
measurement

(9) To find Another solution

other than low level doping,e.g
No thickness dependent of coercivity

(8)High T.?
Coercivity

[(10)Device Fabrication}

Figure 5-1 Optimization procedures for thin films deposition by PLD and LMBE.

The ultimate goal for conducting these three measurements (AFM, XRD,
RT) during the optimization process was to obtain a thin film with high T,

(>300K), high crystalinity (FWHM<0.2), flat surfaces (root-mean squared (r.m.s.)
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surface roughness <1 nm in scan area 1um x 1pm) and high conductivity (~ 10
Qm). These conditions can only be obtained by careful optimization of various
deposition parameters.

Afterwards, magnetic measurements were performed on the films to
verify the Tc (estimated by RT measurements beforehand) and measure the
coercivity. The final step of characterizing the single-layered thin film was to
investigate the magneto-transport properties to further confirm the coercivity of
the films by magnetoresistance measurements. If low- level doping into LSMO
was found to be ineffective route for coercivity enhancement, other means
(mentioned in Section.2.4.3) would be employed for coercivity enhancement.

It was mentioned that PSVs require two ferromagnetic layers with distinct
coercivities to produce pronounced step-like magnetoresistive changes.
Therefore, apart from a high degree of crystallinity, low resistivity and surface
roughness, the coercivity enhancement in LSMO by doping is also a focus of this
Chapter.

It should be noted that deposition parameters and properties of perovskite

thin film were summarized at the end of this Chapter (Section.5.8).
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5.2 LSMO on LAO (001) by PLD

5.2.1 Surface morphology

The surface morphology of LSMO on LAO (001) substrates was studied.
Since one of the works of this project was to fabricate PSV structure, it was
necessary to deposit at least three layers of thin films. Rough film surfaces favor
the formation of pinholes [5.3, 5.4] (section.3.2.4) and hence degrades the GMR
exhibited by PSV. I therefore studied the roughness of thin films to make sure

that the films were sufficiently flat for subsequent depositions, suppressing the

formation of pinholes.

(a) (b)
Figure 5-2 AFM images showing the surfaces of LSMO thin films deposited with
different laser fluences: (a) 5.35 J/cm?, (b) 4.77 J/cm? and (c) 3.82 J/cm?. The
r.m.s. roughness for the scans are (a) 1.2 nm, (b) 1.0 nm and (c) 1.0 nm
respectively. The scan areas were 1 pm x 1 pm.

Unless specified, the films mentioned in this section were deposited at a
substrate temperature of 650 °C, oxygen pressure of 150 mTorr and laser

repetition rate of 5 Hz. As evident from Figure.5.2, the r.m.s. roughness of the
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films decreases from 1.2 nm to 1 nm with decreasing laser fluence (scan area
1pm?). At the lowest laser fluence of 3.82 J/cm?, the r.m.s roughness was 1 nm
and the film thickness was about 88 nm, as determined by SEM cross-sectional
imaging. Since surface roughness increases with film thickness, it is important to
know the r.m.s. roughness/film thickness ratio. The roughness r.m.s/film
thickness is about 1.1%, which is considered to be sufficiently flat.

From the results, a laser fluence of 3.82 Jlem? was chosen to obtain

smooth surfaces of LSMO thin films.

5.2.2 Microstructure
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Figure 5-3 XRD 6-26 diffraction pattern of a LSMO film deposited on LAO (001)
substrate.

Figure.5.3 depicts the #-26 scan of a LSMO thin film grown, deposited with a
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fluence of 3.82 J/cm?, oxygen pressure of 150 mTorr, and substrate temperature
of 650 °C, on a LAO (001) single crystalline substrate. (00h) peaks for the
substrate and the film are observed, indicating an epitaxial growth of LSMO film
on LAO. As shown in Figure.5.4, the rocking curve of LSMO at the (002) peak

shows that the film was highly textured with a FWH.M of 0.35°.

i FWHM = 0.35° |

Intensity (a.u.)

22.0 225 23.0 23.5 24.0
o (degree)

Figure 5-4 XRD rocking curve of LSMO (002) peak.

¢-scans in Figure.5.5 further confirmed the epitaxial nature of the film. The
¢-scans of LSMO (202) and LAO (202) show four diffraction peaks separated by
90°. The four diffraction peaks at each scans indicate the four-fold symmetry of
the film microstructure, confirming the cubic structure of the LSMO thin film
and the LAO substrate. It should also be mentioned that the four peaks of LSMO
in the ¢-scan are sharp and their corresponding ¢ angles match to those of the

peaks of LAO. This indicates that there was a cube-on-cube growth of LSMO
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thin film on the LAO substrate.
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Figure 5-5 ¢-scan of i) LSMO (202) and ii) LAO (202) planes.
5.2.3 Electrical Characterization

As mentioned in Figure.5.1, RT measurements were conducted after
morphological and structural characterizations. Figure.5.6 shows the
temperature-dependent resistivity of LSMO thin films deposited under different
oxygen ambient conditions. Both LSMO thin films were 50 nm in thickness. For
the film deposited under 100 mTorr oxygen ambient, it exhibited a
semi-conducting behavior below 300 K. It was expected that similar behaviour
would be observed above 300 K, because metal-semiconductor transition would

only occur at temperatures below T, Measurements at higher temperatures were
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therefore skipped. For the film deposited under an oxygen pressure of 150 mTorr,

it showed a semi-conducting behavior above 330 K. On the other hand, it

demonstrated a metallic behavior at the temperature ranging from 200 to 330 K,

implying the existence of a ferromagnetic behavior in this range. The

metallic-semiconducting transition (330K) is quite high, compared with the films

deposited under a similar situation [5.5]. The resistivity at 300 K was about

3.9x10™ Qm.
) ) )
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G Semiconducting
=
S ®)
@ :
(%) 1
! = -
Metallic, ' Semiconducting,
ferromagnetic * | ~paramagnetic 1
10-5 ) ] ) ] ) : ] )
200 250 300 350 400
Temperature/K

Figure 5-6 Temperature dependence of resistivity of LSMO thin films deposited
under oxygen pressure of (a) 100 mTorr and (b) 150 mTorr.

Therefore, by considering results of RT measurements, an oxygen pressure

of 150 mTorr was considered to be the optimal value for LSMO film deposition.
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5.2.4 Magnetic and Magnetotransport Measurements
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Figure 5-7 Hysteresis loop of an optimized, 50-nm thick LSMO film at 100 K.
The external magnetic field was applied in-plane.

Figure.5.7 displays the field-dependent magnetization (MH) measurement
of a LSMO thin film (thickness 50 nm) at 100 K, when the magnetic field was
applied in the in-plane direction. Assuming that the LSMO thin film was
saturated above 2000 Oe, the saturation magnetic moment was about
0.293 memu, equivalent to 3.03 ps/Mn ion. This represents a very strong
ferromagnetic response compared with theoretical limit of 3.59 pyg/Mn [5.6]. The

coercive field of the film was about 130 Oe.
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Figure 5-8 Magnetotransport measurements of a LSMO thin film at 20 K, when a
magnetic field was applied along the sample plane. The applied current was
parallel (¢) and the current was perpendicular (m) to the field, respectively.

The LSMO thin film exhibited negative magnetoresistance when an in-plane
field was applied parallel to the electric current, as shown in Figure.5.8. The
film showed similar behavior in magnetotransport measurement with the in-plane
field applied either parallel or perpendicular to the electric current. This kind of
independence of magnetoresistive behavior to the relative orientation between
applied current and field arises from the intergranular tunneling
magnetoresistance reported by Hwang et al. [5.7] In other words, the film did not
demonstrate  AMR. Li [5.8] showed that such intergranular tunneling
magnetoresistance can be as large as 15% in polycrystalline films. However, in

this work, the LSMO thin film was highly textured, and the magnitude of MR
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was about 0.8 % at 1000 Oe, which is comparable with reported value in the
literature [5.8]. Figure.5.8 also indicates the MR peaks at 130 Oe, which match

well with the coercivity of the film as obtained from MH measurement.

5.3 LNSMO on LAO (001) by PLD

For LNSMO thin film, study of surface morphology and microstructure will
not be shown, but will only be summarized in Section.5.8. The r.m.s roughness
of perovskite manganite films with deposition conditions as mentioned in
Section.5.2 (substrate temperature 650 °C, oxygen pressure 150 mTorr, and laser
fluence 3.82 J/lcm?) was generally below 1.5 nm, which is sufficient for the
fabrication of PSV structures. The optimally-grown LNSMO thin films showed
similar behavior (r.m.s roughness <1.5 nm). Regarding the micro structure
characterization, features of microstructure of LNSMO films were very similar to
those of LSMO films. Therefore, morphological and microstructural
characterization was skipped, and the first step of characterization was to study

the electrical transport properties of LNSMO thin films.

5.3.1 Electrical Transport Measurements

The influence of oxygen partial pressure on the properties of LNSMO was

characterized by electrical measurement. Figure.5.9 clearly shows
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metal-insulator transition for all samples deposited at different oxygen pressures.
The resistance dropped dramatically when the oxygen partial pressure was
increased from 100 to 300 mTorr. Since the thicknesses of the films were not
determined, the resistivities cannot be obtained. However, it was obvious that the
resistivity of the film deposited under 100 mTorr oxygen pressure was much
larger than those of the others, given that all other deposition conditions were
identical and all films were deposited on 2.5 x 5 mm? substrates. Under such
circumstances, the measured resistances can only be changed by the film
thickness and oxygen pressure. It can be clearly observed that the resistance
values of the film deposited with 100 mTorr oxygen pressure was two orders of
magnitude larger than those of the others. However, it would be unphysical for
the film thickness to change by this amount to give such a large difference in
resistance value. Therefore, the resistivity of the films was expected to decrease
with increasing oxygen pressure. However, from observing the resistance value
of the films deposited with 200, 250 and 300 mTorr oxygen pressure, the same
conclusion cannot be drawn with certainly, due to the small changes in resistance
values among these samples.

Eventually, an oxygen pressure of 200 mTorr was chosen for the deposition

of LNSMO. Such a pressure yielded the highest obtainable Ty or T, as well as a
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low resistivity. Oxygen pressures higher than 200 mTorr were not chosen,

because such conditions would greatly increase the surface roughness of the

films [5.1] and reduce the deposition rate.
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Figure 5-9 Temperature dependence of resistance for LNSMO films deposited
under different oxygen pressures: (a) 100 mTorr, (b) 150 mTorr, (c) 200 mTorr, (d)
250 mTorr and, () 300 mTorr. The scale on the right axis (orange) is for curve (a)

only. The corresponding metal-insulator transition temperatures Ty are shown
next to the curves.

For sake of simplicity, the resistivity of the LSMRO film deposited at 200
mTorr oxygen pressure (Figure.5.10) was measured with on a second film with
twice the deposition time, other deposition conditions being identical to the
sample represented by curve (c) in Figure.5.9. This made the film thickness
measurement by SEM easier and more accurate. The measured resistivity of

LNSMO deposited under such conditions was 4.5 x10° Qm at 300 K. This
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corresponds to a very high conductivity compared with numerous ferromagnetic

oxides [5.9, 5.10]

Resistivity ( 1e-5 Qm)
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Figure 5-10 Resistivity against temperature plot of LNSMO deposited with
oxygen partial pressure 200 mTorr.

5.3.2 Magnetic characterization

From M-H measurement (data not shown), the LNSMO film exhibited a
magnetization of 3.14 pg/Mn at 100 K when it was saturated. Compared with
LSMO, the saturation magnetization of LNSMO in terms of pg/Mn was about
the same. As shown in Figure.5.11, the coercive field (~90 Oe) of LNSMO thin
film was also comparable with that of LSMO. However, the goal of depositing
LSMRO was to fabricate PSV with ferromagnetic layers having marked contrast

in coercivity. Based on the result in Figure 5.11, LNSMO was not suitable to be
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used as one of ferromagnetic layers in the PSV.
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Figure 5-11 M-H plot of LNSMO thin film at 100 K when in-plane field was
applied.

5.4 LSMRO on LAO (001) by PLD

5.4.1 Surface Morphology

Figure 5-12 AFM image of LSMRO thin film deposited at 830°C and 150 mTorr.
The scan area was 10 pm x 10 pm.
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Figure.5.12 depicts the AFM image of LSMRO thin film grown at a
substrate temperature of 830°C and oxygen pressure of 150 mTorr. The r.m.s
roughness of the thin film surface was about 6.6 nm, representing a relatively
rough surface. The rough surface may originate from the high substrate
temperature, in combination with the high oxygen pressure as reported by
Koubaa et al [5.1]. Small “islands’ can be observed in Figure.5.12, which was
probably due to island growth rather than 2-D growth during deposition or due to
large particles struck by high laser energy. The poor surface cannot be improved
simply by decreasing the substrate temperature in this case, because a high
substrate temperature is required for the growth of epitaxial LSMRO [5.11]. The
rough surface could be one of the reasons why no GMR effect was exhibited in
the CIP device grown in this work, which will be further discussed in the next

chapter.

5.4.2 Microstructure

X-ray diffraction measurement in 6-26 geometry was used to detect the
out-of-plane lattice constant of the films, and the results are shown in Figure.5.13.
For epitaxial LSMO films (aLsmo bulk ~3.873 A) deposited on LAO (aLao
~ 3.788 A), they are under in-plane compressive strain because a_swo is larger

than a ao. The lattice mismatch 6 (where 6= (@substrate- arLsmo)/asubstrate) between

Chan Yuk Kwan 82



2

qv The Hong Kong Polytechnic University

LAO and LSMO is -2.2%. This negative lattice mismatch induces a lattice
distortion and perpendicular magnetic anisotropy. Such results have been
reported widely in literature [5.12] and in our previous work [5.13]. The two
features are further enhanced in case of LSMRO, because of the increase in

lattice parameters by Ru doping.
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Figure 5-13 8-2@scans of LSMRO thin films deposited at 830 °C with different
0Xygen pressures.

As shown in Figure.5.13, the out-of- plane lattice constants were 3.921,
3.940 and 3.958A for films deposited in oxygen pressure of 150 mTorr, 100
mTorr and 60 mTorr, respectively. Attention is drawn on the work by Yamada et
al., [5.2], who have observed an increase in c-axis lattice constant in Ru-doped
(La,Sr)MnOs (with x = 0.4) as the ambient oxygen increased from 0 to 60 mTorr.
In their work, the relatively low oxygen pressure led to Ru deficiency in the films,

and hence a small lattice parameter which resembled that of films without Ru
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doping. The drop of lattice constant with increasing oxygen pressure, as observed
in Figure.5.13, could be related to the oxygen deficiency effect, as suggested in
previous studies on LSMO [5.5] and also evidenced in other measurements

performed in this work, which will be shown later.
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Figure 5-14 Omega scan of LSMRO thin films deposited under different oxygen

pressures. The inset shows the phi scan on the (a) LAO (002) substrate and (b)
LSMRO (002) reflection of the film deposited at 150 mTorr oxygen pressure.

Figure.5.14 illustrates the rocking curve measurements of the LSMRO films.
The FWHM of the rocking curves were between 0.29° (oxygen pressure = 150
mTorr) and 0.59° (60 mTorr), showing an improved film crystallinity with
increasing oxygen pressure. The enhanced crystallinity is related to the oxygen
stoichiometry of the films. If the oxygen ambient pressure was further increased,

Koubaa et al [5.1] discovered that other phases could be induced and deteriorate
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the film crystallinity. The ¢ scan of the sample deposited in an oxygen pressure
of 150 mTorr (inset of Figure.5.14) shows cube-on-cube growth of LSMRO thin

film on LAO substrate, further indicating the high quality of the film.

543 Electrical Measurements

RT curves of LSMRO thin films are plotted in Figure.5.15. Samples
deposited with higher oxygen pressure showed lower resistivity over the whole
temperature range measured. Metallic semiconducting transition effect,
manifesting itself through a peak in the R-T curve, was observed only for films
deposited under oxygen pressures of 100 mTorr and 150 mTorr. Resistance
peaks occur at temperatures (denoted as Tp) of 270 K and 330 K for the two
samples, respectively. The film deposited with an oxygen pressure of 60 mTorr
did not show any resistance peak over the whole measured temperature range. In
manganite thin films, the ferromagnetic state is always accompanied by a
metallic conduction behaviour, while the paramagnetic state is semiconducting
[5.14], and Tpis approximately equal to Tc. Figure.5.15 therefore suggests that
the LSMRO film deposited under an oxygen pressure of 150 mTorr is
ferromagnetic at room temperature.

From Figure.5.15, the room-temperature resistivity of LSMRO film grown

at 60 mTorr is at least an order of magnitude larger than that of other samples.
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The resistivity of the film deposited under 150mTorr is 2.52 x 10” Qm at 300 K,
which is slightly lower than that of LSMO at the same temperature (~3.2 mQcm).
As shown from the results displayed so far, the LSMRO film deposited under an
ambient oxygen of 150 mTorr was single-phased, had the highest crystallinity,
and also demonstrated the highest Tc and lowest resistivity among all the samples.
| therefore suggest that the optimal growth conditions for LSMRO films is with

an ambient oxygen pressure of 150 mTorr and a substrate temperature 830 °C.
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Figure 5-15 Temperature dependence of resistivity for LSMRO films deposited
with different oxygen pressures.

54.4 Magnetic and Magnetotransport Measurements

Hysteresis loop measurements of LSMO and LSMRO are shown in

Figure.5.16. It can be observed that the coercivity (310 Oe) of LSMRO thin film
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(100 nm) was about 2.5 times (130 Oe) larger than that of undoped LSMO film
(100 nm) at 80 K. Inset of Figure.5.17 illustrates the temperature dependence of
hysteresis loops of the LSMRO thin film. The coercivity reduces gradually with
increasing temperature. At around 300 K, the coercive field (~35 Oe) of the
LSMRO thin film was still higher than that of single crystalline LSMO thin
film(~2-5 Qe), providing sufficient coercivity contrast for the PSV so fabricated.
The temperature dependence of M-H measurements also showed that the film
exhibited ferromagnetic behavior even at 330 K (data not shown). As can be seen
in Figure.5.18, the film exhibited anisotropic magnetoresistance effect (AMR), in
which the resistance changes according to the relative orientation between the
applied current and the magnetic field. The physical origin of AMR is due to
spin-orbit coupling in the lattice [5.15]. The peaks of the AMR measurements

indicate the coercive field (~500 Oe at 10 K) of the LSMRO thin film.
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Figure 5-16 Normalized magnetization versus field measurements of optimized
LSMO and LSMRO films at 80 K.
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Figure 5-17 Temperature dependence of coercive field of LSMRO film deposited

under an oxygen pressure of 150 mTorr. The inset shows the M-H plot of the
LSMRO film measured at 80, 150, 220 K.
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Figure 5-18 Magnetoresistance measurements of LSMRO thin film deposited
under oxygen pressure of 100 mTorr at 10K.

Optimally-grown LSMRO thin films showed a coercivity enhancement
compared with LSMO thin films of the same thickness. A three-fold increase of
coercivity can be obtained at low temperatures, without greatly compromising
the T¢ and conductivity. These suggest the suitability of LSMRO thin films as

one of the ferromagnetic electrodes for PSV structures.

5.5 LNO on LAO (001) by PLD

5.5.1 Surface Morphology

Similar to LSMO, LNO thin films exhibited a decrease in surface
roughness with decreasing laser fluence. This can be observed from Figure.5.19.

For the film deposited with a laser fluence 6.11 J/cm?® (Figure.5.19 (a)), the
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surface was highly irregular, with large grain size and bumpy surface, and the
r.m.s roughness was 5.6 nm. With the laser fluence of 3.82 J/cm? (Figure.5.19(c)),
the r.m.s roughness/film thickness was about 2.1% when the scan area was 5 um
X 5 um and the film thickness was about 67 nm. In addition, Figure.5.19(c)
exhibits the presence of outgrowth on the films. Such outgrowth increases the
roughness of the surfaces and hence disrupts the epitaxial growth of subsequent
deposited layers. The outgrowth effect of YBCO/STO (both YBCO and STO
have similar structure and lattice parameter with LNO and LSMQ) multilayer
structure was studied and was shown to have a significant influence epitaxial
growth of subsequently deposited layers [5.16]. Methods such as low laser

repetition rate can be used to reduce the outgrowth effect on the films.

(b) (©)

Figure 5-19 AFM images showing the surface of LNO thin films desposited with
laser beam energy (a) 6.11 J/cm?, (b) 4.77 J/cm? and (c) 3.82 J/cm? with rm.s.
roughness (a) 5.6 nm, (b) 1.3 nm and (c) 1.4 nm respectively. The scan areas
were 1pum x 1pm.

Chan Yuk Kwan 90



2

Q'v The Hong Kong Polytechnic University

(@) (b) ()

Figure 5-20 AFM images showing the surface of LNO thin film deposited with
laser beam energy 3.82 J/cm?, with different scan area (a) 5 pm x 5 um, (b) 1 pm
x 1 umand () 0.5 um x 0.5 um. The r.m.s. roughnesses were (a) 1.4 nm, (b) 1.3

nm and (c) 1.2 nm.

5.5.2 Microstructure
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Figure 5-21 XRD #-26 scan of LNO film deposited on LAO (100) substrate. Inset
shows ¢ scans of (i) LNO (202) and (ii) LAO (202).
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Figure 5-22 XRD @ scan of LNO (002) peak.

Figure.5.21 describes the XRD 0-26 profile of LNO thin film deposited
under an oxygen pressure of 150 mTorr, with a substrate temperature 650 °C and
laser fluence of 3.82 J/cm?. Most of the features shown by the diffraction patterns
of the LNO thin film on LAO were similar to those of the LSMO on the LAO
(Section 5.2). From Figures.5.21 and 5.22, the 6-26 scan shows (00h) peaks of
the LNO film on LAO substrate, and the » scan illustrates that the corresponding
(002) peak was highly textured with FW.H.M=0.4°. The inset in Figure.5.21
further indicates the cube-on-cube growth of the highly-crystalline LNO thin film

on LAO substrate.
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5.5.3 Electrical Transport Measurements
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Figure 5-23 Plot of resistiviety against temperature of LNO film on LAO
substrate.

RT measurement of LNO film is shown Figure.5.23, which was performed
by the four—point-probe method mentioned in Section.4.3.3.2. Figure.5.23 shows
that LNO exhibited a metallic-like transport behaviour over the whole
temperature range measured (20-380K). In contrast with the resistivity of LSMO
(Section.5.2), the resistivity of LNO (2.3 pQm) was about one order of
magnitude smaller at 300 K. It should be reminded that LNO thin film is
non-ferromagnetic from 20K to 380K [5.17], which was confirmed by M-H

measurements of the film (data not shown).

Chan Yuk Kwan 93



2

qv The Hong Kong Polytechnic University

5.6 LSMO on LAO (001) and STO (001) by LMBE

5.6.1 Introduction

The characterization methods and the features of LNO and rare earth doped
LMO and LNO thin films deposited by LMBE were very similar to those
prepared by PLD. Therefore, general characterizations such as surface and
microstructure studies, will not be included in this dissertation. Instead, a table
summarizing the results obtained from the characterizations of samples will be
shown in Section.5.8. The subsequent sections will introduce specialized topics,
including magnetic anisotropy of LSMO films and anomalous temperature

dependence of resistivity in LNO films.
5.6.2 Magnetic anisotropy

5.6.2.1 Substrate dependence

Figure.5.24 depicts hysteresis loops obtained from a LSMO film grown on
LAO (001) under optimized conditions, when the external field applied either
in-plane or out-of-plane. The LSMO film exhibited an in-plane magnetic
anisotropy when the film was about 100nm in thickness. The out-of-plane
hysteresis loop in the Figure.5.24 illustrated that the hard axis was in the

out-of-plane direction. This is in contrast with LSMO film of the same thickness
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grown on STO (001) substrate, as shown in Figure.5.25. The difference in
magnetic anisotropic behavior could be ascribed to the stress induced by
substrates (compressive stress for LSMO film on LAO substrate and tensile

stress for LSMO on STO) as mentioned in Section.2.7.
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Figure 5-24 Normalized hysteresis loops of an optimized LSMO film (100 nm) on
LAO (001) substrate at 80 K, measured with magnetic field applied parallel
(red curve) and normal (green curve) to the film plane, respectively. Inset shows
the M-H loops in enlarged field scale.
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Figure 5-25 Normalized hysteresis loops of optimized LSMO film on STO (001)
substrate at 80 K, measured with magnetic field applied parallel (red curve) and
normal (green curve) to the film plane, respectively.

5.6.2.2 Thickness dependence

In the last section, 1 have shown the substrate dependence of magnetic
anisotropy in LSMO thin films. This provides me a deeper understanding on the
magnetic properties of manganite films and hence gives a clue for device
fabrication. Apart from substrate dependence of magnetic anisotropy of LSMO,
other group [5.18, 5.19] also studied the thickness dependence of magnetic
anisotropy. In this Section, variations of magnetic anisotropy in LSMO films
with different thicknesses are studied.

Depositions of three LSMO thin films with different thicknesses were

performed, aiming at studying the dependence of coercive field with film
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thicknesses. It can be seen from Figure.5.26 that there was coercivity
enhancement for 15-nm thick LSMO film (320 Oe) compared with another
sample with a thickness of 100 nm (180 Oe). Although coercivity enhancement
was observed in the thinner film, complications will arise during the fabrication
of CPP devices. This is because critical control of etching processes is necessary
for fabricating CPP device. If the bottom layer is too thin (< 20 nm), etching for
the preparation of bottom electrodes will become extremely difficult to control.
Other than coercivity enhancement, magnetic anisotropy can also be
changed from in-plane to out-of-plane direction, as the film thickness was
lowered from 15 nm to 7.5 nm (Figures.5.26 to 5.28). From Figures.5.26 and
5.27, LSMO thin films with thickness 15 and 100 nm showed in-plane anisotropy.
By contrast, perpendicular anisotropy was shown by the sample with thickness
7.5 nm (Figure 5.28). Therefore, a transition of magnetic anisotropy took place

for LSMO films at a thickness between 7.5 and 15 nm.
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Figure 5-26 Normalized in-plane M-H loops of LSMO films with different
thickness on LAO (001), measured at 80 K.
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Figure 5-27 Normalized out-of-plane M-H loops of LSMO films with different
thickness on LAO substrates at 80K.
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Figure 5-28 Normalized in-plane and out-of-plane hysteresis loops of a 7.5nm
LSMO film on LAO substrate. Inset shows the M-H loops in enlarged field scale.

5.7 LNO on LAO (001) by LMBE

5.7.1 Anomalous temperature dependence of resistivity

From the inset of Figure.5.29, interestingly, it was observed that the
resistivity of an oxygen-deficient LNO film fell to a minimum at 140 K, while
the stoichiometric (or oxygen-balanced) LNO film showed metallic transport
behavior (Figure5.29(b)). The deposition conditions of oxygen deficient and
optimally deposited LNO film were identical except the post-deposition
treatment: the optimally deposited LNO film was maintained in an oxygen

ambient of 150 mTorr during the cooling process, while the oxygen-deficient
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sample was cooled in the absence of oxygen after deposition.

Similar behavior has been found by Gayathri et al [5.20]. They studied the
temperature dependence of electrical properties in bulk LNO ceramics with
different oxygen content, and they claimed that an appearance of resistivity
minima arises from the weak-localization effect. Further study has not been
conducted in this work; however, it is noted that maintaining oxygen

stoichiometry is an important issue for deposition of LNO thin films.
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Figure 5-29 Semi-log plots of RT measurements for (a) oxygen deficient and (b)
optimally grown LNO film deposited by LMBE. The inset shows the linear plot of

(@).
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5.8 Summary for deposition parameters and properties of perovskite thin films

. Deposition Laser Oxygen Base Target-to- Substrate Reprate Annealing Flow
Material system fluencze ambient pressure 'substrate- temperature rate (Hz) time (secs) rate
(J/cm?) (mTorr) (mTorr)  distance (cm) (°C) (sccm)
LSMO PLD 3.82 150 ~5 4 650 5 60 N/A
LNSMO PLD 3.82 150 ~5 4 650 5 60 N/A
LSMRO PLD 3.82 150 ~5 4 830 5 60 N/A
LNO PLD 3.82 150 ~5 4 650 5 60 N/A
LSMO LMBE 5 188 <5x10 5 680 5 60 20
LCMO LMBE 5 188 <5x1072 5 680 5 60 20
LNO LMBE 5 150 <5x10 5 680 5 60 20
Table 5-1 Optimal deposition parameters for perovskite thin film by PLD and LMBE systems.
_ Deposition Out-of-plane FuII—Wiglth— _R.M.S. roughness Resistivity Resistivity Cogrcive Magnetization
Material system Lattice Half-Maximum in scan areaof 1 x  at 20K at 300K field (200 _K)
parameters (A) ©) 1 pm? (nm) (Qm) (Qm) (100 K) (Oe)  (HgMn ions,
LSMO PLD 3.890 0.35 ~1.1 ~3x10°  ~3.2x10° 130 3.03
LNSMO PLD 3.859 0.32 ~1.0 3.30x10° 4.51x10° 90 3.14
LSMRO PLD 3.921 0.29 ~6.6 1.77x10°  2.52x10° 260 3.16 (80K)
LNO PLD 3.875 0.40 ~1.3 8.8x107  2.32x10° N/A Non magnetic
LSMO LMBE 3.921 0.10 ~1.0 1.97x10° 1.25x10™ 120 undetermined
LCMO LMBE 3.860 0.14 ~1.0 2.64x10° ~4.77x107 95 undetermined
LNO LMBE 3.868 0.08 ~1.2 1.73x10° 3.58x10°® N/A Non magnetic

Table 5-2 Properties of perovskite thin films deposited by PLD and LMBE systems.
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Chapter 6 All-oxide pseudo spin valves in
current-in-plane configuration

In this Chapter, I will present results obtained from perovskite oxide
multilayers of structure LSMRO (100 nm)\LNO (15 nm)\LSMO (50 nm),
deposited by PLD on (001) LAO single crystal substrates.

For the growth of single-phased epitaxial LSMRO films, precise
optimization of oxygen pressure (P) and substrate temperature (Tswp) Was
necessary. Low P and high T, favours the intergrowth of Ru-deficient Sr,RuQOy,
whereas high P and low T, can lead to the growth of SrRuO; [6.1]. An oxygen
pressure of 150 mTorr and a substrate temperature of 830°C were finally chosen
as optimal deposition conditions, as mentioned in Section.5.4. Due to the
relatively high growth temperature of LSMRO (refer to previous chapter), it was
deposited as the bottom layer of the spin valve stack in order to avoid interfacial
diffusion. This was followed by the growth of LNO and LSMO layers at 650 °C.

The microstructures of the SV samples were characterized by XRD.
Magnetic measurements were performed by VSM. Four-point magnetoresistance
measurements, as mentioned in Section.4.3.3.2, in CIP geometry were done on

the samples, with the magnetic field applied parallel to the film plane.
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6.1 Microstructure

LAO (002)K
LSMO (002)
LNO (002)

LSMRO (002)—l

Intensity (a.u.)

42 44 46 48 50 52
20 (degree)

Figure 6-1 ¢-20scan of a LSMRO\LNO\LSMO PSV multilayer sample.

The 626 scan of a multilayer sample is displayed in Figure.6.1,
indicating that all of the layers were highly (001)-oriented, with out-of-plane
lattice constants of 3.91 A (LSMRO) and 3.87 A (LNO and LSMO). The LNO
and LSMO peaks could not be resolved from the scan, which is similar to our
previous observations on epitaxially-grown LNO\LSMO films [6.2]. The values
of lattice constants obtained from Figure.6.1 are similar to those of the bulk
materials (a_smro = 3.86 A, aino = 3.84 A, aswo = 3.87 A, assuming
pseudo-cubic structures). The higher value of a swro could be understood as a

consequence of elastic distortion of the larger unit cells, in order to conform to an
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epitaxial growth on LAO substrate (a a0 = 3.79 A). On the other hand, rocking
curve measurements corresponding to LSMRO and LNO\LSMO peaks revealed
FWHM values of ~ 0.6° (data not shown), indicating the epitaxial nature of the
samples.

Concerning the LSMRO layer, we have not observed any diffraction peaks
other than the LSMRO(002) peak in Figure.6.1, suggesting the absence of phases

other than LSMRO, down to the detection limit of the diffractrometer..

6.2 Magnetic Measurements

1.0F

0.5

-0.5
-« -150K
- = - 200K
-10 — 1 I 1 1 I 1
-500 -250 0 250 500

Field (Oe)

Figure 6-2 Hysteresis loops of a pseudo spin valve sample at various
temperatures.

Figure.6.2 shows the in-plane hysteresis loops of the PSV structure at

various temperatures. At 77 K, a double coercivity behavior was clearly observed.
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The corresponding coercivity values were 80 and 280 Oe. These results matched
quite well with values obtained from single LSMO (Section.5.2) and LSMRO
layers (Section.5.4), respectively. We therefore attribute the switching at +80 Oe
to the reversal of LSMO layer, and that at +280 Oe to the LSMRO layer
switching. The coercivity contrast was suppressed as the temperature increased,;
the double coercivity behavior was no longer observed at temperatures above

200 K.

6.3 Transport Measurement

Magnetotransport properties of the PSV structure at 10 K is shown in
Figure.6.3(b1) and (b2). In order to distinguish GMR from AMR effect, MR
measurements were performed with the external field applied either parallel or
perpendicular to the current flow direction. As observed in Figure 6.3(b1) and
(b2), a negative MR behavior was observed; that is, a high resistance state was
observed at the low magnetic field regime.

Closer inspection of Figure.6.3(b) reveals that the MR plots are
superposition of two separate MR curves (Figure.6.3(a) and Figure.6.3(c)),
clearly indicating that the current was flowing through all of the layers in the CIP
device. From Figure.6.3(b), MR peaks were observed between +150 Oe at low

magnetic field. The sign of this MR peak was unchanged, when the relative
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orientations between the applied field and current was switched by 90°. The

independence of this MR peak to the relative orientation between current and

magnetization is similar to the behaviour of single LSMO layer (Figure.6.3(c)).

Applied magnetic field (kOe)
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Figure 6-3 In-plane magnetoresistance measurements of (a) LSMRO single layer
on LAO at 10 K, (b) CIP device at 10 K and (c) LSMO on LAO at 20 K. (al) and
(b1) have applied current perpendicular to the field, while (a2) and (b2) have
applied current parallel to the field. (c1) and (c2) are the same graph because
the magnetoresistive behavior of single layer LSMO is independent to the relative

orientation between applied current and field.

At higher fields (up to +600 Oe), a broad MR background was observed.

Unlike the low-field MR peaks, this ‘background” MR behavior changed sign

when the in-plane field was rotated by 90°. The changed sign corresponds to the

AMR effect shown by single layer LSMRO as described in Figure.6.3(a).
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Although the MR measurements of single layer LSMO was performed at 20 K it
was expected that the MR of single LSMO layer will behave in the same way at
10 K, with the peaks at about the same positions. It seems that the
magnetoresistive effect of the CIP device is the combination of AMR of LSMRO

film and inter-granular tunneling of LSMO single layer.

6.4 Discussions

The aim of this project was to fabricate PSV structures. While | have
demonstrated the double coercivity behavior in the as-deposited films
(Figure.6.2), but it cannot be concluded that GMR effect was observed in
Figure.6.3(a) solely based on the measurements shown here.

From the results of Figure.6.3(b), one may suggest that the low-field MR
peaks were due to the GMR effect. At low magnetic field, the magnetization of
the LSMO layer was switched, leading to a high resistance state. As the field was
further increased, the LSMRO starts to reverse, leading to a drop in the resistance
of the multilayer. As the field was further increased, the AMR effect of LSMRO
dominated the MR behavior.

The fallacy of the above picture is as follows. The coercivity of LSMRO at
10 K, as seen from Figure.6.3(b), should be around 500 to 700 Oe. This is much

higher than the value of ~ 250 Oe, at which the resistance of the low field MR
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peaks in Figure.6.3(b) started to drop. Unless supported by magnetization
measurement at the same temperature, one cannot conclude that the observed
low-field MR behavior in Figure.6.3(a) was due to the GMR effect of the spin
valve structure.

In Figure.6.3(c) | showed the MR behavior (intergranular tunneling) of a
sample LAO(001)\LSMO(50 nm), measured at 20 K. It has portrayed a broad
MR behavior, with switching fields that matched fairly well with the low field
MR peaks in Figure.6.3(b). The data shown in Figure.6.3(c) further shows the
MR behavior was independent to the relative orientation between applied current
and field. Qualitatively, however, the sharp switching behavior of low-field MR
in Figure.6.3(b) did not seem to match the broad reversal behaviour in
Figure.6.3(c). Further investigations are therefore necessary to clarify the origin
of the observed MR behavior in Figure.6.3(b).

One strategy to resolve the issue is to provide conditions that are conducive
for the exhibition of GMR effect; this can be achieved by reducing the spacer
layer thickness. Indeed, Granada et al. [6.3] have shown that the CIP GMR
would be too small to be observed, once the LNO spacer thickness was above 8
nm. This is partly due to the high resistivity of LNO, which leads to a small

carrier mean free path and adversely affect the MR ratio obtained [6.4]. In order
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to observe the GMR effect, thinner LNO spacers will be deposited while trying
to maintain a double coercivity behaviour.

On the other hand, the PSV structure shown in this work could possibly
demonstrate GMR effect in the CPP geometry: in such a case, the spin diffusion
length of charge carriers inside the spacer is the relevant length parameter [6.5].
In general the spin diffusion length is much longer than the electronic mean free
path, at least in the case of metals [6.6]; no information about spin diffusion
length in LNO was found in literature. Work is under progress along this

direction.

6.5 Conclusion

I have fabricated epitaxial PSV structures, using various conducting
perovskite oxides. In particular, coercivity contrast in ferromagnetic layers was
achieved by using LSMO with or without Ru doping. Further attempts will be
made to fabricate samples with thinner LNO spacers, in order to realize GMR in
such a structure. Measurements will also be made in the CPP geometry, with the
aim of extracting relevant spin transport parameters (such as spin diffusion
length) in LNO. Successful probing of such parameters using the SV structure
described here would serve as a protocol for further investigations of spin

transport in other oxide systems.
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Chapter 7 Magnetic properties of
LSMO\LNO\LCMO pseudo spin valves by LMBE

7.1 Introduction

After the characterization of LSMRO single layers (Chapter 5) and
measurements of CIP devices (previous chapter), it was found that LSMRO thin
films were hardly reproduced in the both PLD and LMBE systems. The difficulty
in reproducing LSMRO thin films was also mentioned elsewhere [7.1]. In order
to obtain repeatable results, LSMO and LCMO were chosen as the ferromagnetic
electrodes in PSV.

Microstructural analysis and magnetic characterization of LNO (200
nM)\LSMO (50 nm)\LNO (10 nm)\LCMO (25 nm) multilayer structure are
presented in this Chapter. The PSV structure was deposited on single crystalline
LAO substrates. The thick bottom LNO layer serves as the electrode, and the
multilayer structure (LSMO/LNO/LCMO) on top forms the PSV structure. LNO
bottom electrode was used instead of the LSMO layer in PSV, because this can
minimize AMR contribution to the MR measurement. Like the CIP devices in
Chapter 6, it was necessary to prepare two different ferromagnetic electrodes in
the PSV with well-defined anti-parallel magnetic state, in order to produce

reproducible step-like GMR [7.2].
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Such multilayer stacks were deposited for the purpose of fabricating CPP
devices, using a 3-D focused ion beam etching technique [7.3]. Such a process
not only provides a simple means for fabricating CPP devices, but also small
junctions (lateral dimensions < 200 nm) can be prepared to enhance
magnetoresistive effect. This part of the work is pursued in collaboration with the
Device Materials Group in Cambridge University, and is under progress at the
time this thesis was submitted.

In this chapter, only measurements on the microstructural and magnetic
properties of the multilayer will be given. Device fabrication and
magnetoresistance measurements are under progress, and will be part of the

future work.

7.2 Microstructure

XRD 620 pattern of a multilayer stack sample is illustrated in Figure.7.1,
showing that all the layers were highly (002)-oriented with out-of-plane lattice
parameters of 3.82 A (LCMO) and 3.87 A (LNO and LSMO). Similar to the
result on highly-textured LNO\LSMO bilayer on LAO substrates [7.4], the LNO
and LSMO peaks could not be distinguished from each other in the scan. The
peak at 47.5° in Figure.7.1 was considered to be from the LCMO layer. As

summarized in Table.5.2, the lattice parameter of LCMO on LAO was 3.86 A.
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The change of the out-of-plane lattice constant was attributed to compressive
stress relaxation (Section.2.7) produced by the stack of layers (LNO\LSMO\LNO)
beneath the LCMO layer. The values of lattice constants obtained from
Figure.7.1 were found to match closely with those of the materials in bulk form
(aLcmo = 3.86 A, aino = 3.84 A, aismo = 3.87 A, assuming pseudo-cubic
structures). Apart from the 6-26 pattern, rocking curve measurements and ¢ scan
of the layers (data not shown) further unveiled that the sample was
highly-oriented (FWHM values of LSMO/LNO and LCMO were ~0.8° and ~1°,

respectively), and was grown cube-on-cube relationship on the substrate.

+——LAO(002)

LSMO(002)
LNO(002)

Intensity (a.u.)

47 48 49 | 50
20 (degree)

Figure 7-1 XRD 6-26 pattern of a LNO\LSMO\LNO\LCMO sample.
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7.3 Magnetic properties
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Figure 7-2 In-plane hysteresis loops of the multilayer at various temperatures.

Figure.7.2 displays the temperature dependence of MH measurements of

the same multilayer sample used for XRD measurements. Double coercivity

behavior was clearly shown at temperatures lower than 200 K, and the effect was

more pronounced with decreasing temperatures. At 200 K and above, double

coercivity could no longer be detected. There are a number of possibilities for

explaining such a suppression of double coercivity behavior. The first one was

that the coercivity contrast was no longer large enough to be detected by our

VSM at 200 K and above. The disappearance of the effect could also be ascribed

to the fact that the temperature at 200 K was very close to the Curie temperature

(250 K) of the LCMO layer. This resulted in a very weak signal from the LCMO
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layer. It should be stressed that the two effects are not mutually exclusive.
However, it seems that the latter was more dominant, as LCMO on LAO samples
(Chapter 5) have signals that were already too weak to be detected above 200 K.
The identification of the LSMO and LCMO layers can be done by the
relative strengths of magnetization. As the LSMO layer was two times thicker
than LCMO layer, the magnetization signals of the LSMO layer was also two
times that of the LCMO film as the two materials have similar magnetization at
low temperature. This can be observed clearly from Figure 7.2, for the M-H loop
at 80 K. Based on this, | deduced that the switching at £190 Oe (at 80 K)
correspond to the LCMO layer, and the magnetization reversal at ~+100 Oe (at
80 K) correspond to the LSMO. This matched well with the results obtained from

the LSMO single layer on LAO (Figure.5.7).

7.4 Conclusion

I have deposited PSV structures for fabricating CPP devices with
different perovskite oxides. Microstructural analysis and MH measurements were
performed. Coercivity contrast between the ferromagnetic electrodes was
established, by means of two kinds of A-site doped lanthanum manganites. The
deposited structures will be fabricated into CPP devices by focused ion beam

etching, followed by magnetotransport measurements to verify the presence of
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GMR effect. Further work will be made to estimate the spin transport parameters
(e.g.spin diffusion length) of LNO spacers. Promising results of such parameters

would suggest possibilities of using LNO layer in oxide spin electronics system.
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Chapter 8 Conclusions

In the experimental study, | have presented two parts of results. One of them
is the optimization of deposition parameters for single layered films. Another one
is about properties of two types of devices, one in the CIP geometry and the other
one for CPP measurements.

After precise optimization of deposition parameters, such as
substrate-to-target distances, laser fluence, repetition rate and oxygen pressure,
thin films with extremely flat surfaces and high crystallinity were obtained. Two
PLD systems were utilized for depositing thin films in this project, one was a
typical PLD system and the other one was a laser molecular beam epitaxy system
(LMBE). Compared with PLD, LMBE can produce single crystalline films with
atomic flatness due to a slower growth process. Experimental results showed that
the roughness (r.m.s ~ 1 nm) and crystallinity (FWHM ~ 0.2° obtained from
w-scan) of the films fabricated by LMBE were superior to those produced by
PLD (roughness r.m.s ~ 1nm and FWHM ~ 0.5). All properties and deposition
parameters of thin films were summarized in Chapter 5.

CIP devices were fabricated in PSV structures LSMRO (100 nm)\ LNO (15
nmM)\LSMO (50 nm). Ru doping in LSMO has been shown to induce coercivity

enhancement of 2.5 times compared to that of LSMO (~100 Oe at 80 K). Double
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coercivity was clearly observed in these devices. Magnetoresistance
measurements were performed on the device at 10 K and the results showed that
the magnetoresistive effect of the CIP device was the combination of AMR of
LSMRO film and intergranular tunneling of LSMO layer.

LSMO (50 nm)\ LNO (15 nm)\LCMO (25 nm) PSVs, prepared to be
fabricated into CPP devices, with LNO as bottom electrodes, were deposited on
LAO substrates. Microstructure analysis showed the epitaxial nature of the films,
and hysteresis loop measurements illustrated two-step switching (double
coercivity) characteristic of the heterostructures. It was found that the one
switching corresponded to LCMO and another one to LSMO.

A very similar work was found in the literature, in which
La0.75Sr0.25MnO3/LNO/La0.75Sr0.25Mn0O3 CIP device was fabricated and
claimed to exhibit GMR effect [8.1]. However, verification of the GMR could
not be made possible without considering two crucial factors: (1) double
coercivity effect, which was not clearly observed in their work. (2) angular
measurements for MR were not done to eliminate contributions of AMR effect.
In contrast, the device mentioned in Chapter 7 clearly showed double coercivity.
Clearer verification of GMR can be made, if our device can demonstrate large

MR changes through magnetization switching between parallel and antiparallel
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states.

One of the issues investigated in the current project was the coercivity
contrast between ferromagnetic layers in PSV, with the aim of demonstrating
step-like GMR. Based on current results, MR response of the devices mentioned
in Chapter 7 will be studied, in order to observe GMR in such structure.
Successful demonstration of GMR would be the first work to show GMR in PSV
with LNO as spacer, when the work by Granada et al did not provide enough
evidences for the existence of GMR in a similar structure. Another interesting
extension of this work is to probe experimentally the spin diffusion length of
LNO. Such information will clarify the potential of using LNO as electrodes in
spintronic devices using perovskite oxides. Successful preparation of the devices
mentioned would serve as a protocol for further studies of spin manipulation in

other oxide systems.
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