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Abstract
Strongly correlated perovskite oxides are a class of materials with fascinating in-
trinsic physical functionalities due to the interplay of charge, spin, orbital ordering
and lattice effects. The exotic phenomena arising from these competing degrees
of freedom include superconductivity, ferromagnetism, ferroelectricity and metal-
insulator transitions, among others. The use of these exotic phenomena in a new
generation of devices with new and enhanced functionalities is continuing inspir-
ing the research community.

In this sense, Resistive-Random Access Memories (RRAM) are one of the most
promising candidates to win the race towards the universal memory of the future,
which could overcome the limitations of actual technologies (Flash and Dynamic-
RAM), due to their excellent properties in terms of scalability, endurance, retention
and switching speeds. They are based on the Resistive Switching effect (RS), where
the application of an electric field produces a reversible, non-volatile change in the
resistance between two or more resistive states. This phenomenon has been ob-
served in a large variety of oxide materials, where the motion of oxygen is widely
accepted to play a key role in their outstanding properties. However, the exact
mechanism governing this effect is material-dependent and for some of them it is
still far to be understood. This lack of understanding is actually one of the main
bottlenecks preventing the widespread use of this technology.

In this thesis, we present a novel Resistive Switching mechanism based on the
Metal-Insulator Transition (MIT) in metallic perovskite oxides with strong electron-
electron interaction. We analyse the RS behaviour of three different families of
metallic perovskites: La1−xSrxMnO3, YBa2Cu3O7−δ and ReNiO3 and demonstrate
that the MIT of these mixed electronic-ionic conductors can be tuned upon the ap-
plication of an electric field, being able to transform the entire bulk volume. This
volume RS is different in nature from interfacial or filamentary type and opens new
possibilities of robust device design.

Thorough nanoscale electrical characterization of the RS effect in these systems has
been performed by means of Conductive-Atomic Force Microscopy (C-AFM). Scan-
ning Tunnelling Spectroscopy (STS) and temperature-dependent transport mea-
surements were performed in the different resistive states to get insight into their
electronic features. The nanoscale memristive behaviour of these systems is suc-
cessfully reproduced at a micrometric scale with W-Au tips in probe station exper-
iments. Using this approach, atmosphere dependent measurements were under-
taken, where oxygen exchange with the ambience is strongly evidenced. In addi-
tion, we present a proof-of-principle result from a 3-Terminal configuration where
the RS effect is applied at the gate of the device. In the particular case of supercon-
ducting YBa2Cu3O7−δ films, we have studied the influence of high resistance areas,
which are embedded in the material, on the superconducting transport properties
enabling vortex pinning modification and paving the way towards novel reconfig-
urable vortex pinning sites.

We interpret the RS results of these strongly correlated systems in terms of a Mott
volume transition, that we believe to be of general validity for metallic perovskite
complex oxides. We have verified that strongly correlated metallic perovskite ox-
ides are a unique class of materials very promising for RS applications due to its
intrinsic MIT properties that boosts a robust volumetric resistive switching effect.
This thesis settles down the framework to understand the RS effect in these strongly
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correlated pervoskites, which could eventually lead to a new generation of devices
exploiting the intrinsic MIT of these systems.
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Motivation
The demand for data storage has rapidly increased in the last decades with the
outbreak of the digital era. Nowadays, the memory market is dominated by two
technologies: Dynamic Random access memories (DRAM) and Flash memories.
However, there is a lack of an universal memory with the advantages of both tech-
nologies (fast switching and large retention and endurance) which can overcome
the scalability limit that the conventional technologies present.

A lot of efforts are currently being undertaken in the research community to ad-
dress this issue. In this sense, the resistive switching (RS) phenomenon is a very
appealing physical effect owing to a memory behaviour with outstanding perfor-
mance, beating the actual Flash and DRAM technologies.

The RS effect has been observed in a large variety of materials, including chalco-
genides, binary oxides and complex oxides. In this latter class of materials, the
intricate interplay of charge, spin, orbital ordering and lattice effects leads to ex-
otic phenomena, such as ferromagnetism, ferroelectricity, superconductivity and
metal-insulator transition (MIT).

These properties can be controlled upon material engineering in order to design
novel devices that could fully exploit the intrinsic functional properties of the ma-
terial. In particular, materials showing MIT can present a wide range of resis-
tive states upon small variations in the charge carrier density. This is the case of
three different families of metallic perovskite oxides: manganites, nickelates and
cuprates.

In this thesis, we explore the RS effect in these three families at the nano- and mi-
croscales with local probe techniques. We demonstrate the link between the RS
effect observed in these compounds and their MIT, thus shedding new light into
the physical origin of the effect. Despite the different origin of the MIT in the three
systems, we have found common features among them that allow us to generalize
a model for metallic perovskite oxides with MIT.

This work is intended to depict the framework for the analysis of the RS effect in
strongly correlated metallic perovskite systems and to demonstrate their promising
capabilities for further device integration. We will show the unique opportunities
of these materials by thoroughly studying their resistive switching properties at
the nano- and microscales, mainly by scanning probe techniques. We will prove
the capabilities of these materials to show an homogeneous volumetric Resistive
Switching effect with excellent performances, making them highly appealing can-
didates for the next generation of R-RAM devices.
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Chapter 1

Introduction

The concise summary made in this chapter is addressed to provide a comprehen-
sive overview of the resistive switching effect and the state-of-the-art knowledge
on the main mechanisms responsible for it. The recent advancements in the field
are also highlighted. Special emphasis lays on the metal-insulator transitions in
strongly correlated oxides. A brief introduction on the basics of the materials em-
ployed in this thesis is also given.

1.1 Resistive Switching phenomena in oxides

Our information-based society requires handling large amounts of data and com-
puting power. In 2007, it was estimated that more than 2 zettabytes of information
were stored worldwide, and it is predicted to reach 16 ZB in 2017 [1]. Therefore,
there is a huge research interest in technologies that could increase our information
storage capacity in a near future. At present, two main types of memories dom-
inates the market: Dynamic random access memories (DRAM) and Flash mem-
ories. On the one hand, DRAM are based on capacitance effects and present ex-
cellent performance (writing, erasing and reading times of less then 10 ns) and
large endurance (> 106 cycles). However, DRAM devices present poor retention
times (∼ 60ms) and they have to be periodically refreshed. Therefore, DRAM
are volatile memories with high power-consumption in operation. On the other
hand, Flash technology is based on charge trapping effects and show slower per-
formance than DRAM (writing, erasing and reading times in the 0.1 − 1ms range)
and poor endurance (> 104 cycles). Advantageously, they present large retention
times (10 − 20yrs), being thus non-volatile memories. The fast performance of
DRAM makes them suitable for instructions computing, whereas Flash memories
are widely used in data storage. The seek of an universal memory combining the
advantages of the two aforementioned technologies, i.e., high density and speed,
low power consumption and long data retention, is currently inspiring remarkable
efforts in the research community and industry.

The prediction of Gordon E. Moore in 1965 in which the number of transistors dou-
bles every two years, known as "Moore’s Law" [2], has proven to be accurate up
to now. However, further reduction of transistor size is limited by high dissipation
and quantum mechanical effects, which degrade device properties in the current
CMOS technology [3]. Therefore, other concepts have to be developed for further
improvement of devices to meet the required performances. One of the strategies
adopted by the community to overcome these problems is the so called "Beyond
CMOS". Here, new state variables such as spin, molecular state, photons, phonons,
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nano-structures, mechanical state, resistance, quantum state (including phase) and
quantized magnetic flux are investigated for their suitability in future nanoelec-
tronic devices [4].

Different random access memories (RAM) are currently being considered as alter-
natives to Flash technology [5, 6], such as magnetic-RAM (MRAM) [7, 8], phase
change-RAM (PCRAM) [9, 10], ferroelectric-RAM (Fe-RAM) [11, 12] or Resistive-
RAM (RRAM) [13–16]. The latter case, RRAM, is considered a very promising
emerging alternative for its simple architecture and excellent performances. RRAM
devices are based on the so called Resistive Switching (RS) effect, where two or
more reversible resistance states can be induced upon the application of an electric
field due to a thermal, chemical or electronic change. The more conducting state is
called the ON or Low Resistance State (LRS), whereas the less conducting state is
called OFF or high resistance state (HRS). In the literature, the OFF→ON transition
is called SET, while the ON→OFF process is called RESET. However, this nomen-
clature might induce confusion in our case as it will be shown later. Thus, in our
experiments the terms HRS (or OFF state) and LRS (or ON state) will be employed
and the transition (HRS→LRS or LRS→HRS) specified.

Several oxide systems present RS, including binary and complex oxides, such as
TiO2 [17], NiO [18], TaOx [19], PrxCa1−xMnO3 [20–22], or SrTiO3 [23–26]. Diverse
thermochemical and electrochemical effects have been proposed as the microscopic
origin of the RS for the different materials. They include the formation/rupture of
conducting filaments [17, 27, 28], modification of a Schottky barrier close to the
metal/oxide interface [29, 30] and metal-insulator (MIT) Mott transition [31, 32]
among others. Before classifying the different mechanisms in more detail, let us in-
troduce the device phenomenology. For a more detailed comprehension, the reader
is referred to the following reviews [15, 16, 33].

1.1.1 Device phenomenology

The typical metal oxide memory RS cell is a simple metal-insulator-metal (MIM)
structure as shown in figure 1.1 (a), since most of the materials studied are insu-
lators. The switching modes of these cells can be broadly classified into two dif-
ferent types: unipolar and bipolar [14]. In the unipolar resistive switching (URS)
the switching process depends on the amplitude of the applied voltage but not on
the polarity, and usually it can symmetrically occur at both forward and reversed
voltages, as depicted in figure 1.1 (b). The compliance current (CC) limits the cur-
rent during operation of the device, and it is usually larger in the ON→OFF than
in the OFF→ON processes. In contrast, in the bipolar resistive switching (BRS),
both transitions occur only at one polarity and at a certain bias, i.e., the switching
depends on the polarity and on the magnitude of the applied bias. In both cases,
the electrical readout of memory state of the cell is performed at very low bias to
assure that it does not affect its resistive state. A scheme is shown in figure 1.1 (c).
In addition, both mechanisms have been observed even in the same material and
considerable effort is undertaken to control the coexistence of both [34–37].

In some cases a larger intial voltage is needed in a fresh device to induce the re-
sistive switching effect in the subsequent cycles. This is called the Electroforming
process [38, 39].
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a) b) c) 

FIGURE 1.1: (a) Typical structure of a MIM cell. I-V sweeps showing
the two mentioned operation modes: (b) unipolar and (c) bipolar.

Adapted from [14].

1.1.2 Classification of resistive switching mechanisms

Several physical phenomena produce a non-volatile resistance switch that might
lead to a RS memory effect. For instance, a single molecule might switch between
resistance states upon a change in its molecular configuration [40] or by control-
ling the direction of a ferroelectric domain polarization one can tune the tunnelling
current [41] across the tunnel junction. In PCM, either the Joule heating effect or
heating through optical pulses is used to induce a change between a crystalline
phase (LRS) and an amorphous phase (HRS) in tellurides and selenides [9, 42].
Besides them, there are three main RS mechanisms which involve chemical ef-
fects [15], i.e., the switching involves red-ox processes in the memristive devices
either triggered by temperature or electrical voltage or both: the thermochemical
mechanism (TCM), the electrochemical metallization mechanism (ECM) and va-
lence change mechanism (VCM). The TCM [15, 43] occurs due to a change of the
stoichiometry which varies locally the conductivity produced by current-induced
increase of the temperature. It is inherently unipolar and it is associated to filamen-
tary conduction paths. The ECM [28] is based on an electrochemically active metal
electrode such as Ag or Cu, whose highly mobile cations are transported through
the solid electrolytes (oxides or higher chalcogenides) forming (ON) and dissolv-
ing (OFF) metallic filaments. ECM is an inherently bipolar mechanism. For the
VCM, which is mainly observed in transition metal oxides (TMO), several expla-
nations have been proposed, depending on the material. For instance, it has been
proposed that pure electronic effects might be responsible of the RS effect, such as
the charge-trapping model at impurities [44], charge trapping at interface sites [45],
pure electronic metal-insulator transition [46, 47] and polaron ordering [48]. How-
ever, in most of the TMO it is widely accepted that the valence change is mainly
triggered by migration of oxygen anions (usually described as oxygen vacancies),
much more mobile than the cations [15]. VCM is also inherently bipolar, since the
polarity determines the reduction or oxidation of the material.

In addition, there are two different scenarios according to the geometrical local-
ization of the switching event: the filamentary switching scenario (figure 1.2 (a)
and the area distributed switching scenario (figure 1.2 (b) [15, 49]. In the case of
filamentary conduction, oxygen vacancies (or metallic cation species in the ECM
cells) organize into filaments connecting the two electrodes. It can be associated
both to unipolar (TCM) or to bipolar (ECM and VCM) switching. In the case of
interface conduction, oxygen vacancies distribute along a depleted interface which
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ultimately controls the conductivity of the device. This mechanism is usually asso-
ciated to a bipolar behaviour.

a) b) 

FIGURE 1.2: Geometrical localization of the switching event. (a) Fil-
amentary conducting path and (b) interface-type conducting path.

Adapted from [49].

In this thesis, we present a VCM mechanism based on the metal-insulator transi-
tion (MIT) of three different mixed-valence-mixed-conductors metallic perovskites,
La1−xSrxMnO3, YBa2Cu3O7−δ and ReNiO3. In the following chapters, we show
strong evidences supporting an homogeneous switching even through the full
thickness of the film. The MIT might be then induced in a volumetric and ho-
mogeneous way upon the application of an intense electric field. We thoroughly
explored and extend earlier studies in the group [50, 51], where a volume resis-
tive switching was suggested for the first time in La0.7Sr0.3MnO3 thin films. Before
presenting the metallic perovskites studied in this thesis, a brief overview of metal-
insulator transitions is given.

1.2 Metal-Insulator Transitions

The metal-insulator transition (MIT) is widely observed in a large variety of mate-
rials, specifically in strongly correlated transition metal oxides (TMO). It produces
an intrinsic change in the material from an insulator to a metallic state and it can be
triggered by different factors, such as pressure, temperature or electric field, among
others. Usually, the MIT is accompanied by colossal resistivity changes, even over
several orders of magnitude. In this section, a brief overview of MIT mechanisms
is presented. Deep theoretical and experimental reviews can be found elsewhere
[52–57].

In the single electron band picture, the electronic structure of a solid is described as
free electrons moving in an effective periodic potential forced by ions. This periodic
potential produces a discontinuity in the electron dispersion curves at the bound-
aries of the Brillouin zone, thus creating energy bands and gaps in the momentum
space. Metals present a partially filled band whereas the electron bands of insula-
tors are fully occupied at T = 0K. This simple view explains exceptionally well
the physical properties of many materials. However, it ignores disorder-electron
interaction, phonon-electron interaction and electron-electron interaction or treats
them as perturbations. Therefore, the deficiency of the simple single electron band
picture is remarkable in some scenarios where these interactions become relevant.
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1.2.1 Mechanisms behind the Metal-Insulator Transition

Metal-insulator transitions can be categorized based on the dominant interaction
driving the material into the insulating phase: disorder-electron interaction (An-
derson localization), lattice-electron interaction (Peierls transition) and/or electron-
electron interaction (Mott transition).

The Anderson localization [58] is produced by lattice disorder such as impurities
and vacancies. Conducting electrons are eventually scattered by defects, thus de-
creasing their mean free path and consequently, the material conductivity. Exper-
imentally, Anderson localization has been reported in various highly doped semi-
conductors, such as Sb:Ge[59] and Si:P [60, 61]. The Peierls MIT [62–64] occurs
from an electron-phonon (electron- lattice) interaction. Generally, this transition
arises from a structural change in the lattice of the material. This lattice deforma-
tion modifies the periodic ionic potential in the system. Thus, a change in the band
structure occurs and hence the MIT is achieved. Experimentally, Peierls transition
has been observed in highly anisotropic materials and quasi-one-dimensional band
structures, such as K0.3MoO3 [65] and NbS3 [64]. In the Mott transition [52, 53, 66]
a critical carrier density nc is proposed in such a way that, if the carrier density
in the material exceeds the critical value nc, the system is driven to the insulating
state due to the strong electron-electron interaction which localizes the charge car-
riers. This effectively splits the original transition metal 3d band into an upper and
a lower Hubbard band [67] (UHB and LHB, respectively), as seen in figure 1.3. The
magnitude of the gap is denoted as U whereas W corresponds to the bandwidth.
By tuning the relative magnitude of U and W, a MIT might be achieved.

FIGURE 1.3: (a) Schematic of the splitting of the transition metal 3d
band into the Upper Hubbard Band and Lower Hubbard Band. (b)

Induction of the MIT by changing the U/W ratio.

Two different scenarios arise depending on the relevance of the oxygen 2p band on
electron (hole) conduction: a) the oxygen 2p band falls below the lower Hubbard
band (called Mott-Hubbard insulators, main gap called U) and b) the oxygen 2p
band falls in between the two Hubbard bands (called Charge-transfer insulators,
main gap called ∆) (see reference [57] and references therein), as shown in figure
1.4. In the former case, conducting electrons/holes hop from transition metal to
transition metal, while in the latter the conduction takes place by electron/hole
hopping from transition metal to oxygen to transition metal. In both cases, a metal
insulator transition (MIT) is induced and can be tuned either by controlling the
bandwidth (e.g., by changing interatomic distances (cation substitution [68], pres-
sure [69], strain [70–72]) or temperature) or by controlling the band-filling (chemical
doping [56, 73], application of an electric field [50, 56]).
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FIGURE 1.4: Mott-Hubbard insulator where the oxygen p-band falls
below the lower Hubbard band (a) and charge-transfer insulator

where oxygen p-band is in between the Hubbard bands (b).

MIT in cuprates [74, 75] and manganites [76] is mostly controlled by the band-
filling mechanism whereas in rare-earth nickelates a bandwidth-control of the MIT
[68, 72, 77] can be easily achieved . Figure 1.5 summarizes the control types and the
classification of the MIT presented in this section.

FIGURE 1.5: Classification of insulators and control mechanisms of
metal-insulator transition. Adapted from [56].

1.2.2 Metal-Insulator Transition for Resistive Switching applications

By proper engineering the growth of the material, one can design and tune its elec-
tronic properties in such a way that the MIT lies close to the operating temperature
[78]. Ideally, a material designed in that way could easily undergo a resistance
switch, since the proximity to the MIT can induce a colossal resistance change with
a small variation of the carrier density upon the application of an electric field,
which should lead to low operating voltages. In the last years the study of RS in
Mott systems has gained some attention due to its unique opportunities and huge
potential for applications [47, 56, 79–81]. An extensive review on this topic and its
potential has been recently published by Janod et al [32]. In this thesis, we propose
the use of perovskite Mott systems that are in the metallic state at room temperature
to reversibly drive them into the insulating state, upon the application of an electric
field, as shown in figure 1.6. We demonstrate that a volumetric resistive transition
of the whole material is achieved. In the following section, a concise description of
the materials studied in this thesis will be presented.
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FIGURE 1.6: The diagram shows the relation between U/W (“band-
width control”) and carrier concentration (“bandfilling control”).
The green line represents the MIT line. Position 1 and 2 represent
the initial and final state respectively. Black dotted lines represent
the switch from 1 to 2 under the application of an electric field, and

therefore, the RS is induced by the MIT.

1.3 Metallic perovskite oxides displaying MIT

Perovskite compounds, which belong to the broader category of strongly corre-
lated complex oxides, are a fascinating class of materials in which the interactions
between the different degrees of freedom, such as charge, spin, orbital and lattice
effects, strongly compete with each other and lead to exotic physical properties.
Strongly correlated oxides can show ferroelectricity [11], multiferroicity [82], fer-
romagnetism [83], metal-insulator transitions [55], colossal magnetoresistance [84]
and high temperature superconductivity [85], paving the way to a wide range of
new functionalities that might enhance the performance of actual devices and bring
new opportunities.

ABO3 

FIGURE 1.7: ABO3 cubic perovskite unit cell.

A perovskite compound has the chemical formula ABO3, where A and B are
cations, B being generally a 3d transition metal. At high temperatures, the structure
is usually cubic (see figure 1.7). However, deviations from an ideal cubic structure
might occur, thus reducing the symmetry of the system. The tendency to deviate
from the ideal cubic structure can be quantified with the so called Goldsmith toler-
ance factor (TF),which is defined as

TF =
RA+RO√

2(RB + RO)
(1.1)
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Where RA, RB and RO are the radius of the A cation, the B cation and the oxygen
anion, respectively. The TF is a relative measure of the ionic bond distances rA−O
and rB−O. The value of TF = 1 corresponds to a ideally perovskite structure with
no distortions. In general, TF deviates from 1 and therefore the structure tends
to accommodate with lower symmetry. Typical values to stabilize the perovskite
structure range between 0.89 < TF < 1.02. If TF > 1, the system has a tendency
towards a polar distortion, where a displacement of the cation with respect to the
oxygen anion produces an electrical dipole, which might induce ferroelectricity. In
the case where TF < 1, non-polar instabilities are more common and the oxygen
octahedra surrounding the B cation might either rotate or buckle, thus reducing the
so-called superexchange angle B-O-B. This angle is particularly relevant in materi-
als where conduction or magnetism originates from states that overlap between the
3d orbitals of the B cation and the 2p orbitals of the O anion. This is the case for the
three perovskite families studied in this thesis: manganites, rare-earth nickelates
and the superconducting cuprate YBa2Cu3O7−δ.

1.3.1 Lanthanum strontium manganites

The term manganites makes reference to a family of perovskite compounds un-
der the general formula of A1−xBxMnO3 where A and B can be a trivalent or
divalent element, mostly rare earth (e.g., La, Nd, Pr, Sm) or alkaline earth (e.g,
Sr, Ca, Ba, Pb), respectively. For this reason, they are also known as mixed-
valence manganites. Although manganites were discovered in the 1950’s [86], the
discovery of the “colossal” magnetoresistance effect [87, 88] triggered enormous
interest in the last decades [84, 89–91]. Depending on the composition of the
cations A and B the material can show a variety of physical properties, such
as ferromagnetism, antiferromagnetism, charge and orbital ordering or metal-
insulator transition [90]. Among the whole family, lanthanum strontium mangan-
ites, La1−xSrxMnO3 (LSMO), present metal-insulator transition tunable with the
doping level linked to a ferromagnetic-paramagnetic transition. This composition
is widely studied for its metallic-ferromagnetic behaviour at room temperature. In
the following, the most relevant properties of LSMO for this thesis are presented.

Cystral and electronic structure of LSMO

Lanthanum strontium manganites crystallize in a cubic structure with the Mn atom
occupying the centre site of an oxygen octahedron while La and Sr cations occupy
the corners of the unit cell, as shown in figure 1.8.

Since the A site of the ABO3 perovskite structure is partially occupied by two dif-
ferent atoms, La3+ and Sr2+, the Mn cation presents a mixed-valence state, Mn3+

and Mn4+. Thus, the TF is strongly affected due to the different ionic radii of the
species, modifying the Mn-O-Mn bond angle, which is a key parameter to explain
the physical properties of LSMO. The crystal field generated by the oxygen octa-
hedron partially raises the degeneracy of the 3d Mn multiplet, splitting it into a
low energy 3-fold degenerate state t2g and a high energy 2-fold degenerate state
eg. Figure 1.9 shows a basic scheme of the 3d atomic levels of the Mn3+ ion. In
addition, there is an extra distortion arising from electronic interactions in these
systems known as the Jahn-Teller (J-T) distortion [92]. An spontaneous elongation or
compression of the oxygen octahedron along the axial direction occurs. This means
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Sr2+ 

La3+ 

Mn3+/4+ 

O2- 

FIGURE 1.8: Basic scheme of LSMO crystal structure. Sr or La oc-
cupy the corners of the unit cell. Mn atom is located at the centre of

the unit cell coordinated with an oyxgen octahedron.

an extra lift of the degeneracy of the t2g and eg levels in the Mn3+ ions. In contrast,
this degeneracy does not occur in the Mn4+ where the eg levels are unoccupied.

a) b) c) 

FIGURE 1.9: a) 3d atomic levels of the Mn3+ ion with the different
degeneracy levels. Adapted from [91] b) Schematic representation of
the Double Exchange mechanism. Taken from [84] c) Band diagram

of LSMO. Taken from [89]

The lower energy t2g electrons are less hybridized with oxygen 2p orbitals and
therefore strongly localized. Contrariwise eg electrons can be itinerant and con-
sequently, responsible for the electric conduction, providing the presence of empty
eg states in the system. To generate eg empty states hole-doping is required, i.e.,
to introduce Mn4+ into the crystal by substituting the trivalent La for a divalent
alkaline earth (in our case, Sr).

These electronic features are key elements to describe the link between ferromag-
netism and metallicity in these compounds, both constricted by the large exchange
energy (JH ∼ 2 − 3 eV ) [84] or the large on-site Hund coupling between Mn 3d
electrons. The Double Exchange (DE) mechanism [93] consists of two simultaneous
electron hopping processes. In the first, one electron in the Mn3+ ion jumps from an
eg state to a neighbouring oxygen 2p orbital. In the second, a second electron from
this same oxygen 2p orbital and with parallel spin is transferred to a contiguous
Mn4+ ion with an unoccupied eg state, as depicted in figure 1.9 b. The probablity of
the eg electron transfer from a Mn3+ to a Mn4+ is basically proportional to cos( θ2),
being θ the angle between the Mn spins. Thus, the electron hopping is larger when
spins are parallel, i.e., in a ferromagnetic configuration, and zero if they are in an
anti-parallel configuration.

In particular, La1-xSrxMnO3 has a strong double exchange mechanism and there-
fore, the eg electrons become delocalized in the stabilized ferromagnetic phase
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for a certain range of doping, centered around x = 0.3. An schematic diagram
of the electronic band structure [91] in LSMO is shown in figure 1.9 (c). The
spin up and down bands are separated by a gap of 1 eV. The upper band (spin
down in the scheme) is empty, leading to a half-metallic ferromagnetic behaviour.
La1-xSrxMnO3 with doping x < 0.5 has a conduction band more than half-filled
(and therefore, carriers are holes) while if x > 0.5 the conduction band is less than
half-filled and the carriers are electrons.

Phase diagram of La1−xSrxMnO3

Despite its simplicity and usefulness, the briefly introduced DE mechanism cannot
account for the rich phase diagram and variety of phenomena observed in the man-
ganites systems. Further considerations should be made to fully understand the
underlying physics, such as collective Jahn-Teller distortions, charge/orbital order-
ing or antiferromagnetic superexchange. In fact, the complexity of the manganites
phase diagram emerge from all these interactions and their mutual competition.

Strongly correlated systems such as manganites can be characterized by two main
parameters: the electron hopping amplitude t and the band-filling n (the density
of carriers). Both parameters can be varied by changing the chemical composition
of the compound. For example, modifying the average cation radius leads to a
change in the Mn-O-Mn bond angle which directly affects the hopping amplitude t
[94]. On the other hand, by varying the doping level x, changes in the band filling
n (n=1-x) can be achieved.

a) b) 

FIGURE 1.10: (a) Magnetic phase diagram of La1-xSrxMnO3 showing
the transition temperature as a function of the doping x. Adapted
from [91]. (b) Resistivity as a function of temperature in zero field
La1-xSrxMnO3 for various x content. Arrows indicate the Tc and

open triangles represent structural transitions. Taken from [73]

Figure 1.10 (a) shows the phase diagram of La1−xSrxMnO3 [91]. It shows a stable
ferromagnetic state for 0.16 < x < 0.5, with a maximum in the temperature of
the ferromagnetic-paramagnetic transition, or Curie temperature, Tc, at x = 0.3,
where Tc ∼ 360K. Other phases are observed in the diagram, such as paramagnetic
metallic (PM), paramagnetic insulating (PI) and spin-canted insulating (CI).
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The doping level in La1−xSrxMnO3 strongly influences the temperature depen-
dence of the resistivity [73]. At low doping levels, LSMO remains insulating
(dρ/dT < 0) for the full temperature range. As the doping level is increased by
introducing Mn4+ into the system, a metal-insulator transition occurs. This tran-
sition occurs at different temperatures (TM-I) as a function of the doping level, as
stated in figure 1.10 (b). As a first approach, MIT in manganites can be understood
with the Current Carrier Density Collapse (CCDC) model [95, 96]. The CCDC model
states that the MIT is driven by an exchange interaction of polaronic carriers with
localized spins. It also accounts for a huge decrease in the number of charge carri-
ers during the transition, which is a consequence of bound pairs formation in the
paramagnetic phase.

1.3.2 Rare-earth nickelates

The rare-earth nickelates are mainly known for their sharp temperature-driven
metal-insulator transition with a resistance change of orders of magnitude. As it
was shown in a previous section, the MIT of these systems is bandwidth-controlled.
The stabilization of the Ni3+ state in these systems requires very high temperatures
and high pressures, and therefore, these materials are difficult to synthesize in its
bulk form. Initially, research studies were conducted in powdered polycrystalline
samples. Single crystals of nickelates with rare earths ranging from La to Sm have
so far only been achieved via thin film growth by either physical [71, 97–100] or
chemical [101, 102] methods. Nickelates are therefore a relatively young research
field and it evolves rapidly. In the following, a concise summary of their main
properties will be presented. More detailed reviews on these fascinating materials
can be found in references [68, 103].

Crystal and electronic structure of RENiO3

The rare earth nickelates (RENO) present a perovskite structure with the generic
formula RENiO3 (see figure 1.11), where RE is a rare earth and Ni is in its 3+ low
spin state with fully occupied t2g bands and one electron in the eg band. Conduc-
tion is believed to occur due to the hybridization of the Ni 3d and O 2p orbitals.

FIGURE 1.11: Perovskite structure, for rare-earth nickelates, where
the rare earth cation occupies the central position and Ni cations are

surrounded by the oxygen octahedron.

Apart from LaNiO3 (LNO), which behaves as a paramagnetic metal at all tempera-
tures with a rhombohedral R3̄c structure in the bulk, perovskite nickelates exhibit
a MIT from a high temperature orthorhombic (Pbnm) metallic phase to a low tem-
perature monoclinic (P21/n) insulating phase. It is worth to mention that MIT has
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been also reported in ultrathin LNO films [100]. Two phenomena characterize the
ground state of these systems. The first is related to a charge ordering, also called
charge disproportion. The Ni sites splits their unique 3+ valence in the metallic
phase, into two adjacent Ni sites in the insulating phase with respective valences of
3 + δ and 3− δ. Charge disproportion can be expressed as 2Ni3+ → Ni3+δ + Ni3−δ

where δ is below 1 and depends on the distortion (rare earth cation) and the tem-
perature. This phenomenon has been observed in the whole nickelates family in
the bulk [104, 105] and for NdNiO3 thin films [106]. The second phenomenon is a
peculiar antiferromagnetic ordering that develops in all nickelates [104, 107]. In the
pseudocubic notation, the spins in the (111) planes are ferromagnetically coupled,
while they are stacked in a ↑↑↓↓ fashion along the [111] direction.

Phase diagram of RENiO3

The physical properties of the nickelates present a strong dependency on rare earth
cation, which makes out of these materials a canonical example of a bandwidth-
controlled MIT [68, 69], as shown on figure 1.12 (a). By choosing a smaller rare
earth, the tolerance factor defined in equation 1.1 and subsequently the Ni-O-Ni
bonding angle are decreased and the transition temperature TMI (or TMIT) between
the metallic and the insulating phase increases almost linearly, as observed in fig-
ure 1.12 (b). As previously noticed, LaNiO3 does not present MIT, since it has the
largest tolerance factor, with a rhombohedral structure instead of an orthorhombic.
The 180◦ Ni-O-Ni bonding angle produces a large orbital overlapping preventing
the gap opening, except for ultrathin films [100].

a) b) 

FIGURE 1.12: (a) Resistivity curves and (b) magnetic transitions tem-
perature as a function of the tolerance factor t. Taken from [103].

Reducing the Ni-O-Ni angle leads to a decrease of the bandwidth, and therefore,
to an increase of the U/W strength, which drives the system deeper into the insu-
lating state. Thus, even though the rare earth cation is not directly connected to
the electronic properties, it enables to control the bandwidth by 30-40% [55]. In the
antiferromagnetic phase, two regimes are observed. In the first part of the diagram,
the Néel temperature TN of the antiferromagnetic ordering coincides with the TMIT
and also increases with increasing U/B strength. This is the case for PrNiO3 and
NdNiO3. For Sm and smaller rare earth, TN is decoupled from TMIT and decreases
with increasing U/W strength or equivalently, decreasing tolerance factor. There-
fore, two transitions can be observed: from a paramagnetic metallic to a paramag-
netic insulating phase at high temperatures, and eventually to an antiferromagnetic
insulating phase at lower temperatures [108].
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The phase diagram gets even more complex for thin films. In particular, by se-
lecting the film/substrate lattice misfit, substrate symmetry and orientation and
dimensionality of the film, the Ni–O bond lengths and the Ni–O–Ni bond angles
can be tuned. These distortions can modify the crystal field and bandwidth of the
rare-earth nickelate compounds [71, 78, 100].

1.3.3 Cuprate YBa2Cu3O7−δ

High temperature superconductors (HTS) have attracted worldwide attention since
the discovery by Bednorz and Muller in 1986 [85] of superconducting copper ox-
ide perovskite structures. Despite intensive research in these 30 years since HTS
were discovered, a general theory explaining superconductivity in these materi-
als remains elusive. Because these compounds have transition temperatures much
higher than conventional superconductors, they have opened the possibility to use
them in technological applications at temperatures above the boiling point of liq-
uid nitrogen and thus, reducing the cost of the cryogenics involved by working at
temperatures in the range of 65-77 K. Many exciting applications have been pro-
posed, such as quantum computing [109], medical imaging [110], superconducting
electronics [111] and radioastronomy [112]. However, HTS are mostly known for
their excellent capabilities of conducting high currents at high magnetic fields. In
particular, among the series of superconducting cuprates, YBa2Cu3O7−δ (YBCO)
presents the best performance and huge efforts are being done to trigger YBCO
coated conductors (CC’s) for power applications [113, 114].

Crystal and electronic structure of YBa2Cu3O7−δ

YBCO has a triple perovskite structure composed of BaCuO3 and YCuO2 units.
The structure is formed by a succession of CuO2 planes lying normal to the c-axis.
These planes play a key roles, since the transport of charge carriers occurs in the
planes and superconductivity (SC) is believed to take place there. CuO2 planes
are separated by charge-reservoir interleaved layers which contain CuOx chains.
In the chains the oxygen content is not fixed and it determines the crystallographic
structure that YBCO adopts. The oxygen concentration of the chains defines the sto-
ichiometry of the compound, and it is denoted with x = 7− δ in the YBa2Cu3O7−δ
unit cell formula. The charge transfer occurring between the chains and the planes
results in a very complex phase diagram [115], as shown in figure 1.13.

CuO2  
planes 

CuOx  
chains 

a) b) 

FIGURE 1.13: Crystal structure of YBCO. Taken from [116].

When there is no oxygen in the chains (δ = 0), YBCO is an antiferromagnetic Mott
insulator adopting a tetragonal P4/mmm structure. By progressively changing the
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oxygen content in the chains, the CuO2 planes are doped with holes providing
free carriers to the Mott insulator, and eventually the compound becomes a strange
metal with superconducting behaviour and a structural transition to an orthorhom-
bic Pmmm structure occurs. This MIT is achieved via band-filling control.

The intrinsic anisotropy of the cuprates due to their layered structure is directly
observed in the transport properties. The conductivity is confined in the a-b planes.
Along the c-axis normal conductivity is typically three orders of magnitude smaller
than in the a-b planes. Among the cuprates, YBCO has the lowest anisotropy and
therefore, very appealing from the point of view of applications.

Superconducting properties of YBa2Cu3O7−δ

In the following, the main structural and superconducting properties of YBCO will
be presented. For a deeper understanding of the basics of superconductivity, the
reader is referred to the following references [117, 118].

YBCO is a high-temperature type II superconductor. Superconducting materials
are characterized by their ability to carry electrical current without energy dissipa-
tion when cooling them below a certain temperature known as critical temperature
Tc (In YBCO, Tc ≈ 93K). This transition to a zero-resistance state is schematically
depicted in figure 1.14 (a). Another specific characteristic of type II superconduc-
tors is their complex magnetic phase diagram [119]. The figure 1.14 (b) schemati-
cally shows the magnetic phase diagram in YBCO. In the first region, below a first
critical field known as lower critical field, Hc1, the applied magnetic field is expelled
from the interior of the superconductor. This is called the Meissner effect.

R 

T 

Superconductor 

Tc 

a) b) 

FIGURE 1.14: a) Scheme of a superconducting transition at Tc. b)
Magnetic phase diagram in type-II superconductors.

Then, at much higher fields, a second critical field known as upper critical field Hc2

appears. Above, the superconducting state is lost and the transition to the normal
state occurs. In the region between Hc1 and Hc2, the magnetic flux penetrates into
the superconductor forming quantized cylindrical flux lines called vortices. This
region is known as the mixed state. Vortices are non-superconducting nanometer-
size entities, and therefore, when a current is applied to the supeconductor, vortices
will feel a Lorentz like force, FL, according to:

~FL = ~Jx ~B (1.2)

where ~J is the current density and ~B is the magnetic field into the superconduc-
tor. This force will induce vortex motion and thus producing dissipation of energy.



1.3. Metallic perovskite oxides displaying MIT 17

However, there are different kinds of nanometric intrinsic defects in the supercon-
ducting matrix that are able to pin the vortices and immobilize them, such as low
angle grain boundaries, stacking faults, dislocations, twin boundaries [114, 120].
In addition, artificial pinning centres can be added to the crystal structure in order
to enhance vortex pinning and consequently, the critical current density, Jc of the
material. This critical current density, Jc, is defined as the maximum current that
the superconductor can carry without energy dissipation due to vortex motion.

As it was explained above, superconductivity emerges in the phase diagram upon
hole doping in the CuO2 planes. The doping level depends on the oxygen content
of the CuOx chains and strongly determines the superconducting properties. Fig-
ure 1.15 shows the Tc dependence on the oxygen content δ. Therefore, a nanoscale
control of the oxygen content could enable the generation of micro- or nanore-
gions where the superconducting state has been diminished (or even suppressed)
through the metal-insulator transition of YBCO. These non-superconducting re-
gions might act as suitable pinning sites for vortices under applied magnetic field.

FIGURE 1.15: Critical temperature of YBCO crystals as a function of
the oxygen content. Taken from [121]

Resistive switching effect has been previously reported in YBCO. A deeper review
on this field is presented in chapter 4. Therefore, in this thesis the study of the resis-
tive switching properties is twofold justified. Its RS behaviour at RT is interesting
enough to justify its investigation for RRAM applications. Besides, the interaction
of RS states and the superconducting matrix below Tc might pave the way for fu-
ture reconfigurable pinning sites for fluxonic devices.

1.3.4 Cerium dioxide

Cerium dioxide (CeO2) is briefly overviewed in this section in order to settle its
excellent properties as ion conductor. In this thesis, CeO2 is used as a thin cap-
ping layer to modify the resistive switching properties of the La1-xSrxMnO3 and
YBa2Cu3O7−δ films, thus creating bilayer systems. CeO2 adopts a fluorite structure
[122] (see figure 1.16) where the Ce4+ cations occupy face-centered positions in a
cubic unit cell and the O2− anions occupy the eight tetrahedral sites in between.

The functional properties of CeO2 heterostructures make it a very appealing mate-
rial for scientific and technological applications. For instance, it can be used in elec-
tronics due to its compatibility with silicon, high chemical and mechanical stability
and high dielectric constant of κ ∼ 26 [79, 123, 124]. In addition, it has been chosen
as a buffer layer for HTS coated conductor applications [125]. Finally, CeO2 also
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Ce4+ 

O2- 

FIGURE 1.16: The fluorite crystal structure adopted by CeO2. Large
red spheres represent O2− ions and small purple spheres Ce4+ ions.

Taken from [122].

presents remarkable catalytic properties and high oxygen diffusion. These charac-
teristics can be exploited in fuel cells and sensing devices [122, 126, 127]. Under re-
ducing conditions, non-stoichiometric CeO2-y can be formed by oxygen release and
consequently, Ce4+ is reduced to Ce3+, with the concomitant formation of oxygen
vacancies within the crystal structure, and thus increasing its conductivity. [128,
129]. This reaction can be expressed as

CeO2 → CeO2−y +
y

2
O2 (1.3)

This process leads to modifications of CeO2 to CeO2−x out of stoichiometry and
will be used along this thesis to act as an oxygen exchange layer, i.e. as an oxygen
reservoir in the proposed bilayer devices upon the application of an electric field to
the bilayer.

1.4 Outline of the thesis

The resistive switching phenomena observed in a large variety of oxides might
play a key role in the future non-volatile memories. Its outstanding performance
(writing, reading and erasing speeds below the < 100ns regime) and its poten-
tial scalability make out of this effect a very appealing candidate for an universal
memory which overcomes the limitations of actual technologies. Besides this, the
RS effect might find more niches of applications such as memristor-based reconfig-
urable electronics and neuromorphic computing architectures.

Despite its potentiality, the lack of understanding of the underlying physical mech-
anism is one of the main issues to overcome for widespread application of this
technology. The origin of the RS is determined by the oxide material employed.
In this regard, we propose a novel approach based on the use of metallic per-
ovskite oxides with strong electron-electron interaction: La1−xSrxMnO3, ReNiO3

and YBa2Cu3O7−δ. These systems present a metal-insulator transition, an intrinsic
feature which might be the ultimate responsible of the RS effect in these compounds
and might boost the performance of the devices and show extra functionalities, as
superconductivity, ferromagnetism and colossal magnetoresistance. In addition,
the metallic character of the films might facilitate its device integration due to its
capability of being the active element and the word line connectors in the integrated
circuit.
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The manuscript has been divided into five chapters. The present Chapter 1 presents
a brief introduction to the resistive switching phenomena, including the device
phenomenology according to the polarity operation and the physical mechanism
behind the effect. We also present a general overview of the metal-insulator transi-
tion mechanisms and a short introduction regarding the materials employed, with
special emphasis in the control of their MIT. The role of CeO2 as oxygen reservoir
is also exposed.

In chapter 2, we present the growth methodologies and the processing of the four
compounds involved in this thesis. Their structural, morphological and physical
properties are also presented. The main tools employed to induce and/or char-
acterize the resistive switching behaviour of the films are discussed: Atomic Force
Microscopy, Scanning Tunnelling Microscopy and macroscopic electrical character-
ization in probe stations. The measurement procedure and precautions adopted to
ensure reproducible and reliable RS behaviour are discussed.

In chapter 3, the resistive switching properties of La1−xSrxMnO3 thin films stud-
ied by C-AFM are presented. I-V point contacts and micrometric arrays are used
to propose a volume switching mechanism based on the MIT through oxygen ex-
change with the atmosphere. Evidences supporting this proposal are presented
by tuning the RS parameters through material processing with the Sr content and
transport properties of RS areas. Atmosphere dependent measurements are per-
formed in LSMO films and CeO2/LSMO bilayer systems. Finally, a three-terminal
configuration is used to demonstrate the potential of these materials in future na-
noelectronics.

Chapter 4 can be divided into two different subchapters. The first subchapter com-
prises our investigations on YBCO thin films. It includes the basic RS phenomenol-
ogy and its relation with microstructural features. In addition, our efforts towards
reconfigurable vortex pinning sites are presented. Finally, the second subchapter
contains our investigation on RENiO3. A fine correlation between structural de-
fects of our CSD-RENO films and the observed resistive switching behaviour is
presented. As a comparison, we have also investigated the point-contact RS prop-
erties of three RENiO3 films grown by a RF-Sputtering, which present to a different
defect landscape.

The main conclusions of our research are summarized in Chapter 5. The character-
ization techniques employed during this thesis has been including as an appendix
at the end on the manuscript.
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Chapter 2

Experimental procedure

In this chapter, we detail the experimental methodology used for the preparation
of the different metallic perovskite oxides and bilayer systems employed. It con-
tains a description of the growth methodologies used in this thesis, the structural,
morphological and physical properties characterization of the thin films and the
selection and surface conditioning of substrates. Lithography and metal electrode
evaporation processes are also presented. Due to the key role that scanning probe
microscopy techniques have played in this thesis, a detailed description of their
work principle and setup configuration is also provided in this chapter. Finally, a
list of the characterization techniques described in the Appendix A and my impli-
cation in each one is also mentioned.

2.1 Sample preparation

In this section, we report the procedure followed to prepare the samples for resis-
tive switching measurements. It includes the growth and microstructural charac-
terization of the metallic perovskite thin films employed in this thesis and eventual
lithography and metal deposition processes. A brief introduction to the growth
techniques and my contribution to each step is also commented.

2.1.1 Substrate selection and preparation

In the past, substrates were considered a passive element supplying only mechan-
ical support. However, they have been shown to act as an active template during
the epitaxial growth of materials. In particular, interfacial effects at the nanoscale
have been demonstrated to play a key role in the development of new and exotic
functionalities[130, 131], and consequently, great efforts have been done to control
the quality and the sharpness of both surface and interfaces [132, 133].

Nucleation and growth of oxide heterostructures are determined by the presence of
the substrate below, and therefore, their crystalline structure and surface character-
istics are essential to determine the final properties and morphology of the system.
During the development of this thesis, two different single-crystalline oxide sub-
strates with perovskite structure have been used in the growth of the epitaxial thin
films, namely SrTiO3 (STO) and LaAlO3 (LAO).

SrTiO3 Strontium titanate (STO) is a paradigmatic example of cubic perovskite
structure (ABO3), with A=Sr and B= Ti) at room temperature (space group
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Pm3m. STO single crystal substrates have been widely used for its compati-
bility due to the low lattice mismatch with the active layers in different appli-
cations, such as high temperature superconductors [134, 135], ferroelectricity
[136] and ionic conductivity [131]. Furthermore, STO itself present very in-
teresting properties as a functional material. For instance, it can be employed
as gate dielectric material due to its high-k and can be integrated on silicon
without outgrowth of silicon dioxide [137], and even promoting the integra-
tion of other perovskite oxides on silicon [138]. In the resistive switching
community, STO has been widely studied [25, 26, 139, 140]. According to
our supplier (Crystec), STO single crystal substrates have a lattice parameter
aSTO = 3.905Å, in good agreement with the values reported in the literature
[141] and confirmed by XRD measurements performed in our facilities.

LaAlO3 Lanthanum aluminate (LAO) exhibits an ideal cubic perovskite structure
at high temperatures, but goes through a second order phase transition to
the rhombohedral R3c structure at around 800K, owing lattice parameters of
a = b = c = 5.3547Åand α = β = γ = 60.113◦. This rhombohedral distortion
can be described as a pseudocubic cell with aLAO = 3.79Åand α = 90.096◦.
This phase transition is accompanied by the formation of twin planes to re-
lieve the stress produced by the lattice distortion. An extensive description
of twinning in LAO is given by Bueble and co-workers [142]. The supplier
(Crystec) provides a lattice parameter of aLAO = 3.82Å, which is close to
the literature values (aLAO = 3.789)Å) [142] and to our XRD measurements
(aLAO = 3.79Å).

In this thesis (001)-oriented LAO and STO substrates of 5 x 5 x 0.5 mm in size and
one side polished were employed. The growth of the metallic perovskite oxides
studied in this thesis on STO and LAO substrates leads to the growth of epitaxial
films due to the the small lattice mismatch between them. Table 2.1 summarizes the
strain of the films. This mismatch was calculated using the formula ε = asubstrate−afilm

asubstrate
:

Compound a (b) bulk (Å) εSTO(%) εLAO(%)

LSMO 3.873 +0.9 −2.3

YBCO* 3.886(3.821) +1.2 −1.7

LNO 3.840 +1.7 −1.3

NNO 3.806 +2.6 −0.6

TABLE 2.1: Mismatch between substrates and the materials em-
ployed in this thesis. *An average cell parameter has been taken

to calculate the mismatch to the substrates. 3.853

Surface conditioning to assure a single-terminated and atomically flat morphology
is a essential step prior to the deposition and growth of heteroepitaxial functional
thin films. Therefore, processing of the as-received substrates is required to achieve
a clean, smooth surface, single-terminated and free of impurities surfaces. In our
case, the following protocol was applied:

Cleaning procedure The general cleaning procedure for the as-received substrates
includes ultrasonication in acetone and methanol during 5 minutes in each
solvent. This procedure allows the removal of non-polar and polar adsor-
bate impurities respectively, while maintaining the stoichiometry and with-
out surface degradation. (This will be the general cleaning procedure applied for
all the substrates and samples unless something else is mentioned.)
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Chemical selectivity of substrate termination In the case of STO, we have fol-
lowed a methodology based on the work of Koster et al. [143]. There, an etch-
ing NH4F-HF solution of controlled pH is used to obtain single-terminated
surface. The process implies the chemical reaction of the Sr-O terminated
planes with CO2 and water by cleaning the substrates in Mili-Q purified wa-
ter. This produces SrCO3 and Sr(OH)2. The latter is dissolved in the NH4F-HF
diluted solution (5:1, from Sigma-Aldrich) for 60-90 s. Afterwards, the acid
is removed with a gently bath in Mili-Q water. This process leads to Ti-O2

single terminated surface.

Surface reconstruction Finally, a thermal treatment is employed to promote the
formation of the steps morphology due to the miscut. STO and LAO sub-
strates are placed on an alumina crucible and are introduced in a quartz tube
inside a high-temperature tubular furnace. Then, they are heated up to 900◦C
at 15◦C ·min−1 and remain at that temperature for 5 hours under a constant
oxygen flow of 0.5L ·min−1. Cooling to room temperature is performed at a
rate of10◦C ·min−1. In the case of LAO, treatments at higher temperatures are
reported in the literature [144] to promote surface reconstruction. However,
this thermal treatent has been tested in several thesis in our research group,
showing high reproducibility and successful results [145, 146].

At the end of the process, atomically flat surfaces with stair-like morphology are
obtained. Under this procedure, the substrates are conditioned and it leads to a
reproducible growth and excellent performances of the metallic perovskite oxide
films.

2.1.2 Growth and characterization of La1-xSrxMnO3 thin films

Different strategies to achieve high quality epitaxial LSMO thin films can be ob-
tained by either physical [147] or chemical methods[51, 148]. In this thesis, we
have used this latter approach, the Chemical Solution Deposition (CSD) route to
achieve highly-crystalline epitaxial samples. In the following, a brief summary of
the growth methodology and the structural material characterization is presented.

CSD route for LSMO growth

The Chemical Solution Deposition (CSD) technique is a very versatile, low cost
and scalable process for the growth of epitaxial thin films [149–151]. The CSD route
can be employed to grow materials in a wide range of applications such as super-
conducting coated conductors [152], ferroelectricity [153] and ferromagnetic struc-
tures[154, 155].

The conventional CSD procedure is a multi-step deposition process. As depicted
in figure 2.1, it consists of the preparation of a stoichiometric solution, its deposi-
tion on a single crystalline substrate which then goes through a thermal treatment
which first decompose the organic species at lower temperatures and then induces
the oxide crystallization at higher temperatures.

Several parameters should be taken into account to choose the adequate pre-
cursor and solvents, such as solubility, stability, ageing, molarity of the solu-
tion, its rheological properties and homogeneity after decomposition. For the
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FIGURE 2.1: Steps involved in the CSD methodology.

growth of epitaxial La1−xSrxMnO3 thin films, in this thesis, we have employed
a precursor solution route that have been developed in our group [51, 145, 156].
It consists of mixing stoichiometric amounts of lanthanum (III) acetate hydrate
(La[CH3COOO]3·H2O), strontium acetate (Sr[CH3COOO]3), and manganese (II)
acetate (Mn[CH3COOO]2). The amount of each salt depends on the desired Sr
content (x). In this thesis, we have grown films with three different Sr content:
x = 0.3, 0.2 and 0.15. These salts are dissolved in a mixture 4:1 of acetic acid and
water. These products are commercially available and were supplied by Sigma
Aldrich. The initial solution is then stirred up for 30 min at 50◦C and afterwards,
filtered with a 200 nm filter. This solution is stable for months and can be kept at
room temperature.

Once the stoichiometric solution has been prepared with the desired Sr content and
concentration, a volume of 15µL is deposited on a substrate and then spin-coated.
The deposition is performed in a low humidity atmosphere (< 10%). The substrate
reaches 6000 rpm in 1s, and then this speed is kept for 2 minutes, as depicted in
figure 2.2 (a). Then, the substrate is placed on a hot place at 70◦C for 10 minutes to
dry the excess of solvent. At the end of this process, the substrate is covered with an
homogeneous gel layer. In CSD processes, the final thickness of the deposited film
can be controlled with the angular velocity, spinning time and solution concentra-
tion and viscosity [150]. For all the films deposited on this thesis, identical volume,
velocity, acceleration and spinning time has been employed. By keeping all these
conditions constant, we expect that molarity will be the key parameter controlling
the final thickness of the film. Figure 2.2 (b) shows the final thickness layer as a
function of the molar concentration of the solution.

The desired LSMO epitaxial crystalline phase is achieved through a high tempera-
ture thermal treatment in a flowing oxygen atmosphere. The growth thermal pro-
file (heating ramp, growth temperature, dwell time) has been optimized over the
years by several people in our group to assure flat and homogeneous high quality
films [145, 148].

The thermal profile consists of a heating ramp of 3◦C ·min−1 up to 1000◦C, where
the LSMO phase is formed. At 700◦C, a constant O2 flow of 0.6l · min−1 is intro-
duced in the chamber, and closed again at the same temperature during the cooling
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FIGURE 2.2: (a) Diagram of the spin-coating process. (b)
La0.8Sr0.2MnO3 film thickness for different molarity of the de-

posited solution.

ramp (−3◦C ·min−1). The dwell time at high temperature depends on the concen-
tration of the solution: 5, 15 and 30 min for 0.05, 0.1 and 0.3M respectively. Figure
2.3 shows a summary of the thermal processes applied for the three concentrations.

1000ºC – 15 min 

700ºC 700ºC 

O2 
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FIGURE 2.3: La1-xSrxMnO3 for x = 0.2 thermal growth process film
for different molarity of the deposited solution. (a) 0.05M. (b) 0.1M.

(c) 0.3M.

Structural characterization of LSMO thin films

To analyse the structure of La1−xSrxMnO3 films we carried out X-ray diffraction
(XRD) measurements. The thinner films (t ≤ 5nm) were not analysed since the
equipment had not enough resolution to detect the LSMO Bragg peaks due to the
low amount of material in the layer, which yields to a very low signal and to the
overlapping of the STO substrate peaks with the corresponding (00l) LSMO peaks
[145], which masks the film contribution. The figure 2.4 (a) shows a θ − 2θ scan
from 20◦ − 80◦ where the peaks of the STO substrate are strongly detected. In
addition, shoulders corresponding to the (00l) peaks of the La0.7Sr0.3MnO3 layers
are observed. Figure 2.4 (b) shows a scan performed around the (003) reflection.
The most intense reflections correspond to the Kα1 and Kα2 (003) STO substrate
peaks. A shoulder indicating the (003) La0.7Sr0.3MnO3 reflection is detected around
the value of 2θ = 73.8◦. Its intensity increases as the thickness of the La0.7Sr0.3MnO3

layer increases.
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FIGURE 2.4: a) θ − 2θ scan performed from 20◦ to 80◦. Only
peaks related to the STO and LSMO are found. b) XRD pattern
of LSMO/STO with different thickness centered around the LSMO
(003) reflection.The intensity of its shoulder is higher as the thick-

ness increases.

In addition, Scanning Transmission Electron Microscopy (STEM) experiments were
carried out in the group by Dr. Jaume Gazquez and Mr. Bernat Mundet. Figure 2.5
shows an STEM micrograph of an LSMO thin film grown by CSD-MOD [155]. The
film shows highly crystalline and a cube-on-cube growth between the LSMO layer
and the STO substrate. A sharp interface is developed with no trace of structural
disorder such as misfit dislocations. These results indicate that the LSMO layers
grow fully epitaxial1 on STO substrates and they are free of other possible organic
contaminants.

5 nm 

LSMO 

STO 

STO [100] 

[0
01

] 

Interface 

FIGURE 2.5: STEM image showing that the LSMO has grown fully
epitaxial on STO with a sharp interface. Courtesy of Dr. J. Gazquez

and Dr. J. Zabaleta [145]
.

Morphological characterization of LSMO thin films

Surface morphology of the films was studied by atomic force microscopy (AFM),
as it will be detailed in next section. Figure 2.6 shows topography images of 5 nm
(a), 10 nm (b) and 32 nm (c) LSMO thin films. For the thinner films (5 and 10 nm)
stair-like morphology of the substrate is followed by the film, whereas for the 30
nm sample a grain-like surface is observed. All the films present flat surfaces with
low values of RMS, as indicated in the figure.

1Previous experience in the group showed strained films up to a critical thickness of 60 nm.
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5 nm | RMS=0.7nm 
a) b) c) 

10 nm | RMS=1nm 32 nm | RMS=2nm 

FIGURE 2.6: AFM topography images of (a) 5 nm, (b) 10 nm and (c)
32 nm La0.7Sr0.3MnO3 samples. The RMS of the surfaces is indicated

in each image.

Physical properties of LSMO thin films

The physical properties of our La1−xSrxMnO3 thin films have been characterized
by electrical transport properties and magnetization measurements. Both analysis
have been performed by varying the Sr content of the films at constant thickness

Transport properties of LSMO thin films

As stated in the introductory chapter, the electrical conduction and the metal-
insulator transition (MIT) in La1−xSrxMnO3 thin films depends strongly on the Sr
content. On the one hand, the substitution of Sr cations in La places affects the aver-
age cation radii, and therefore the Mn-O-Mn bond is changed. On the other hand,
band filling n = 1 − x is directly related to the Sr content. Although other factors
such as biaxial strain, structural defects and oxygenation process can strongly in-
fluence the transport properties of the films, these are out of the scope of this thesis.

Resistivity curves, ρ(T ), were measured using the Van der Pauw method [157] in
a commercial Physical Properties Measurement System (PPMS, Quantum Design)
in the temperature range 400 − 10K. In figure 2.7 the resistivity plots of 10 nm
La1−xSrxMnO3 films with x = {0.3, 0.2, 0.15} grown on STO substrates.
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FIGURE 2.7: Resistivity as a function of temperature in 10 nm
La1-xSrxMnO3 for different Sr content x.

As reported for the bulk case [73], increasing the doping from x=0.15 to x=0.3 de-
creases the resistivity at RT due to the increases of charge carriers and double ex-
change mechanism enhancement. A clear shift of the MIT can be observed, with the
highest value for x=0.3.
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Magnetic properties of LSMO thin films

The exotic magnetic properties of manganites, in particular of La1−xSrxMnO3 com-
pounds, have been widely studied due to their magnetoresistive properties [73,
84, 147].In the case of epitaxial structures, a strain relaxation of lattice mismatch
between the film and the substrate at the interface occurs, as the film thickness in-
creases beyond a certain critical thickness of the film. Above this thickness, the
film is relaxed and exhibits lattice constant similar to bulk sample. It has been
reported that this strain may influence the physical properties by inducing a mag-
netic dead layer. The thickness of this layer depends a lot on the growth method
employed [148, 151, 155, 158, 159]. To test the magnetic response of our films,
magnetization curves were obtained for three 35 nm La1−xSrxMnO3 films grown
on STO substrates with different Sr content by applying a 0.5T in-plane magnetic
field to saturate the film while the temperature was varied between 5 − 400K, i.e.,
M(T) curves. The measurements were performed in a Superconducting Quantum
Interference Device (SQUID). As shown in figure 2.8, the saturation magnetization
decreases with Sr content. The ferromagnetic-paramagnetic transition tempera-
ture, the Curie temperature Tc, also decreases with the doping concentration. This
trend agrees with the literature [73]. In our films, all the Tc are found to be over
300K, which means that the layers remain ferromagnetic at room temperature for
the range of Sr doping tested. In thin films, similar trend is observed. However,
strain effects can largely affect the physical properties of the films [84].
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FIGURE 2.8: M(T) for 35 nm films different stoichiometry (x) of
La1−xSrxMnO3

The growth method, crystal structure and thickness of the films can influence
their final physical properties due to different impact in the strain microstructure.
Deeper studies on the relation between microstructure of our films have been re-
ported in refs. [51, 145].

2.1.3 Growth and characterization of RENiO3 thin films

Physical methods such as pulsed laser deposition and radio-frequency sputtering
have been commonly used to obtain rare earth nickelates (RENO) [72, 78, 100, 160].
However, methods relying on chemical solutions have the advantage of giving a
high level of control over the stoichiometry of the sample, besides being a low cost
and scalable methodology. In this area, chemical vapour deposition has already
been studied as an alternative [97, 161, 162]. However, the CSD approach has been
scarcely explored to grow these materials [161].
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The CSD-RENO methodology used in this thesis has been developed by other
members of our group. The study and optimization of the growth process for dif-
ferent RE cations was carried out by Mrs. Júlia Jareño. The full characterization of
the resistive switching behaviour of the RENO thin films was carried out by me,
mainly focused in LaNiO3 (LNO) and NdNiO3 (NNO) thin films.

In this section, the essential information about the growth process and structural
characterization of our RENO thin films is presented.

CSD route for RENO growth

The CSD procedure presented for the LSMO case is applied for the growth of RENO
thin films. In this case, commercially available (Sigma Aldrich) Ni(CH3COO)2 and
La(NO3)3 or Nd(NO3)3 salts are dissolved in stoichiometric proportion in methoxy-
ethanol. The concentration of the solution determines the final thickness of the film,
and a similar relation as the one in the LSMO case is obtained. The final solutions
were stored under argon and remained stable for months.

The precursor solutions are then deposited on LaAlO3 and SrTiO3 single crystalline
substrates by spin-coating. The same spinning and drying conditions after deposi-
tion than in the LSMO case are applied.

Then, the samples are placed on a quartz crucible inside a tubular furnace to per-
form a thermal treatment in oxygen atmosphere. For both LNO and NNO films, a
heating ramp of 10 ◦C·min−1 at 1 bar O2 atmosphere with a gas flow of 0.12 L·min−1

is set. The temperature and time of the dwell were varied for each RE compositon.
In the LNO case, the dwell is performed at 700◦C for 1 hour whereas in the NNO
case, the dwell is carried out at 900◦C for 3 hours. In both cases, the cooling ramp is
set at −10◦C·min−1. We used a lower dwell temperature in the LNO case because
this oxide experiences a phase transition above 825◦C [163].

Most of the studied films in chapter 4 were grown on LAO substrates. However,
for characterization purposes, some results on STO substrates are commented here.

Structural characterization of RENO thin films

X-ray diffraction experiments were carried out in 25 nm samples. 2Θ scans for
LaNiO3/LAO and NdNiO3/STO films, since the LAO peaks overlap with the NNO
(00l) reflections. The XRD data were acquired 20 and 55◦, as shown in the figure
2.9.

In both cases, only (00l) reflections are observed. The peak detected in the LNO
case at ∼ 36◦ arises from an instrumental error, since no trace of secondary phases
was detected in the 2D-XRD scans (not shown). LNO (l00) reflections could be
observed when grown either on LAO or STO substrates. However, for the NNO
case, (100) reflections could only be observed on STO substrates due to the small
mismatch with LAO and therefore, an overlapping of the peaks. However, epitaxial
characterization was confirmed by TEM experiments.

In particular, Scanning Transmission Electron Microscopy (STEM) was used to an-
alyze the structure of the films at the atomic level. STEM experiments were per-
formed by Mr. Bernat Mundet and Dr. Jaume Gazquez. Figure 2.10 shows STEM
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FIGURE 2.9: XRD diffraction patterns of 25 nm LNO grown on LAO
substrate (a) and NNO grown on STO substrate (b).

micrographs of LNO thin films of 12.5 and 25 nm. Films show an homogeneous
morphology and epitaxial growth. However, the presence of Ruddlesden-Popper
Faults (RPF) [164] is also detected. This defect is schematically depicted in the right
image of the figure. A RPF consist of the displacement of the lattice by half a unit
cell in any of the two orthogonal directions eliminating a Ni plane. These defect
allows the system to relax the strain generated during the growth process. Further-
more, the thicker the film and/or the more distorted perovskite structure (Nd>La),
the bigger density of RPF in the films. First few unit cells remains defect-free and
fully strained. From there RPF are present. With the displacement of half a unit cell,
the distance between two La ions is larger than in the regular arrangement. In av-
erage, the cell parameter would be larger than expected because of the presence of
the RPF. As it is shown in chapter 4, this defect plays a key role in the RS properties
of our films. Therefore, more TEM micrographs with a more detailed explanation
about the RPF is presented there.

a) b) c) 

FIGURE 2.10: STEM micrographs of LNO thin films of (a) 25 nm
and (b) 12.5 nm. An schematic diagram of vertical and horizontal

Ruddlesden-Popper Faults is shown in (c).

In summary, we confirm the epitaxial character of our RENO films, free of organic
contaminants and thus their validity for further RS analysis.

Morphological characterization of RENO thin films

Surface morphology of the films was studied by atomic force microscopy (AFM).
Figure 2.11 shows topography images of 25 nm LNO (a) and NNO (b) films. Both
films are continuous with no pores and show grain structures of ∼ 20 − 50nm.
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LNO films present smaller roughness than the NNO films (0.79nm and 1.43nm,
respectively).

a) b) 

FIGURE 2.11: AFM topography images for LNO (a) and NNO (b) 25
nm thin films. RMS values are indicated in the images.

Physical properties of RENO thin films

The physical properties of our RENO films have been analysed through resistivity
measurements as a function of temperature using the Van der Pauw configuration.
In this way, the metal-insulator transition of these systems might be sensed. As
stated in the introduction, RENO systems are charge-transfer insulators and metal-
licity is achieved by closing the gap via O 2p and Ni 3d orbitals overlapping. The
larger the bandwidth, the larger the overlap. Ni-O-Ni bonding angle plays a key
role in the overlapping of the orbitals [77], and therefore, determining the MIT.

Figure 2.12 shows 6, 12.5 and 25 nm films of LNO (a) and NNO (b) grown on
LAO substrates. In the LNO case, which presents the larger Ni-O-Ni overlapping
among the RE series, the metallic state is stabilized even for 6 nm film in the whole
temperature range. In the NNO case, a metal-insulator transition is detected in the
three films. The 25 nm film presents a transition temperature, TMIT ≈ 190K, close
to the value reported in bulk, 201K. However, decreasing the thickness of the
NNO layer shifts the metal-insulator transition towards lower temperature. This
fact is a reflect of the strong influence of the strain on the microstructure and on the
physical properties. For instance, NNO samples grown on STO does not present
MIT and remains insulating in our accessible temperature range (not shown).
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FIGURE 2.12: Resistivity measurements as a function of temperature
for different thicknesses in LNO (a) and NNO (b) thin films grown

on LAO substrates.
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In addition, the larger resistivity values upon thickness increase, observed in both
LNO and NNO films, might be attributed to the higher density of RPF in the sys-
tem. The disruption of the Ni-O-Ni bonds in the defect, where a Ni plane is re-
moved and a shift of half a unit cell is found might strongly alter the resistivity of
the material, and thus, to the resistive switching properties as well, as it is discussed
in chapter 4.

2.1.4 Growth and characterization of YBa2Cu3O7−δ thin films

The growth of YBCO thin films by PLD has been widely studied for more than
20 years [165–167]. Huge efforts in the community were and are devoted to the
optimization of growth process to enhance vortex pinning efficiency[168–170] and
to scale the growth to km length for HTS 2-Generation coated conductors applica-
tions [114, 171, 172]. The CSD approach for YBCO growth is also largely studied,
specially in our group [114, 125], but it will not be here reported. In this thesis,
our effort was focused in achieving YBCO thin films with thickness ranging from
10 to 250 nm with high superconducting performance, low porosity and smooth
surfaces.

Here, we have chosen the Pulsed Laser Deposition (PLD) [173, 174] technique to
grow our YBCO thin films. Two reasons motivated us to do so. First, PLD samples
present smoother surfaces than the equivalent CSD. Second, the growth of YBCO
ultrathin samples by CSD requires a specific optimization process that was out of
the scope of this thesis.

PLD route for YBCO growth

Pulsed laser deposition had several characteristics that made it remarkably com-
petitive in the complex oxide thin-film research arena as compared to other film
growth techniques. These principle attractive features are direct stoichiometric
transfer, excited oxidizing species, and simplicity in initial setup and very smooth
surfaces [175].

In essence, PLD is a physical vapour deposition process in which a pulsed laser is
focused onto a target made out of the material to be deposited on a blank substrate.
If the energy provided by the laser is high enough [176], each laser pulse ablates
a small area of the material (typically few mm2) and creates a plasma plume di-
rected to the substrate, which is placed cm away from the target. Usually laser
pulses are short, in the order of ns. The created plasma plume presents the same
composition as the target. Generally, a background gas is often introduced in the
high-vacuum chamber for two reasons. First, multication thin-film often requires a
reactive specie. In the case of oxide growth, flow of oxygen gas is introduced in the
chamber during the deposition to ensure phase stability. Second, the background
gas can be used to reduce the kinetic energy of the ablated species. Typical pressure
ranges are in the order of 0.1-0.4 mbar. The particles from the plasma arrive to the
surface of the substrate and rearrange minimizing their energy. This characteristics
are resumed in figure 2.13. For a deeper understanding of the PLD process, the
reader is referred to more specific and complete reviews [173, 174].

We employed the state-of-the-art PLD facilities at the Thin Film Laboratory at
ICMAB. Several parameters were adjusted to optimize the growth process of the
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FIGURE 2.13: Scheme of a PLD process.

films in a PLD process. In our case, the YBCO were grown on STO substrates with
the following parameters: The substrate was heated up to Tsubstrate = 800− 810◦C,
with an O2 partial pressure of 0.3 mbar during the deposition and a fix target-
substrate distance of 52.5 mm. A high fluence laser (∼ 2 J/cm2) working at a fre-
quency of 10Hz was used. During the cooling ramp, we increase the P(O2) in the
chamber in order to obtain well oxygenated samples. A diagram of the process is
depicted in figure 2.14.
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FIGURE 2.14: Growth process profile (a) and thickness - number of
pulses dependence.

The thickness of the film is mainly determined by the number of pulses. This pa-
rameter was varied from 200 to 4000 pulses to obtain samples ranging from 10 to
200 nm. The thickness-pulses relation obtained is shown in figure 2.14.

Structural characterization of YBCO thin films

The structure of our YBCO films have been analysed by x-ray diffraction tech-
niques. The figure 2.15 shows a θ − 2θ scan of a 200 nm YBCO sample grown
on STO. Only peaks corresponding to the YBCO (00l) reflections are observed. Nei-
ther secondary phases (such as ab-grains) nor polycrystalline phases are detected
in the XRD pattern. The growth process described above leads to (00l) epitaxial
films with no secondary phases for all the thickness studied.

In addition, the microstructure of the film was studied by TEM. The figure 2.16
shows a micrograph of a 100 nm YBCO film grown on STO. It reveals high quality
epitaxial films with sharp interfaces between the YBCO and the STO substrate.

Therefore, we validate our films for further characterization. The relation between
the microstructure and the resistive switching properties is discussed in chapter 4.
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FIGURE 2.15: θ− 2θ scan of a YBCO 200 nm sample grown at 800◦C
and 0.3 mbar.

STO 

YBCO 
5 nm 

FIGURE 2.16: TEM image of a 100 nm YBCO film grown on STO.
High quality crystalline films (00l) epitaxially oriented are obtained

Morphological characterization of YBCO thin films

A microstructural characterization of the surface was performed by Scanning Elec-
tron Microscopy (SEM). The figure 2.17 shows three SEM micrographs for 22 (a),
50 (b) and 170 nm (c) YBCO films, respectively. In the thicker film, higher density
of droplets and precipitates than in the thinner ones is detected. This particulates
might be either ejected cluster particles from re-ablation in the target during depo-
sition or aggregates formed during growth. In all the cases, smooth surfaces with
no pores are observed.

3 µm 3 µm 3 µm 

22 nm 50 nm 170 nm a) b) c) 

FIGURE 2.17: Surface morphology obtained by SEM for samples
with different thickness: (a) 22, (b) 50 and (c) 170 nm, respectively.
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Physical properties of YBCO superconducting films

The physical properties of the YBCO thin films have been characterized by elec-
trical transport measurements and magnetic induction measurements. From these
measurements, the superconducting transition and the critical current density of
the films could be determined.

Transport properties of YBCO thin films

As stated in the introduction, YBCO is a superconducting material with a transi-
tion temperature Tc ≈ 93K. The critical temperature of YBCO films with different
thickness (12-200 nm) have been evaluated by resistivity measurements as a func-
tion of temperature in a 4-point configuration. The resistivity plots in the figure
2.18 correspond to several films with different thickness . All the films present a
superconducting transition from a normal metallic state. For films thicker than 50-
200 nm, the resistivity value at room temperature is very close to the bulk value,
ρ300K ≈ 300µΩ · cm−1 and Tc ≈ 92K. Below 50 nm, a degradation of the supercon-
ducting properties is observed with an increase of one order of magnitude of the
resistivity and a decrease of the Tc is found, being Tc ≈ 60K for the 12 nm film.
Possible effects arising from strain might be at the origin of this phenomenon.
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FIGURE 2.18: Resistivity measurements performed in a PPMS by
varying the temperature from 300K to 10K.

Superconducting properties of YBCO thin films

The superconducting performance of the films was investigated by performing
SQUID magnetometry measurements on the films. The critical current density, Jc,
of the sample can be estimated from non-invasive magnetic induction measure-
ments. To do so, the temperature is set to 5K and then a high magnetic field is
applied (3T) perpendicular to the film to assure that the whole sample is pene-
trated by magnetic flux lines. Then, the field is removed and the superconductor
is taken to its remanent state. Then, the temperature is increased and the magne-
tization of the sample is recorded as a function of temperature. According to the
Bean model [177, 178], we can obtain the critical current density (Jc) by using the
following equation, valid for a square thin film.

Jc =
3∆M

a
=

6m

a3t
(2.1)
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Where t is the thickness, a the lateral size of the sample (5 mm), M is the satu-
rated magnetization and m is the magnetic moment. The acquired Jc(T ) curves for
YBCO films of different thickness are shown in figure 2.19 a). For all the films with
t > 50nm, high values of critical current density are found. For lower thicknesses
(22 nm), a remarkable decrease of the superconducting performance is foundi in
agreement with the decrease in Tc. However, even for this low thickness the film
remains in the superconducting state at 77K. For clarification, values of Jc(77K) have
been extracted and plotted separately as a function of thickness on figure 2.19 b).
High Jc values in the order of 2.5− 3 MA/cm2 are obtain for t > 50nm, whereas Jc
values strongly decrease for t < 50nm.
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FIGURE 2.19: (a) Critical current density as a function of tempera-
ture for samples with different thickness grown on STO substrates.
(b) Jc(77K) and Jc(5K)/10 values as a function of sample thickness.

To sum up, we have shown the excellent superconducting performance of YBCO
thin films with t > 50nm, which present Tc ≈ 92K close to the bulk value and
high critical current density (2.5− 3MA/cm2). For films of thickness below 50 nm,
the superconducting performance decreases. Despite this, these latter films present
good enough superconducting characteristics to evaluate their resistive switching
properties.

2.1.5 Growth and characterization of CeO2/LSMO and CeO2/YBCO bi-
layer systems

The deposition of an ex-situ buffer layer on functional complex oxides (vacuum
and non-vacuum techniques) remains challenging because it can induce structural
and/or oxidation state modifications which could strongly affect the physical prop-
erties[179–181] of the initial film. During this thesis, we demonstrated that the
CeO2 capping buffer layer deposited at low temperature by Atomic Layer De-
position (ALD) could be successfully integrated on functional complex oxides for
RRAM applications [182].

The ALD deposition process was performed by Dr. Mariona Coll while the growth
of the YBCO film and the structural and physical characterization of the bilayer
was mainly performed by me.
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ALD route for CeO2 growth

Atomic Layer Deposition (ALD) has emerged as a powerful technique for the
growth of thin films boosted by industry’s interest due to its capability for atomic
layer control and exceptional conformal coating on 3D high aspect ratio structures
([183], and references therein). In addition, ALD offers low working temperatures
(even at room temperature) [184–186] and excellent uniformity at large scale. ALD
is a well-established technique in several fields such as high-κ dielectrics or DRAM
[187]. Recently, ALD is being more and more used for RS applications [188–190].

ALD is a chemical gas-phase deposition technique where the film growth proceeds
through a sequential self-limiting surface reaction achieved by alternating the pre-
cursor gases in the chamber. The fact that ALD is a self-limited process produces
atomic level control of the film.

For the deposition of CeO2-x, commercially available Ce(thd)4 (thd =
tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato) (STREM) precursor and ozone
(O3) as the oxygen source at 275◦C. The final thickness of the CeO2-x film depends
on the number of cycles that the reaction is repeated. In this thesis, the thickness of
the film has ranged from 3 to 10 nm. The films were deposited onto CSD-LSMO
and PLD YBCO. In the following, the structural and physical characterization of
the integrated bilayer film systems after the deposition of the ceria are presented.

Structural characterization of CeO2 bilayer systems

The structural characterization of the heterostructures have been performed
through XRD measurements and Aberration corrected scanning transmission elec-
tron microscopy (STEM) imaging.

XRD θ − 2θ scans of the YBCO films before and after ALD-CeO2 deposition are
shown in figure 2.20 (a). (00l) YBCO reflections are observed in both cases. In ad-
dition, after the deposition two extra peaks at 2θ = 33◦ and 2θ = 69.4◦ indicates
the formation of epitaxial CeO2. The small lattice mismatch between YBCO and
CeO2 (ε = −0.52%) favours the epitaxial growth, even though a fluorite structure
must adapt to a perovskite through a 45◦ growth rotation. The presence of no ad-
ditional peaks suggests that no interfacial reaction is taking place between YBCO
and CeO2. This will be also supported by the analysis of the physical properties of
the films, presented below. The same characteristics are observed in the LSMO case
(not shown).

Figure 2.20 (b) shows a high resolution Z-contrast image of the CeO2/LSMO bilayer
with sharp interfaces between firstly, LSMO and STO and secondly the LSMO layer
and the ceria. Fully continuous and dense CeO2 layer is observed with an uniform
thickness distribution in the whole sample. Poor epitaxy is observed above a cou-
ple of atomic layers. Since CeO2−x epitaxial growth has been achieved on YSZ
single crystal substrates [185], which presents a much higher lattice mismatch with
CeO2 (ε = −4.8%) than LSMO (ε = +1.21%), the poor epitaxy observed might be
attributed to the low growth temperature employed. According to the experience
in the group, fully epitaxial quality of ALD-CeO2 on LSMO could be obtained by
optimizing the ALD process growth temperature and also by performing high tem-
perature post annealing treatments. Since the CeO2−x layer will be just used as a
protective layer and oxygen reservoir, we did not need to optimize its epitaxy.



38 Chapter 2. Experimental procedure

LSMO 

CeO2 

STO 

20 30 40 50 60 70 80

10
1

10
2

10
3

10
4

10
5

(3
0

0
) 

S
T

O

(2
0

0
)C

e
O

2

 CeO
2
/YBCO

 YBCO

(4
0

0
)C

e
O

2

(0
0

8
)Y

B
C

O

(0
0

7
)Y

B
C

O

(2
0

0
) 

S
T

O

(0
0

5
)Y

B
C

O

(0
0

4
)Y

B
C

O

 

 

In
te

n
s
it
y
 (

A
.U

.)

-2 (deg)

(1
0

0
)S

T
Oa) b) 

FIGURE 2.20: (a) XRD θ − 2θ scans on YBCO/STO before and af-
ter the deposition of ALD-CeO2. (b) STEM Z-contrast image of 2
nm ALD-CeO2 films grown on CSD-LSMO/STO substrate viewed

along [110] zone axis.

Morphological characterization of CeO2 bilayer systems

The surface morphology of 2 nm CSD-LSMO and 20 nm PLD-YBCO films before
and after the deposition of 2-3 nm ALD-CeO2−x films is investigated by AFM. Fig-
ure 2.21 a) and b) correspond to the LSMO case, whereas c) and d) to the YBCO
film, as indicated in the insets of the images. In both cases, the surface morphology
is not modified by the deposition of the CeO2 and their rms value before and after
the deposition is preserved, 0.7 nm for LSMO and 0.6 nm for YBCO.
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FIGURE 2.21: AFM topographic images of 2 nm CSD-LSMO/STO
(a), 2 nm ALD-CeO2/2 nm CSD-LSMO/STO (b), 2 nm PLD-YBCO
(c) and 2 nm ALD-CeO2/20 nm PLD-YBCO (d) systems. In both
cases, the RMS values are preserved after the deposition (rms=0.7
and 0.6 for LSMO and YBCO, respectiveli). The z-scale of the topo-

graphic images is 8 nm.

Physical properties of CeO2 bilayer systems

The effect of the ALD-CeO2-x deposition process of on the physical properties of the
YBCO and LSMO films, was evaluated by means of macroscopic magnetic proper-
ties before and after the deposition.

In particular, SQUID magnetic induction measurements in a 5 nm ALD-CeO2/200
nm YBCO are shown in figure 2.22 a). We depict the critical current density as a
function of temperature Jc(T ) of the bilayer with and without the CeO2−x layer. It
is remarkable that the deposition process does not degrade the YBCO layer show-
ing almost the same the critical current density dependence with temperature.

In the LSMO case, the magnetization was measured as a function of temperature
in an applied in-plane magnetic field of 0.5 T as shown in figure 2.22 b) for a 3 nm
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CeO2/ 3 nm LSMO and 10 nm CeO2/ 10 nm LSMO on STO before and after the
deposition. No change is observed between the as-grown LSMO/STO state and
the bilayers CeO2/LSMO/STO after the deposition process.

J
c
 (

A
/c

m
2
) 

FIGURE 2.22: (a) Critical current density of a 200 nm YBCO film be-
fore and after depositing 5 nm ALD-CeO2 (b) Temperature depen-
dence of the saturation magnetization at 0.5 T for LSMO/STO thin

films before and after ALD-CeO2.

Thus, we have validated the ALD-CeO2 ex-situ integration approach and demon-
strated that the original performance of the metallic perovskite films remains unaf-
fected by the ALD process.

2.1.6 Metal deposition and device fabrication

Along this thesis, metallic electrodes were required for either 4-point configuration
measurements (LSMO, YBCO), to be used as a guide reference within the sam-
ple, or to study the resistive switching effect in encapsulated Ag/CeO2/LSMO
heterostructures, as it will be shown in chapters 3 and 4. In some cases, lithog-
raphy processes will be required to defined confined bridges. In this section, we
present the photolithography process, etching techniques and metal evaporation
methodologies used during this thesis. The optimization of these processes have
been performed in our group along the years. All of them were performed in the
clean room facilities at the Institut de Ciència de Materials de Barcelona (ICMAB-
CSIC).

Photolithography

Lithography is a technique used to transfer a pattern onto a substrate/film. This
pattern is subsequently used to etch an underlying thin film. In particular, pho-
tolithography refers to one kind of lithography that uses a light source (ultraviolet
(UV)) to define the desired pattern that is transferred into a substrate/film. The
procedure to perform a photolithography process in our perovskite films is as fol-
lows:

Pattern design: With an specific software (CleWin 5), the layout that should be
transferred into the film is created at will. In our setup, this layout can be
easily modified, thus adapting it to the specific sample and experiment re-
quirements.

Photoresist deposition: The photoresist is a polymeric photosensitive material
which can be deposited by spin-coating onto the sample in liquid form. The
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spinning speed and photoresist viscosity will determine the final resist thick-
ness. In here, we have used the so called positive photoresist, which makes the
UV-exposed areas to be dissolved in the subsequent development stage. In
particular, we have employed positive photoresist MOCROPOSIT S181342.
It is deposited by spin-coating at 5000rpm for 20 seconds, obtaining ∼ 1µm.
After the spinning of the resist, it is soft-baked at 90◦C for 1 min in a hot plate
in order to remove the solvents from the resist and improve adhesion.

UV exposure: Then, the exposure of the sample is performed in a Micro Writer
ML by Durham Magneto Optics through a direct-write lithography process
[191]. The sample is placed in a chamber where an autofocus correction
and alignment is performed prior the exposure. Once these tasks have been
successfully completed, the layout is loaded through software, specifying
the dose. Typical dose values for our metallic perovskite films are between
150 − 250mJ/cm2 using a UV-laser of 1µm. The time required to carry out
this step is around 30-60 min.

Photoresist development: After the exposure, the photoresist is developed in a so-
lution composed of water 98% and tetramethyl ammonium 2% MICROPOSIT
MF-319 for 45seg. The exposed areas are dissolved, leaving trenches in the
photoresist, where the sample surface is ready for either metal deposition or
etching process. At the same time, the undeveloped areas act as a protection
where metal deposition or etching is undesirable.

Metallization or etching step: Metal deposition through DC sputtering or film
etching by either physical or chemical methods in the developed areas is car-
ried out at this stage. These techniques are explained in detail in following
subsection. After these processes, The unexposed photoresist and uncovered
metal areas (if any) are removed by rinsing the sample in acetone.

Figure 2.23 shows schematically all the steps involved in the described process.

FIGURE 2.23: Photolithography process followed in this thesis.

Metal deposition and lift-off

In this thesis, we have used DC sputtering to deposit Ag and Au metal electrodes
in our metallic perovskite films. In sputtering [192], a target made out of the metal
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to be deposited is bombarded with high-energy inert Ar ions in plasma ambient.
As a result, individual atoms or clusters are removed from the surface and ejected
towards the film. The Ar ions bombarding the target are produced in direct current
plasma.

A sputtering system from Twente Solid State Technology (TSST) is used to sputter
Au or Ag metal electrodes. The patterned structures range from 10 to 500 µm in
size, depending on each experiment, as it will be shown in the following chapters.
Each metal has been deposited with the conditions defined in table 2.2.

Metal Vacuum
(mbar)

Ar
flux
(sscm)

Gas
pres-
sure
(mbar)

Voltage
(V)

Current
(A)

Time
(min)

Thick-
ness
(nm)

Au 10−6 20 0.05 425 0.09 5 50

Ag 10−6 20 0.05 500 0.08 10 50

TABLE 2.2: Conditions employed for Au and Ag sputtering deposi-
tion.

The final structures are attained by a lift-off process in an acetone bath, where all
unexposed photoresist including the overlying metal coating is removed. In all
cases, the sputtered metals present a very good adhesion to our metallic perovskite
oxides, without the need to use an adhesive layer. In addition, the contact resis-
tance has been demonstrated to be low enough avoiding the need of post annealing
process [156]. Typical values of the resistances measured in Au and Ag sputtered
samples are 800 and 600 Ω, respectively, which leads to contact resistance values of
∼ 10−2Ω · cm2 . In the case of superconducting transport measurements, a lower
contact resistance is required and then a post annealing process of the metal con-
tacts was carried out at 450◦ for 1h in oxygen atmosphere to decrease the contact
resistance to a 10−8Ω · cm2.

Oxide etching

Etching is used to remove material in a selective way in order to create patterns. In
our case, the pattern is previously defined by the photolithography process. The
developed resist leads to unmasked areas that can be removed either by wet (chem-
ical) or dry (physical) etching.

Wet etching consists of a liquid chemical attack to remove the material. It is strongly
isotropic which limits its application for high-resolution patterning. In dry etching,
plasmas or etchant gasses produce the material removal. It is highly anisotropic
and therefore it is more capable for transferring small structures. However, the
remaining material might be damaged during the process due to deoxygenation
of the film. In this work, since we do not need to transfer sub-micron features and
good performance of the films should be preserved, we have employed wet etching
to pattern both YBCO and LSMO thin films.

In the LSMO, the wet etching is performed using a 0.2% diluted piranha solution
(H2SO4 + H2O2 + H2O). An etching rate of 10-20 nm/min is obtained.
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In the YBCO case, the wet etching is carried out by immersing the film in an acid
solution of 0.1% H3PO4. This solution leads to an etching rate of 100 nm/min
approximately.

2.2 Characterization techniques

The aim of this section is to provide an overview of the most relevant techniques
employed in this thesis to investigate the RS effect. These techniques are atomic
force microscopy, scanning tunnelling microscopy and probe station measurements
equipped with external sources analysers. Special emphasis is put in those parts
where I had a significant contribution to develop the experimental setup and mea-
surement procedure. At the end of this chapter, a list of other characterization tech-
niques employed in this thesis and my implication in each one is also mentioned.
A short description of these techniques can be found in Appendix A.

Scanning Tunnelling Microscopy (STM) was the first breakthrough in the so called
scanning probe techniques in 1981, invented by Heinrich Rohrer and Gerd Binnig
[193], at that time, working at IBM Zürich. Its working principle is illustrated in
further sections. This invention immediately triggered the development of other lo-
cal probe techniques able to sense at the nanometer scale different physicochemical
surface properties of the specimen under test, giving birth to the so called Scanning
Probe Microscopies (SPM). The first big breakthrough was made in 1986 with the in-
vention of the Atomic Force Microscope (AFM) by Binning, Gerber and Quate[194].
This instrument overcame some of the limitations of the STM, and will be pointed
out in next sections.

In general terms, in any SPM technique, a short-range interaction is sensed by a
local probe which is scanned over the surface of the specimen [195]. The magni-
tude under study is measured, recorded and then digitally processed. In these sec-
tion, special emphasis will be made on the regular STM operated in air and AFM
measurements in mode Conductive-Atomic Force Microscopy. Some outstanding
applications of scanning probe techniques have been collected here [196, 197].

2.2.1 Scanning Tunnelling Microscopy

The STM technique is based on the quantum tunnelling effect. When two met-
als are sandwiched between a thin insulating barrier and an electrical potential is
applied, electrons should flow from one metal to the other according to the rules
of classical physics only if the applied potential is higher than the barrier. Con-
versely, quantum mechanics allow this process to happen even when the potential
is lower than the barrier. In the particular case of the STM, an atomically sharp tip
approaches an atomically flat surface, with a dielectric barrier in between. Usually
this barrier is vacuum, but not only. It is also possible to measure in liquids[198],
different gas atmospheres[199] or air [200]. If the distance between tip and sur-
face is small enough (1-50 Å), their wave functions will overlap and therefore there
is a finite probability of electron hopping between tip and sample, giving rise to
quantum tunnelling, as shown in figure 2.24. The critical factor which gives this
microscope extremely high vertical resolution (of few hundredths of an angstrom)
is that the tunnel current flow between tip and sample depends exponentially on
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their relative distance. For a typical metal, the current will change by an order of
magnitude for every Å in distance with an exponential decay as shown in equation
2.2.

I ∼ e2κd, κ =

√
2mφ

h̄
≈ 0.5

√
φ(eV )−1 (2.2)

The lateral resolution depends on the apex geometry and the electronic orbitals of
the tip. Generally, the electrons of the tip are confined to a very narrow channel
allowing real-space imaging down to atomic scale.

The tunnelling regime is characterized by three interdependent parameters: The
tip-sample distance (typically 5-10 Å), the tunnelling current It (typically 0.01 - 10
nA) and the bias voltage Vt (typically 0.01 - 2V). It and Vt are generally chosen to
set a tunnel resistance Rt=Vt/It in the GΩ regime.

FIGURE 2.24: (a) Tunnelling process between the tip and sample
across a vacuum barrier of width d and height φ. (b) Schematic view

of an STM.

A scanning tunnelling microscope is capable to collect topography and spec-
troscopy data at local scales. In the topographic mode, the surface is mapped
through the dependency of the tunnelling current, It, upon the tip-to-sample dis-
tance. In the spectroscopy mode, the Local Density of states (LDOS) of the material
is extracted through measurements of the tunnelling conductance, as it is explained
below. However, the measured It corresponds to a convolution of the LDOS of the
tip and the sample. To study intrinsic properties of the material, a tip with feature-
less DOS and well-defined Fermi energy (Ef ) surface, (ideally spherical) should be
used. The most common metals used for the tips are Au, W, Ir and PtIr.

Operation modes

To acquire topography images, two main modes are used. The first one is the so
called constant-current imaging mode, which is the most used method to collect to-
pographic maps. In this mode, It is kept constant by adjusting with the feedback
the tip vertical position during the scan. Since the tunnelling current integrates
over all the states above or below the Fermi energy Ef (depending on the polarity
of the applied bias), the constant-current map represents a profile of constant inte-
grated density of states (DOS). If the LDOS is homogeneous over the mapped area,
this profile would correspond to a constant tip-to-sample distance, and therefore,
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recording the height of the tip as a function of the (x,y) position a three-dimensional
map of the surface is obtained.

The second mode is the so called constant-height mode. In this mode, the feedback
loop is turned off and the the tip-sample distance is kept at a constant absolute
value while mapping. The modulations in the It are produced then by a change in
the tip-sample distance due to the surface corrugations. Therefore, recording the It
as a function of position will directly reflect surface topography. This mode allows
faster scanning than the constant-current mode. However, it is limited to surface
with corrugations in the angstrom regime to avoid tip collision with the surface.

Scanning Tunneling Spectroscopy

Besides obtaining surface topography images, the LDOS of the surface can be ob-
tained by performing scanning tunnelling spectroscopy (STS). In this mode, the
feedback loop is turned off and the distance between tip and sample is kept con-
stant. Then a voltage sweep is performed and the tunnelling current as a function
of bias voltage is recorded. The differential of this tunnelling current (dI/dV(V)) is
proportional to the LDOS.

In first approach, the current between tip and sample can be expressed as

I = constant·
∫
dω[f(ω − eV )− f(ω)]Ntip(ω − eV )Nsample(ω, x) (2.3)

Where ω is the energy, f(ω) denotes the Fermi function, N(ω) is the DOS of tip and
sample, and x denotes the lateral position of the tip. If a Ntip is considered constant
and taking the derivative with respect to the V, the local conductance is obtained:

G(V, x) =
dI(V )

dV
∝
∫
d(ω)[−f ′(ω − eV )]Nsample(ω, x) (2.4)

At T=0, f(ω) becomes a step function and then the conductance in eq. 2.4 becomes

G =
dI

dV
∝ Nsample(eV, x) (2.5)

At higher temperatures, f’(ω) becomes broader and therefore the features in the
DOS of the sample are smeared out. Therefore, by taking the derivative of the I(V)
spectra with respect to the voltage, the LDOS of the material at a specific location
is obtained with a good approximation, using this method.

Most STS experiments use the so called current-imaging tunneling spectroscopy (CITS)
firstly introduced by Hamers et al. in 1986 [201]. A CITS image consists of a regular
matrix of points distributed over the surface. The tip scans over the surface with
a fixed tunnelling resistance Rt=Vt/It, recording the topographic profiles. At each
point of the CITS array, the scan is frozen and the feedback turned off. With the
tip (x,y,z) position frozen, the voltage is swept to measure I(V) (or dI/dV curves
with a lock-in amplifier). After the sweep, the bias voltage is set back to Vt and the
scanning resumed. At the end of the experiment, a topographic image obtained at
Vt and simultaneously obtained spectroscopic images reconstructed from the I(V)
(or dI/dV) data. Since the feedback loop is turned off while sweeping, V can take
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any value, specially V = 0V . In that case, G(0V ) is called the Zero Bias Conductance
(ZBC), which is related to the number states available in the vicinity of the Fermi
level.

STM protocol measurement

STM measurements were performed in Prof. Christoph Renner’s group, under the
supervision of Dr. Ivan Maggio-Aprile at the University of Geneva (Switzerland).
I could perform these measurements thanks to two stays (May-July 2015 and May-
July 2016) that were carried out during my PhD funded by the Spanish Ministry
of Economy. A schematic diagram of the experimental setup and a picture of the
microscope employed is shown in figure 2.25.

Tip holder and 
piezoelectric tube 

Sample holder and 
X-Y large positioning 

system 

a) b) 

FIGURE 2.25: (a) Schematic representation of an STM imaging pro-
cess (taken from [202]). (b) Microscope used in all the experiments

at the University of Geneva.

The setup consist of a home-made STM controlled by a Nanonis SPM controller.
Sample and tip holders are electrically isolated, and are located in a copper Faraday
box hanging with a spring from another Faraday box on top a granite table. This
configuration minimizes mechanical and electrical noise to a background noise of
∼ 200 fA. The tip holder is connected to the feedback system explained above. Tip
motion is controlled by a piezoelectric tube with a working range of 20µm x 20µm
in the XY direction and 3µm in the Z component. Tip is grounded while the bias
voltage is applied to the sample, which is firmly attached and electrically contacted
to the holder with conductive silver paste. With this configuration, when applying
a positive (negative) bias voltage V to the sample, electrons tunnel preferentially
from the tip into unoccupied (occupied) sample states [202]. Additionally, this STM
system has an optical microscope attached to facilitate the location of the tip onto
specific areas within the sample.

For all the experiments shown in this Thesis, the same measurement conditions
were used. A Vbias = 800mV and a set-point current It = 200pA were used. To-
pography images were acquired in a constant-current mode and spectroscopic data
were acquired according to the CITS method explained above [201]. Figure 2.26 (a)
shows a typical topography image in a 8 nm La0.8Sr0.2MnO3 film. A stair-like ter-
races morphology is observed. The white line in the map corresponds to the profile
in the figure 2.26 (b), where 1 u.c. (∼ 0.4nm) steps are found.
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FIGURE 2.26: (a) 800x800 nm2 topography image obtained for a 8
nm LSMO sample at 800 mV and 200 pA. Stair-like terraces are ob-
served. White line indicates the region where the profile in (b) was

extracted.

For the spectroscopic measurements, the CITS method was used. The feedback in
the It is turned off and Vbias is varied from −800 to 800 mV to acquire It(V) curves.
Figure 2.27 (a) shows the typical I-V curve obtained in the same film, whereas (b)
shows the so called conductance curve, G(V). This G(V) is obtained through the nu-
merical derivative of the I(V) data.
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FIGURE 2.27: (a) Typical shape of an I-V curve obtained in LSMO
thin films. (b) Conductance curve (G(V)) obtained by numerical

derivative of the I-V in image a).

The CITS image is composed of a regular array of pixels, in which an I(V) was ac-
quired with the feedback turned off. At each pixel of the image, the system corrects
the Z position of the tip to meet the setpoint conditions (800 mV, 200 pA). This
correction motion is used to acquire a topography image at the same time that the
spectroscopy is performed. This Z image is very useful for a fine correlation of
the spectroscopic and real-space features. Figure 2.28 (a) shows roughly the same
topography as in figure 2.26, but with less resolution due to the decrease of the
number of pixels of the image2.

Figure 2.28 (b) shows the ZBC map of the region. At each pixel, the numerical
derivative of the I-V curve is calculated and then evaluated at V = 0V , i.e., G(0) is
the ZBC. Homogeneous conduction along the area is obtained, with small jumps at
the edge of the terrace. For a matter of clarity, figure 2.28 (c) shows the histogram
of the ZBC map. These diagrams and the ZBC values will be the main tool used in

2Typically, STS experiments were done in a grid of 128 pixels x 128 pixels. At each pixel, 3-10 IV
curves were averaged. Each I-V curve was acquired in 500 ms, which means that one single STS map
is acquired in 6-12 hours, depending on the conditions
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FIGURE 2.28: a) Topography image obtained during the STS mea-
surement. b) ZBC map of the region The map has been obtained
by calculating the numerical derivative of the I-V curves acquired
at each pixel of the image. Then, the G(0) value is plotted for each

pixel. c) Histogram of the ZBC of image b).

the discussion presented in chapter 4 in relation to the tunnel spectroscopic study
of high resistances areas induced by RS effect.

2.2.2 Atomic Force Microscopy

The AFM was invented in 1986 by Binning, Quate and Gerber [194] and it was
intended to overcome the limitations of STM, which can be only used on conduc-
tive samples. Its working principle is based on the measurement of the interaction
forces (10−13 − 10−5 N) appearing between a nanometric tip and the specimen un-
der investigation when they are very closed or even in contact. The tip is located
at the end of a cantilever, which deflects when any force is applied to it. This de-
flection ∆x is proportional to the k constant of the (spring) cantilever according to
Hooke’s law, F= ∆x·k, and it is detected by an optical system. A laser beam reflects
on the back part of the cantilever. The reflected beam hits on a photodetector di-
vided in four sections (photodiodes) which allows to measure vertical and lateral
deflection [203]. These deflections are registered during the scanning of the sample
and are used to interpret the forces involved in the interaction. This force detection
system was firstly introduced here [204, 205] and nowadays it is the most common
setup in all the commercial AFM. In this way, several local properties of the mate-
rial such as the surface topography, friction, electrical resistivity or magnetization.
A piezoelectric tube controls the X, Y and Z position of the tip. Although atomic
resolution can be achieved, typical lateral resolution ranges between 5 and 20 nm,
depending on the sharpness of the probe. Vertical distances can be measured with
an accuracy as high as ∼ 0.1nm. Figure 2.29 shows a schematic of our AFM setup
with all its components.

The AFM can also regulate the applied force through a feedback loop. This feed-
back loop acts to maintain any of the available variables constant, i.e., tip-sample
distance, applied force, amplitude, phase or frequency, among others. A picture of
the AFM system used in this Thesis is shown in part b of figure 2.29. It is a Keysight
5500LS, former Agilent 5500LS. Along this PhD Thesis, some modifications and ex-
tra capabilities were introduced in the system with the valuable help of Mr. Andres
Gomez, technician of the SPM services at ICMAB. The modifications introduced in



48 Chapter 2. Experimental procedure

b) 

a) 

FIGURE 2.29: (a) Schematic representation of our AFM setup with
all of the components, including the Current supplier called Resis-
cope II and will be introduced in next paragraph. (b) Real picture of

the equipment employed during this thesis.

the system were experimental requirements of our measurements and will be de-
tailed in next sections. For a deeper understanding of the technique, the reader is
referred to the following references [195, 206].

Operation modes

Depending on the tip-sample distance, the forces governing the tip-sample interac-
tion can vary its nature. The total force between tip and sample is composed of a
combination of short and long range interactions:

1. Short range forces: These forces are repulsive and are detected at distances
∼ 1−3 Å. These repulsion comes from the overlapping of the electron clouds
between cantilever and sample’s atoms (Pauli principle).

2. Long-range forces: detected at distances d > 5 Å. They are mainly attrac-
tive. Few examples are capillary, Van der Walls, electrostatic and magnetic
interactions.

Usually, these forces can be approximated with the Lennard-Jones potential.

U(r) = 4U0

((
Ra
r

)12

−

(
Ra
r

)6)
(2.6)
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where U0 is the depth of the potential well, r is the distance between the atoms
at the tip apex and the sample, and Ra is the distance at which U(r) is zero. The
force derived from this potential F = −∂U(r)

∂r is depicted in figure 2.30. From this
diagram, different operation modes can be used, depending on the forces we are
interested in: (short range (repulsive)) or long range (mainly attractive). Essentially,
the AFM operation modes can be divided into the contact mode, which works in the
repulsive regime and the dynamic mode, which works in the attractive regime and
can be subdivided into non-contact and intermittent -contact modes.

FIGURE 2.30: Interatomic forces dependency on the tip-sample dis-
tance and its working regimes.

The first developed mode was the Contact mode where tip and sample are in direct
mechanical contact. By measuring the change in the vertical deflection at a constant
applied force (load) as the tip scans over the surface, topographic images are ob-
tained. Simultaneously, other physical quantities can be obtained, such as friction
maps or conductivity (resistance) maps. This latter technique is called Conductive-
AFM (C-AFM), and a more detailed explanation is offered in next section. In the
dynamic modes the cantilever is oscillating near its resonance frequency at a given
distance from the sample surface. Depending on the oscillation amplitude when
compared to the tip-sample distance, the tip may either not touch the sample on
every oscillation (non-contact mode, small amplitude) or touch it intermittently
(larger amplitude). In this Thesis, the main operation mode employed has been
the contact-mode for electrical characterization (C-AFM), and the setup is properly
described below. For a more detailed review on the dynamics mode, the reader is
referred to the following references[195, 206, 207].

AFM is not only a very versatile technique for surface characterization, but it can
also serve as an active mechanism for material modification[197, 208]. Challenges
in lithography have triggered a lot of interest in the research community due to
its capabilities to manipulate materials properties at the nanoscale and even at the
atomic level. There are a large variety of phenomena that can occur when a nano-
metric sharp tip is in contact with a surface. These phenomena include mechani-
cal, thermal, electrostatic or chemical interactions, and/or a combination of them
[197]. To mention some examples, one can oxidize Si to SiO2 to generate nanometer
patterns [209], switch between different ferroelectric polarization states [210–212],
induce a resistance change by applying large pressures with the AFM tip inducing
a phase transition[213, 214].
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Conductive-Atomic Force Microscope

As it was previously introduced, C-AFM technique [63] allows the simultaneous
acquisition of both topography and current (resistance) maps, enabling to correlate
spatial features of the surface to a certain conductivity state. Generally speaking,
these current (resistance) maps are acquire by applying a constant bias voltage to
the sample while the tip scans over the selected area. C-AFM can also perform I-V
curves at a fix position. By freezing X-Y position, a voltage ramp is applied to the
sample and the flowing current is recorded. In following sections it will be shown
that this tool will be key to understand our RS mechanism.

The first requirement to perform electrical measurements by C-AFM is to have a
conductive tip. The most typical C-AFM tips commercially available are made out
of Si with a coating on both sides of the tip of Cr/Pt. In our case, these kind of tips
were damaged quite soon due to the big loads applied. To reduce the wear of the
tip, in all the experiments shown in this thesis, unless it states the contrary, have
been performed with a diamond coated Bruker DDESP V2 tips. A picture of the tip
and some information provided by the supplier can be found in figure 2.31. The
nominal k value of these tips is 80 N/m. This high k values exerts large forces (nN
−µN regime). In our case, we observed that even though the high loads applied,
no damage was induced to the sample plus a better electric contact between tip and
sample was achieved.

Geometry: Standard (Steep) 

Tip Height (h): 10 - 15µm 

Tip Radius (Nom): 100 nm 

Tip Radius (Max): 150 nm 

Tip Coating: Conductive Diamond 

Nominal k: 80 N/m 

FIGURE 2.31: SEM image of the AFM tips used in this Thesis and
information provided by the supplier. Both were taken from the

supplier’s webpage. Its nominal spring constant k = 80N/m.

The second requirement to perform these measurements is to have a good pre-
amplifier to enhance the current limits that commercially available AFMs have. In
our case, the current range of the equipment is 0.1 nA - 100 nA. For our experimen-
tal purposes, a broader current range was desired. In this sense, the Resiscope II
module of CSInstruments (figure 2.29) was acquired and installed for our C-AFM
experiments. Resiscope extends the accessible current range from 100 fA to 1 mA.
This system allows to measure over 10 decades with high sensitivity and resolution
by applying a Vbias to the sample. Both mapping and I-V spectroscopy are compat-
ible when using Resiscope module. Due to the nanometric size of the tip, large
electric fields are created below the tip apex. Depending on the material and the
atmosphere, several phenomena such as local oxidation [208, 209, 215] might take
place due to the presence of a water meniscus around the tip.
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Protocol for RS measurement by C-AFM

In this section, our experimental setup to perform RS studies is detailed. Some ex-
amples are shown in order to illustrate basic phenomenology without entering into
any detail regarding the physical mechanism responsible of these results. Results
and discussion will be further explained in next chapters.

Thanks to the intrinsic metallic character of the materials studied in this thesis
(LSMO, YBCO and RENO), we can intentionally avoid the usual MIM structures
used to study RS. In our case, as it was mentioned before, the substrates are insu-
lating (STO,LAO) and the grown thin film act both as an active element for RS and
as electrode material. Figure 2.32 shows a diagram of the electrical connections for
C-AFM measurement. The sample is glued to the sample holder, which is a solid
piece of copper. Voltage is applied to the sample holder, while the conductive tip
remains grounded. The connection between the copper holder and the sample sur-
face is made with a silver wire (from Goodfellow Inc.) attached with conductive
silver paste (from RS Components).

FIGURE 2.32: (a) Schematic representation of the AFM setup, show-
ing the wire connection between the Cu sample holder and the sur-
face of the metallic perovskite. The sample is glued to the holder.
Tip is grounded and the sample is biased. (b) and (c) shows a di-
agram of the electric field distribution when positive and negative

bias is applied, respectively.

Figure 2.32 (b) and (c) also show schematically how the current flow from the tip to
the electrode under a positive bias (b) and viceversa under negative bias (c) (tip).
Although the metallic character of the films, the contact between tip and sample
is not a perfect ohmnic contact and therefore there is a large contact resistance in
between. This produces that the voltage drops mostly below the tip in a vertical
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way, and then the electric field spreads within the film towards the electrode. This
diagram is crucial to understand the switching behaviour in these materials since
we realize that the material transformation occurs mainly below the tip, in a vertical
manner.

As it will be shown in chapters 3 and 4, we do not observe any feature that could
suggest a strong bending of the electric field close to the tip. Instead, the modifi-
cations that will be later induced in the films present well-defined features which
suggest, in first approximation, that the high concentration of electric field lines
below the tip leads to the domination of the vertical component rather than the lat-
eral one (probably the lateral component might be in the mm range at rather lower
electric field values to close the circuit). Therefore, we do not have any evidence of
an electric field bending dominating our switching effect. On the contrary, at the
local scale (up to∼ 10 nm), we demonstrate that the electric field is mainly directed
upwards and downwards.

For the sake of completeness, figure 2.33 shows a typical topography (a) obtained
simultaneously while acquiring the current (resistance) values at 1V (b) for a typical
6 nm LSMO film. In both topography and resistance maps the step-like terraces
can be clearly observed. Also a typical I-V curve obtained in a certain point at the
surface at low bias is shown, where a quasi-ohmic behaviour is observed.
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FIGURE 2.33: (a) Topography obtained in a 6 nm LSMO. (b) Re-
sistance map acquired at 1V simultaneously. Step-like terraces are
observed both in topography and in resistance. (c) Typical I-V curve
performed at low bias in an LSMO sample on top-top configuration.

Regarding the applied load on the tip, it is important to minimize the contact resis-
tance between tip and sample to assure a good electrical contact. One can naively
think that to do so it is enough to apply as much force as possible. However, some
modifications in the film and extra effect might be induced by the tip when apply-
ing high loads [213, 214]. We acquired Current-Force curves (I-F) in our films at a
fix voltage (V = 1V ) as shown in figure 2.34. The experiments are performed by
retracting the tip far from the surface and starting the approach to the sample while
recording the current as a function of the force.

The graph shows that even at higher loads no substantial change in the current is
observed and a plateau is reached. This means that the current does not depend
too much on the applied load at intermediate and high loads. In conclusion, for all
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FIGURE 2.34: I-F curves with a DDESP-V2 tip at 1V.

of our experiments, the applied load will not play a role in the interpretation of the
experiments and our working regime will be from 1-5 µN.

The presence of high humidity levels enhances the present of the water meniscus
surrounding the AFM tip [209, 216]. The influence of the water meniscus in regular
topography measurements and specially, when high bias is applied, can be crucial
and have a strong impact on the film. It has been mentioned before the amount of
effects that can be induced by the AFM tip. These effects can have a huge impact
when the water meniscus is enhanced. To determine the influence of ambient hu-
midity (and therefore, the water meniscus) in our bias-induced effect, two different
experiments conducted at ambient and low humidity atmospheres, on YBCO thin
films, are performed. We have chosen to show an example with YBCO due to its
extreme sensitivity to humidity and water in its surface [217–219]. The first exper-
iment is shown in figure 2.35. It was performed at ambient relative humidity (RH)
∼ 55%. First, the scan area is set to 10x10 µm2 with VBias = 1V to characterize
the topography and the resistance of the pristine area. After that, small squares of
1x1 µm2 were scanned at high negative bias (with the values shown in the figure)
to induce a resistive switching effect. Then, the scan area is set again to 10x10 µm2

and 1V. The resistance map obtained at 1V shows larger areas than the µm2 squares
scanned are transformed. This resistance change is accompanied by a topography
modification.

The topography and resistance change induced in these areas are not reversible,
i.e., if the reverse polarity would be applied, only more damage would be infringe
to the film. In contrast, if the same experiment is performed under a low RH (<
5− 10%) as in figure 2.36, the results are very different.

Figure 2.36 (a) and (b) show the R maps for the pristine state and for the HRS
induced at -6V in a 2x2 µm2. The HR square now does not extends several µ as
in the first example, but it is rather limited to the set writing area. Image c) and
d) show the average profile for both topography and resistance maps respectively.
These profiles are obtained by averaging all the scan lines (typically 512 profiles
are averaged). While the resistance has increased by 2 orders of magnitude due to
the RS effect, the topography remains unaffected, and therefore reversibility can be
achieved, as it is shown in the YBCO section in chapter 4.

At the beginning of the PhD thesis, the used equipment (Agilent 5500LS) was not
able to measure at low humidity conditions. To set up the system, two small holes
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FIGURE 2.35: Topography and resistance map of the selected area
before and after nanostructuration. The experiment was performed

at RH = 55%.

were drilled in the external chamber to facilitate the entrance of dry air and nitro-
gen pipes. Dry air allows to reach even 5-6% relative humidity, while with nitro-
gen RH ∼ 2% can be reached. Since the AFM chamber was not sealed, a flow
of these gases was maintained during the experiments to keep the low humidity
atmosphere conditions, making sure that no distortion was occurring to the tip.

2.2.3 Probe Station measurements for RS at a micrometer scale

Probe Station measurements using two- and four-probe configuration (this latter,
for 3-terminal devices) were used with Semiconductor Parameter Analyzers to in-
duce and evaluate the resistive switching behaviour in the different materials. The
measurements were performed at the Department of Electrical Engineering (UAB)
and at Peter Grüngberg Institut at the Forschungszentrum Jülich (FZJ).

At UAB, the experiments were carried out in collaboration with Dr. Rafael Ortega-
Hernandez (former member of the group) and Prof. Jordi Suñe. The measure-
ments were performed using either the Keithley 4200-Semiconductor Characteri-
zation System and the Agilent 4156C Semiconductor Parameter Analyzer (2.37 (a)).
In all of our measurements, the sample was placed inside of a probe station which
is insulated as a Faraday shield in order to avoid electric interferences. In addition,
the sample was firmly attached to the sample holder through a vacuum system
and the micrometric probes were placed manually on the sample. I-V measure-
ments were conducted through these two probes which have been configured by
software to apply voltage ramps while sensing the current (2.37 (b)).

At FJZ, the experiments were performed during a two weeks short stay in the group
of Prof. Regina Dittmann and experiments were carried out in collaboration with
Mr. Benedikt Arndt. The analysis of the data was performed by me.
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FIGURE 2.36: Micrometric HR states in YBCO thin film. (a) R map
of the pristine state acquired at 1V. (b) R map at 1V after inducing a
2x2 µm2 square at -6V. (c) Average topographic profiles in the same

area as Rmap in image a d) Average resistance profile for b.

a) b) 

FIGURE 2.37: (a) Setup employed at the UAB facilities. (b) Diagram
of the measurement procedure in probe station systems.

The experimental setup consisted of a two-probe home-made configuration system
with similar functionalities as the one described above. The tips were placed inside
a sealed chamber with different gas inlets and connected to a rotatory pump. Vac-
uum conditions down to P = 10−5 mbar can be achieved in this system. Besides,
gas inlets allow to perform measurements at different gas partial pressures. In par-
ticular, pure O2 atmosphere at different pressures was also used in the experiments.
Figure 2.38 shows a picture of the actual equipment and a schematic diagram of it.
The same electric field configuration than in our AFM setup was used.

2.2.4 Other characterization techniques

The aim of this section is to state the different contributions and collaborations
established to allow the use of other characterization techniques during the de-
velopment of this thesis. Further information about the working principles of the
techniques mentioned below is provided in Appendix A.
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W-Au Tips 

Sample holder 

Gas inlet CCD camera 

FIGURE 2.38: (a) Real picture of the equipment and its main compo-
nents used in FJZ. (b) Schematic diagram of the experiment. Nega-

tive tip will be the active RS element.

Besides the STM and AFM characterization mentioned above, Scanning Electron
Microscopy was used to reveal the morphological features of the film. Measure-
ments of samples and subsequent analysis of data were conducted by me. For
the structural characterization of the films, we have used X-ray diffraction (XRD)
and Transmission Electron Microscopy (TEM) techniques. For XRD, most of the
measurements conducted at ICMAB were performed by the technicians (A. Crespi,
F. J. Campos and J.Esquius). All data obtained was completely analyzed by me.
The TEM samples preparation and measurements were conducted by Mr. Bernat
Mundet as a part of his PhD and supervised by Dr. Jaume Gazquez, both mem-
bers of our research group. Measurements were carried out at the Advanced Mi-
croscopy Laboratory from the Institute of Nanoscience of Aragon (LMA-INA), in
Zaragoza, and at the TEM facilities of the Institut Catala de Nanociencia i Nan-
otecnologia (ICN2). Resistivity and transport properties measurements were con-
ducted in Physical Properties Measurement System (PPMS) from Quantum De-
sign. The experiments and data anaylisis were carried out by me. Induction mea-
surements were performed in a Superconducting Quantum Interference Device
(SQUID) at the same laboratory. Measurements were mainly performed by the
technician (Dr. Bernat Bozzo) while data analysis was fully done by me.

2.3 Conclusions

In this chapter, the growth process of La1−xSrxMnO3, RENiO3, YBa2Cu3O7−δ and
CeO2−x thin films have been presented. Chemical Solution Deposition method has
been demonstrated to be a suitable route to obtain high-quality complex oxides
thin films (LSMO and RENO), while Pulsed Laser Deposition has been employed
to obtain YBCO thin films. Epitaxial films with smooth surfaces and low roughness
(0.6nm < RMS < 2nm) are obtained for the three compounds.

In the La1−xSrxMnO3 case, the films were grown onto STO substrates with thick-
ness ranging from 3 to 42 nm. The doping level x have been varied by modifying
the Sr content of the films. In this way, the metal-insulator transition and the re-
sistivity of the material has been tuned. In the RENiO3 case, LaNiO3 and NdNiO3

films were grown onto LAO and STO substrates with thickness ranging from 6 to
25 nm. LNO films does not present MIT in the full temperature range for none
of the thickness studied. In contrast, NNO thin films grown on LAO present a
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thickness-dependent MIT. In the YBCO case, the films were grown on STO sub-
strates with thickness ranging from 10 to 200 nm. High quality samples with ex-
cellent superconducting performance are obtained. For films with thickness below
50 nm, degradation of the superconducting properties, such as the critical tempera-
ture Tc and the critical current density Jc, are observed. In addition, 3-10 nm CeO2

thin layers were ex-situ deposited by Atomic Layer Deposition on top of LSMO and
YBCO thin films. The physical properties of the underlying metallic perovskite re-
mains unaffected after the deposition process.

The main tools to induce and characterize the resistive switching behaviour of the
films have been introduced: Atomic Force Microscopy (AFM), Scanning Tunnelling
Microscopy (STM) and probe station measurements. In the case of the STM, spe-
cial emphasis has been given in the relation between the number of available states
at the Fermi level and the zero bias conductance (ZBC), which is an observable
upon tunnelling spectroscopy. In the case of the AFM, we have introduced the
Conducting-AFM technique, which will be the main tool used to induce the resis-
tive switching effect in our films. Special attention has been put to the decrease
of the relative humidity of the air inside the chamber. This precaution avoids irre-
versible damage of the film due to the presence of the water meniscus upon appli-
cation of a very large electric field generated at the tip apex.

Finally, we stated the different characterization techniques employed in the devel-
opment of the thesis, and my contribution.
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Chapter 3

Resistive Switching in LSMO thin
films

In this chapter, we will present our results regarding the characterization of the
resistive switching phenomenon in La1−xSrxMnO3 compounds. Strong evidences
supporting a MIT-electric-field-induced transition with oxygen exchange through
ambient will be provided.

After the first observation of a resistance change effect in Pr0.7Ca0.3MnO3 (PCMO)
single crystals [46], there was a renewed interest in perovskite manganite mate-
rials with the observation of a resistance change induced by electrical pulses in
Pr0.7Ca0.3MnO3 thin films [220]. Several works addressed the RS capabilities in
PCMO [21, 22, 221–225], La1−xCoxMnO3 [226–228] and La1−xSrxMnO3 [50, 229–
233]. Depending on the material and device structure, multiple microscopic mech-
anisms have been proposed based either on redox processes involving cation or
anion migration [221], on the formation/rupture of conducting nanoscale fila-
ments [17, 139, 234–236], oxygen diffusion [224, 237], Mott metal-insulator tran-
sition and strong-correlated effects [21, 22, 32, 79], variable Schottky barrier [30,
222], or charge trapping at interfacial sites [223]. In prior work from the group [50,
51], a volume switching effect of La0.7Sr0.3MnO3 was suggested as a consequence
of a metal-insulator transition. A very recent report from L. Yao et al [238] has
suggested an oxygen vacancy-driven structural and resistive phase transitions in
La2/3Sr1/3MnO3. In this thesis, we have thoroughly studied the RS effect exhib-
ited by different techniques and extended the studies to metallic perovskite oxides
(including La1−xSrxMnO3, YBa2Cu3O7−δ and RENiO3). We have elaborated a de-
scription of the effect that may be of of general validity for other metallic perovskite
oxides with strong electron interactions and displaying MIT, thus, making these
systems very appealing candidates for non-volatile memories and other novel de-
vices.

It is worth to mention that parallel to this thesis, another doctoral work [156] has
been developed in a similar topic. In his thesis, Dr. Rafael Ortega-Hernandez has
studied the RS-MIT properties of La0.8Sr0.2MnO3 and CeO2/La0.8Sr0.2MnO3 thin
films devices with W-Au macroscopic tips.The measurements were performed in a
semiconductor parameter analyser, fruit of a collaboration with the School of En-
gineering of the Universitat Autònoma de Barcelona with Prof. Jordi Suñé. Along
this chapter, special emphasis will be made where mutual collaboration has been
beneficial.
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3.1 Resistive Switching in LSMO films studied by C-AFM

In this section, we present our studies on the RS behaviour of LSMO thin films
using C-AFM. Local point-contact electric measurements (I-V sweeps) and micro-
metric arrays, generated at different bias voltage, are performed in the bare surface
of LSMO films to reveal its intrinsic RS properties.

Local probe techniques are widely used in RS studies. Several works address proof-
of-principle memory element miniaturization because of the nanometric resolution
achieved by C-AFM [239–241]. C-AFM also succeeded in the observation of con-
ducting filaments in insulating matrices, such as TiO2 [188, 234, 242], SrTiO3 [24,
139] and NiO [18, 235, 236, 243], and in combination with other characterization
techniques such as TEM [17, 19] or TOF-SIMS [244–246]. A more detailed review is
provided in reference [247].

3.1.1 Electrical characterization by I-V sweeps

Saturated I-V sweeps

It is worth reminding that the measurements were performed under low humidity
atmosphere (< 5−10%) kept under constant flow of dry air and/or N2 gas. This
highly increases reproducibility and avoids deterioration of the sample by the wa-
ter meniscus under the tip.

A typical I-V curve observed in a 35 nm La0.7Sr0.3MnO3 thin film is shown in figure
3.1. The applied voltage sweep is composed of several branches and are described
as follows:

1. 0 −→ −7V: The first sweep starts towards negative bias. It is in this branch
where the change from the initial pristine, which is the Low Resistance State
(LRS), to a High Resistance State (HRS) is induced. The generated electric
field points downwards and favours oxygen excorporation from the crystal
structure (generating oxygen vacancies) together with the corresponding va-
lence change in the metal Mn cations (Mn4+ → Mn3+) concomitant with a
decrease in the number of carriers (holes) in the system. This induces an in-
crease of resistance of the material and eventually the MIT can be crossed, as
it will be shown in sections 3.2 and 3.3.

2. −7 −→ 0V: In this branch, the system remains in the HRS when the sweep
goes back to 0V.

3. 0 −→ 7V: The sweep starts in the HRS and a transition from HRS to the
LRS emerges in this branch at a given threshold voltage. At this transition,
the electric field points upwards and induces oxygen incorporation into the
structure and the recombination with oxygen vacancies. Concomitant to it,
the reverse valence change in the Mn cations (Mn3+ → Mn4+) and an in-
crease in the carrier density occur. This decreases the resistance of the system
and the MIT can be crossed back.

4. 7 −→ 0V: In this region, the system remains in the LRS, finishing the voltage
excursion at 0V. Then, the cycle is repeated to show its reproducibility.

A clear asymmetry in the I-V sweep is observed. The transition from the LRS to the
HRS is performed smoothly while the switching from the HRS to the LRS presents a
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FIGURE 3.1: Typical IV curve in LSMO thin film. Insets show the
excorporation (left) and incorporation (right) processes.

sharp transition. We believe that this asymmetry is influenced by two factors. First,
there is an inherent geometrical asymmetry since the nanometric tip acts as an elec-
trode whereas the counterelectrode is at least 5 orders of magnitude larger. Second,
oxygen incorporation and excorporation processes are intrinsically different when
the exchange is produced with the atmosphere (oxygen molecule dissociation or
association) and therefore, a symmetric sweep is not expected. When oxygen ex-
change with ambient is avoided by creating a bilayer system (CeO2/LSMO)with
symmetric electrodes, in which the O2− is only exchanged through the bilayer, the
I-V sweeps present more symmetric sweeps with sharp and abrupt transitions in
both polarities [248], as it will be shown later. Threshold voltages VHRS→LRS range
between 3 − 5V (more detailed experiments on this regard are presented after-
wards). In the ON state (LRS), the current values reach the 0.1−10µA whereas in
the OFF state (HRS) it is found to be in the 0.1−10nA range. Resistances ratios of
103−104 are thus obtained. We believe that such large resistance ratios are induced
with a small change in the carrier density due to the strong electron correlation of
the LSMO films governed with a MIT [249].

The observed RS physical mechanism is inherently bipolar, i.e., one can only switch
the state under the proper bias polarization. To demonstrate that, we undertook
unidirectional I-V sweeps on a 10 nm LSMO film only towards positive bias (0V →
+Vmax → 0V ) (figure 3.2 (a) and later only towards negative bias (0V → −Vmax →
0V ) (figure 3.2 (b) by progressively increasing the amplitude of Vmax. For each
polarity the sweeps were acquired on a pristine spot of the surface. For positive
bias sweeping, no switching hysteresis occurs. The resistance state of the sample
remains in a LRS, which is in the initial pristine state, since no more oxygen can
enter into the structure.

In contrast, a progressive hysteretic behaviour is found for the negative bias, since
the electric field created in such a measurement reduces the concentration of hole
carriers and movesO2− species from the crystal towards the surface. At the surface,
these ions recombine with adsorbates forming O2 molecules, which are liberated.
In this way, an oxygen vacancy is created into the system, with the corresponding
change in the valence of the 3d metal cations. The continuous increase of the HRS
with increasing−Vmax shows the capabilities of these systems to achieve multilevel
resistive states. The basic phenomenology of the RS behaviour by means of I-V
characteristics in LSMO thin films is thus presented.
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FIGURE 3.2: Unidirectional I-V curves obtained by C-AFM in a 10
nm LSMO film. (a) Towards positive bias. (b) Towards negative

bias.

Minor loops and initial state

The example of a typical I-V shown in figure 3.1 shows a fully developed HRS and
a complete transition back to the LRS. In the next experiment, we evaluate the I-V
sweeps of a 35 nm La0.7Sr0.3MnO3 thin film when the maximum voltage amplitude
of the sweeps is progressively increased. Each I-V curve was performed on pristine
regions following the protocol defined as 0V −→ −XV −→ +XV −→ 0V with
|X| = {2, 3, 4...8}, as shown in figure 3.3.
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FIGURE 3.3: I-V sweeps performed in a 35 nm 0.7Sr0.2MnO3 sample.
Each colour represents a a different maximum voltage amplitude.

All sweeps start towards negative bias and back to 0V (branches 1 and 2). They
start in a LRS as expected from the metallic state of the La0.7Sr0.3MnO3 films at
room temperature. A continuous broadening of the RS hysteresis cycle is observed
as the length of the sweep is increased. Therefore, the generated HRS can be finely
tuned with the maximum applied voltage of the sweep. Then, we induce sweeps
towards positive bias with same voltage amplitude but with reverse polarity than
in the negative branch. In every case, an OFF→ON transition is observed. The
threshold voltage at which this transition, VHRS→LRS, occurs, correlates with the
previously applied negative sweep. The larger the amplitude applied in the neg-
ative sweep, the larger threshold voltage. A similar correlation is inferred in the
resistance ratio ROFF/RON. A larger ratio is also found in the positive branch in
the sweeps where large negative bias was applied. A saturation value of the ratio
and the threshold voltage is reached for sweeps with |Vmax| ∼ 6V . For sweeps
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with smaller amplitudes, a minor loop situation is generated. This demonstrates
the multilevel switching capabilities of LSMO films.

The RS hysteresis cycle shown in figure 3.1 illustrates how an ideal saturated RS
cycle looks like in a LSMO thin film. However, different behaviours can be found
when sweeping on the bare surface of the film. Two of these cases are shown in
figure 3.4.

a) b) 

FIGURE 3.4: I-V sweeps starting towards positive bias. In (a), a fully
reversible initial sweep is found, whereas in (b) a small transition to

a lower LRS is observed.

In both examples the same sweep was applied, i.e., 0V → +4V → 0V → −4V →
0V → +4V → 0V . Since the initial state of the film is its pristine LRS, no change in
the resistance is expected when a Vbias > 0 is firstly applied, since it would induce
oxygen incorporation. Only reversible metallic behaviour should be measured in
this case by assuming a perfect oxygen stoichiometry in the region below the tip.
This is the case showed in figure 3.4 (a). No trace of hysteresis or transition is ob-
served in branches 1 and 2. However, in the example shown in figure 3.4 (b) a
small abrupt transition is found at around V = 3.5V . We believe that in this case,
the region under the tip was oxygen deficient and therefore oxygen vacancies were
present. Thus, by applying a positive bias oxygen incorporation is favoured upon
the application of the electric field to achieve a lower resistance state than the initial.
Then, the sweep continues towards negative bias and back to 0V (branches 3 and
4). A HRS state is induced and retained down to 0V. A second positive bias sweep
is applied and should restore the original LRS. However, the induced LRS presents
a lower current value than the original pristine in both cases. This can be explained
in terms of a non-fully oxygen incorporation and/or oxygen vacancies rearrange-
ment within the region below the tip upon the application of the electric field. The
LRS generated after the oxygen incorporation is well distinguishable from the pris-
tine state. We have not been able to ascribe particular I-V sweep behaviours to
specific features of the film surface. Oxygen concentration seems to slightly vary
randomly at the local scale, as it will be later demonstrated by Scanning Tunnelling
Microscopy studies.

3.1.2 Micrometric scale HRS areas induced by C-AFM

One of the main advantages offered by an AFM to study RS phenomena is its ver-
satility to study local inhomogeneities related to RS effect and to create nano- and
micrometric HRS arrays. By means of a XY closed loop system, which enables to
have a fine control over the tip position, we have written an array of resistance 2D
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maps at different resistance states, induced at different negative bias. On a pristine
25 nm LSMO film surface, six squares of 5x5µm2 were scanned with the C-AFM tip
at Vbias = {−1,−2. . . − 6V }. HRS regions are then induced at a micrometric scale.
After this process, a 20x 20µm2 topography and reading resistance maps were ac-
quired. Low bias (1V) was applied for reading out of the generated HR regions to
prevent any modification of the resistive state. An scheme of the whole process is
presented in figure 3.5 (a), while (b) shows the final readout of the topography and
(c) the resistance of the modified area.

FIGURE 3.5: HRS micrometric regions were induced in a 25 nm
LSMO thin film. (a) Diagram showing the protocol to generate and
read the array. (b) Topography and (b) resistance map of the result-

ing resistance array

The resistance map shows clear contrast differences between the pristine and the in-
duced HR areas. The higher the Vbias, the more resistive the region appears whereas
no topographical modifications are observed in any of the cases. In addition, the
change in the resistance is produced below the tip, thus demonstrating that the
RS effect occurs in the vertical direction in the region where the tip scans, and not
laterally towards the counterelectrode.

Note that the resistance values obtained in the maps do not represent an absolute
measurement of the intrinsic resistance of the material since the contact resistance
might be large and difficult to determine [250, 251]. However, relative changes in
the resistance within the same image can be quantitatively evaluated. To do so,
first an average value of each HR square is calculated, RHRS. Then, all the HR areas
are subtracted from the original R map and an average value of the surrounding
pristine region is obtained, Rprist. By dividing each RHRS by the overall Rprist value,
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a RHRS/Rprist ratio as a function of the Vbias used to induced the HRS is obtained.
These ratios are shown in figure 3.6.

FIGURE 3.6: Ratio between the pristine state and the induced high
resistance states as a function of the VBias employed to generate the

HRS.

A significant increase in the resistance ratio is found for −5V < Vwrite < −2V ,
whereas a saturation seems to appear for Vwrite < −5V and Vwrite > −1V . This ex-
periment further confirms the multilevel switching capabilities of these perovskite
oxide systems. We believe that by increasing the magnitude of the applied field,
larger exchange of O2− ions from the LSMO crystal structure with ambient occurs
thus reading a gradually higher resistance state.

To restore back the LRS in any of the HRS regions, they should be scanned at a
proper positive voltage. In this way, oxygen incorporation in the crystal structure
of the film is achieved. The experiment in figure 3.7 shows the resistance map of
a partially restored LRS in the HRS square induced at V = −2V . Only half of the
5x5µm2 square HRS was scanned at Vbias = +3V .Then, a resistance map of the
region is acquired at low bias (1V).

FIGURE 3.7: (a) Zoom in the HRS generated by scanning at -2V. (b)
Resistance readout at low bias after inducing a LRS at +3V in half of

the HRS square.

Upper diagrams in figure 3.7 shows the film in the generated HRS (a) and the pro-
cess to restore the LRS (b). Resistance maps at the bottom show the HRS (a) and
the partially restored LRS (b). The part of the HRS square that has been scanned at
+3V , shows no contrast difference with the surrounding pristine state. Therefore,
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a LRS is recovered (on a microscopic region) by a positive bias scan on a previously
generated HRS.

3.1.3 Volume Resistive Switching in LSMO thin films

The adaptability of the AFM to move with very fine precision in the X-Y direc-
tions allow to define any kind of feature at will. In this section, a volume resistive
switching mechanism will be demonstrated. To do so, cylindrical shape HRS ar-
eas will be induced in the films by drawing rings at a certain voltage, in a similar
way as shown in previous section and reported in [50, 51]. Along this thesis, we
extend these previous studies to other metallic perovskite materials, as it will be
shown in here (La1−xSrxMnO3 family compounds) and in next chapter (YBCO and
RENiO3). For completeness, we present in this section experiments performed in
La0.7Sr0.3MnO3 films of different thicknes. Notice that these experiments are car-
ried out in a top-top configuration (see chapter 2) and the read out of the inner part
of the ring is performed by placing the tip on the inner area of the ring whereas the
counter electrode is placed outside of the ring.

FIGURE 3.8: (a) Scheme indicating how a HR ring is generated at
-10V. Topography and resistance maps for a (a) 22 and (b) 10 nm

LSMO thin film after creating the HRS ring.

In a first step, two rings were drawn with a Vbias = −10V in two films of thickness
22 and 10 nm (figure 3.8 (b) and (c), respectively). The reading resistance maps
show that, when the -10V ring is drawn in the 22 nm film, the ring area scanned
by the tip has been transformed into the HRS. When the same ring is drawn in the
10 nm film, we observed that not just ring but also the inner part of it (which has
not been modified by the tip), also appears to be in the HRS. In the thicker film, not
all the volume under the tip is transformed into the HRS when the Vbias = −10V
ring is used , and therefore the inner part of the ring is electrically connected to
the outer pristine film. However, when the thickness of the film is decreased and
the same high voltage Vbias = −10V is used to draw the ring, the HRS reaches the
bottom surface until the insulating substrate, thus creating a HR cylinder wall, that
impedes connectivity between the tip and the counter electrode. Therefore, metallic
non-modified regions are topologically isolated in this case.
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In a second step, if a tiny part of the HR wall generated in the 10 nm film is scanned
at high enough and opposite bias (VBias = +10V ) to induce the LRS. Then a new
resistance map is acquired (figure 3.9), and a fully metallic region in the inner part
of the ring is observed. By inducing a LRS in a small portion of the wall, the inner
non-modified region and the outer pristine film are electrically connected again.

FIGURE 3.9: Inducing a LRS in the HRS wall by applying a +10V
scan in the red area. Resistance map acquired at low bias after gen-

erating the LRS in the wall.

A second experiment reported in this section reproduces the same phenomenology
described above, in a 10 nm film, with rings drawn at different voltage amplitudes.
Figure 3.10 shows two rings were scanned at -6V and -10V, respectively. The re-
sistance map obtained in this case, after drawing the rings, shows again the two
different scenarios described above. In the -6V case (left), the region where the
HRS was induced corresponds to the region scanned by the tip. In contrast, in
the -10V case, the inner non-modified region appears to be in the HRS. As in the
case described above, the generated HRS has reached the insulating substrate, and
therefore the conduction from the inner part of the cylinder to the counterelectrode
is prevented by the presence of the HRS cylinder wall.

FIGURE 3.10: (a) Diagram, (b) topography map and (c) resistance
map of two HRS rings generated at -6 and -10V in a 10 nm LSMO

thin film.

For completeness, a small portion of the HR cylinder was transformed back into
the LRS by applying a (Vbias = +10V ). After that, the read out of the region is
performed at low bias (1V). Similarly to the thickness dependence case explained
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above, the inner non-modified region and the outer pristine film are now electri-
cally connected, as shown in figure 3.11.

FIGURE 3.11: Generating a LRS in the HRS wall by scanning a small
portion of the wall at +10V. Resistance map obtained at low bias

These experiments in which the thickness of the film and voltage amplitude were
varied, provide strong evidences that a Volume Resistive Switching (VRS) mecha-
nism is occurring. We demonstrate that the whole material volume under the tip
can be homogeneously transformed into a HRS, instead of a filamentary conduc-
tion process. Furthermore, it also suggests that the oxygen depletion is occurring
gradually through thickness since at Vbias = −6V , although a clear HRS sign is
achieved, there is electrical conduction between the inner surface of the ring and
the counter electrode. Instead, for Vbias = −10V , metallic non-modified regions are
topologically isolated in the case of the 10 nm film. A schematic explanation of this
effect is shown in figure 3.12.

FIGURE 3.12: Schematic illustrating the Volume Switching character
of the MIT-RS behaviour as an intrinsic property of the system. .

The suggested Volume RS (VRS) mechanism is different in nature from the fila-
mentary or interfacial types early reported. VRS might be an intrinsic property of
metallic perosvkite complex oxides showing metal-insulator transition. We believe
that it is the MIT of these systems what induces the RS effect in these films upon
small variations in the carrier density induced by the applied electric field. Start-
ing from a LRS, oxygen excorporation occurs at negative bias inducing a valence
change in the transition metal due to the creation of oxygen vacancies in the sys-
tem, which simultaneously produces a decrease of the carrier density, thus crossing
the MIT line and entering into a HRS regime. At positive bias, oxygen incorporates
into the crystal structure and annihilates oxygen vacancies. The reverse valence
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change occurs accompanied by an increase of the carrier density, restoring the LRS
upon crossing back the MIT. We would like to emphasize the link between the RS
effect of these materials and their MIT, which at least at high bias, is fully crossed,
as it will be shown in section 3.3. The crossing of the MIT line is not a “conditio sine
qua non” to generate a higher resistance state. However, an enhanced performance
is expected if the MIT line lies close to the operating temperature. Our experiments
demonstrate that the volume under the tip can be progressively driven into a HRS
upon increase of the voltage amplitude. This change is highly directional and oc-
curs vertically below the tip as. The suggested Volume RS should be therefore
understood in counter opposition to interface RS, which would be localized in the
few units cells close to one of the electrodes. In contrast, the full thickness of the
film (10 nm) can be transformed here into the HRS.

3.1.4 Dependence of Sr content on the RS properties

The tunability of the metal-insulator transition in La1-xSrxMnO3 can be
achieved by introducing chemical doping [73], varying thickness[159], strain [252],
inducing the presence of oxygen vacancies[253] or upon the application of an elec-
tric field, as shown along this chapter. We show in the previous chapter that a
modification of the Sr content of the LSMO precursor solution, in stoichiometric
proportion, leads to a shift in the MIT and resistivity. The lowest resistivity and
highest TMIT is found for x = 0.3 films whereas decreasing the Sr content shifts
the MIT towards lower temperatures. We will follow this approach to properly
engineer the growth of the material tuning its electronic properties in such a way
that the MIT lies at different temperatures [78]. Ideally, a material designed with
a MIT close to the operating temperature could easily undergo a resistance switch,
with a small variation of the carrier density. For RS applications, this should lead
to low operating voltages and even higher resistance ratios. The diagram shown in
in figure 3.13 shows an schematic view of the explanation stated here.

FIGURE 3.13: Bandwidth control vs band-filling control schematic.
Two different Sr contents are schematically represented.

As it was shown in chapter 2, LSMO films with different Sr content showed a clear
shift in the MIT. Figure 3.14 shows the TMIT dependence on the formal Mn valence
state, MnFV, observed in our films and in bulk samples [73]. Manganites are mixed-
valence systems consisting of a mixture ofMn+3 andMn+4, with theMn+3/Mn+4
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ratio equal to 1/(1− x). The composition of the compound can be expressed as:

La1−xSrx(Mn3+1−xMn4+x )O3 = La1−xSrxMn
(3+x)+
FV O3 (3.1)

Thus, the nominal oxidation states, MnFV for the considered Sr contents (x =
{0.15, 0.2, 0.3}) are +3.15, +3.2 and +3.3, respectively. This nominal value was
determined by assuming that the change in the Sr content in the precursor solution
determines the valence state. However, local inhomogeneities leading to a phase
separation at the nanoscale could also occur in some cases [84, 254, 255]. At lower
Sr doping levels (x=0.15), we observed that the TMIT of our films occurs at much
higher temperatures than in the bulk. This deviation from the expected bulk value
makes us to conclude that we cannot discard non-stoichiometric oxygen content or
a predominant role of biaxial strain in films with lower Sr content. Therefore, we
chose La0.8Sr0.2MnO3 and La0.7Sr0.3MnO3 films to perform quantitative studies of
the role of the initial doping content in the RS effect.
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FIGURE 3.14: TMIT as a function of the Mn formal valency in our
LSMO films and in bulk samples [73].

The same experiment presented above, where HRS cylinders were induced at dif-
ferent negative bias, was conducted in a 10 nm La0.8Sr0.2MnO3 thin film. Figure
3.15 shows the resistance map obtained at 1V after two rings were drawn at -10V
and -6V, respectively (figure 3.15 (a)). In the -6V case, only the area scanned by
the tip (the contour of the ring) appears in a HRS. In contrast, in the -10V case
the inner region also seems to be in an insulating state, even though it was not
modified by the tip. In this last procedure, the same electrically driven transition
linked to the MIT described above transforms the sample into HRS through the
film thickness. The created HRS cylinder walls blocks the current when the tip is
placed in the inner part of the ring during the readout and therefore, the image
shows an apparent insulating behaviour. In the right image, a tiny portion of the
HRS wall was scanned at VBias = +10V to locally restore the LRS. After that, the
readout resistance map is acquired. Since the HRS ring has been opened, the inner
non-modified region is not topologically isolated anymore and therefore electrical
conductivity between the tip and the counterelectrode is observed.

With these measurements, no difference between the x = 0.2 and x = 0.3 can be de-
tected. We next study the influence of the Sr content on the I-V characteristics. For
that, I-V sweeps were acquired under the same conditions in 10 nm La1-xSrxMn3

thin films with x = {0.3, 0.2}. To minimize the effect of local inhomogeneities [84,



3.1. Resistive Switching in LSMO films studied by C-AFM 71

a) b) 

+10V -10V 

-6V 

FIGURE 3.15: (a)Resistance map at 1V after inducing HR rings at
-10V and -6V in a 10 nm La0.8Sr0.2MnO3 thin film.(b) Resistance
map at 1V after restoring the conductance with a scan at +10V in the
HR wall previously generated at -10V demonstrating the volume RS

in this compound.

254, 255], a statistical study of more than 100 I-V/film was performed. In a similar
way, the effect of possible oxygen vacancies in the region of the tip was minimized
by performing first a sweep towards positive bias, as it was described in previous
section (figure 3.4). Briefly, the protocol applied was:

1. Sweeps 1&2: 0V →+5V → 0V: As it was stated before, a first positive sweep
is performed to incorporate more oxygen in case the region under the tip is
an oxygen-deficient area. In this case, a small transition occurs to incorpo-
rate oxygen intro the structure. Otherwise, the back and forth sweeps are
reversible.

2. Sweeps 3&4: 0V →-5V → 0V: In this branch, the LRS→HRS transition is
produced as it was explained before. Eventually the MIT line is crossed and
the system remains in an insulating HRS down to 0V.

3. Sweeps 5&6: 0V → +5V → 0V: By increasing the bias voltage towads +5V,
an abrupt OFF→ON transition occurs at a given VHRS→LRS . This threshold
voltage will be the main parameter analyzed in the following.

Figure 3.16 shows several full I-V sweeps as described in the protocol for both Sr
content cases. Similar I-V characteristics are observed for the two films. In both
cases, a bipolar RS behaviour is found whose origin has been explained above.
Huge resistance ratios of 103 − 105 are generated in both systems. In the nega-
tive branch, a smooth ON→OFF transitions occur, whereas in the positive branch
a much abrupt ON→OFF transition is observed. Differences in this threshold volt-
age, VHRS→LRS, of the two systems are observed. A cumulative probability study
was performed for an statistical analysis of more than 100 I-V curves (figure 3.16
(b). Under the same applied electrical stress in both systems, a similar resistance
ratio HRS/LRS 103 − 105 is generated. In the case of x = 0.2 a clear shift of the
VHRS→LRS towards lower voltage values is found. From our point of view, this fact
is consistent with the proposed MIT-induced RS for these compounds. Therefore,
voltage inhomogeneities are smaller and a more abrupt threshold is found for the
x = 0.2 case. We could not find a correlation between the RS behaviour and any
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topographic feature. Therefore, we believe that the differences observed in this
experiment are related to intrinsic electronic inhomogeneities of the films.
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FIGURE 3.16: (a) I-V characteristics in 10 nm La1-xSrxMn3 thin films
with x=0.3 and x=0.2. (b) Cumulative probability plot derived from

the I-V statistical study.

Thus, we have shown that the RS parameters of the La1-xSrxMnO3 family com-
pounds can be tuned by means of chemical doping. We have shown that the modi-
fication of the Sr content modifies the carrier concentration in such a way that MIT
gets closer to the operating temperature. In that situation (x = 0.2), lower threshold
voltages are found. We believe that further optimization process in this direction,
all the potentiality of the material as a memristive element could be fully exploited.

3.2 Ex-situ characterization of LSMO thin films by STM/S

As discussed in chapter 2, STM is a very powerful technique to reveal local fea-
tures of the Local Density of States of the material (LDOS) by performing tunnel
spectroscopic experiments.

In particular, manganites were heavily studied by STM in the last 20 years. Mainly,
efforts were made to elucidate the existence of microscopic phase separation [84,
254–258] and to understand the fundamental transport properties (CMR and MIT)
of these compounds [257, 259–263].

In the field of RS, STM is not a widely used technique, since most of the materials
are insulators, and therefore not suitable for STM studies. However, very recently
investigations in which STM is used to induce and characterize RS behaviour in
metallic SrRuO3 thin films[264], semiconducting materials Nb:SrTiO3 single crys-
tals [265] or insulating binary oxides [266] or even Mott insulators [80] were re-
ported.

In this section, we provide STM/S ex-situ characterization of pristine and HRS re-
gions induced by C-AFM at different negative bias in 10 nm La1-xSrxMnO3 thin
films.

3.2.1 Sample preparation and measurement procedure

First, let us explain the procedure followed to generate the large HRS at ICMAB
facilities and the STM/S measurement protocol at the University of Geneva.
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Sample preparation at ICMAB

The localization of micrometric HRS areas induced by C-AFM in a 5x5mm2 sample
with precision might present a major drawback to perform ex-situ STM measure-
ments, since the STM tip should be positioned in the micrometric region which was
previously modified. To address this issue, a lithography process is carried out to
define a grid of 60x60µm equally spaced where 50 nm thick Au marks were sput-
tered. These Au squares act as a guide reference to precisely locate the STM tip
afterwards at will. Figure 3.17 (a) shows an optical micrograph of one of the sam-
ples after this process. The pristine 60x60µm regions in between the Au reference
marks (black squares in the OM image) are the spots where the RS was induced by
C-AFM. The AFM tip was situated in the middle point in the chosen region and the
scan size was set to exceed the 60x60µm scan area. Two different Vbias were used
to create progressively higher resistance state regions in the films. In these experi-
ments, 10 nm samples of x = {0.15, 0.2, 0.3}were used, while the bias voltages cho-
sen were VBias = {−5V,−7V }. For comparison, the pristine state was also studied.
Figure 3.17 (b) shows an example of such a large HRS region described obtained at
1V after inducing the HRS at a VBias = −5V in the 10 nm La0.8Sr0.2MnO3 film. In
the image, a large HRS square (white) is observed surrounded by the pristine film
(dark blue).

a) b) 
C-AFM induced HRS 

Pristine 

FIGURE 3.17: (a) Optical image of one of the films after the
sputtering Au reference marks. In black, the regions in between
the references were HRS were induced. (b) Resistance map of
a large 60x60µm2 HRS induced at VBias = −5V in the 10 nm

La0.8Sr0.2MnO3.

Measurement procedure at University of Geneva

Figure 3.18 shows a schematic representation of the samples used. The different
elements in the image and the protocol established to measure are described in the
following:

1. To locate the tip on top of one the desired regions (pristine, HRS performed
at -5V or HRS performed at -7V) we used the micron-step stage (XY control)
and the lateral-side binoculars. Illustratively, these 60x60µm2 areas indicated
with red squares in the scheme.

2. As defined in chapter 2, all the measurements were performed under the
same conditions: In air with a VBias = 800mV and a tunnelling current set
point of ISP = 200pA. The tip is brought to the tunnelling regime in those
conditions. The scan area is set to 800nm x 800nm and several topography
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images are obtained in the same area for a better stabilization prior to any
spectroscopic measurement.

3. After achieving stable topography images, the spectroscopic experiment is
carried out. This measurement acquires simultaneously topography and
spectroscopic data (I-V sweeps at every pixel of the image). Each map takes
8-12 hours to be collected. It is performed in an automatic mode.

4. After these data acquisition, the tip is placed to another area within the same
resistance state region and steps 2 and 3 are repeated to acquire more spectro-
scopic maps micrometers away with the aim of perform statistical analysis.

5. Step 4 is repeated several times for each resistance region (indicated as green
squares in the drawing) and for each sample to check homogeneity and re-
producibility of the measurements.

6. The data was analysed with a specific software developed in the group at the
University of Geneva. Zero Bias Conductance (ZBC, see chapter 2) maps are
obtained. Then, the histogram of the ZBC values distribution for each map is
extracted. To compare between the different regions within a sample and in
between samples an average ZBC value for each region is required The analysis
will be detailed along these chapter.

-5V 
 
 

-7V 
 
 

LSMO pristine film 

~60 μm 

Pristine Au marks 

= HR regions generated by C-AFM (ICMAB) 

= STM measurements within a given HR region (UniGe) 

FIGURE 3.18: Schematic view of the LSMO samples with the HR
regions (red squares) and the areas within these regions where the

STM/S measurements were performed (green squares).

In the following, detailed results for all the experimental steps described above
will be presented. First, a complete characterization of the three samples (x=0.15,
0.2 and 0.3) in their pristine state will be shown. Then, the study of the HRS regions
in the x=0.2 sample will be exposed, and finally, a comparison between the x=0.2
and x=0.3 will be performed.
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3.2.2 STM/S studies in the pristine state of La1-xSrxMnO3 thin films

First, the characterization of the pristine state for the three samples with different Sr
content will be here presented. Several spectroscopic measurements were carried
out in different 800x800 nm2. As a reminder, each map is composed of a complete
set of I-V curves (1 curve/pixel). A custom-made software developed at the group
at the University of Geneva was employed for data processing. The numerical
derivative is calculated from the raw I-V data to obtain the conductance curves
G = dI/dV . Then, a map with the G curves is evaluated at 0V, i.e., the ZBC map.
This procedure is applied for each sample. An example for each of the samples is
shown in figure 3.19.
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FIGURE 3.19: Topography (first row) and ZBC maps (second row)
for the 10 nm LSMO films of x=0.3, 0.2 and 0.15 (first, second and

third column respectively).

A granular morphology is observed in the three films with no relevant changes
among them and similar root mean square (RMS) values (1.3− 1.6 nm). However,
strong differences are clearly identified in the ZBC maps. A continuous shift from
red (higher ZBC, higher conductivity) towards light blue (lower ZBC, lower con-
ductivity) is found when decreasing the Sr content of the film. In each case, the ZBC
values shows a homogeneous distribution and it cannot be correlated with any spe-
cific topographic feature. In figure 3.20 the corresponding histograms of the ZBC
maps were extracted. A clear shift of the whole spectra towards lower ZBC is found
as the Sr content is decreased. G(V) curves are proportional to the LDOS, and there-
fore, ZBC=G(0) is proportional to the LDOS at the Fermi Level, i.e., its conductivity.
The lower Sr content, the lower the Mn+4/Mn+3 ratio, and therefore less conduc-
tivity in the I-V curves and smaller ZBC values are found. This is consistent with
the trend observed in the ρ(T ) measurements shown in chapter 2.

After this first characterization an average I-V curve is obtained for each map by
averaging the full set of I-V curves measured. Since the STS maps were set to
100x 100 px2 size, 104 I-V curves are averaged to obtain a mean I-V response for
the whole 800x 800nm2 area. Despite the loss of spatial resolution of the analysis,
this approach permits to extract average response of the full pristine region, and
therefore, a first-order characterization of the DOS of the material in a given re-
sistive state avoiding local phenomena such as precipitates, local variations in the
oxygen content or inhomogeneous Sr cation distribution.
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FIGURE 3.20: Histograms extracted from the ZBC maps shown in
figure 3.19.

Figure 3.21 shows the average I-V curves and their numerical derivatives (G, con-
ductance curves) for the three ZBC maps of figure 3.19. The conditions imposed
in the experiment forces the three I-V average curves to cross at 800 mV (Vbias) at
the ISP= 200 pA and changes in the I-V response are expected to appear at lower
bias. The G-V curves are parabolic. The parabolic shape of the conductance curves
is essentially a property of the tunnelling barrier [267, 268]. In all the cases,there
is a finite value of the ZBC and a clear shift from the more metallic (x=0.3) to
the less metallic (x=0.15) LSMO pristine states behaviour is observed. For a given
VBias < 800mV , less tunnelling current is read out when decreasing the Sr content
of the film. In the G(V) graphs, G(0)=ZBC shows accordingly the same trend. The
decrease in the ZBC is observed again in this plot. In addition, a shift in the minima
of ∼ 25 mV is observed in all the cases. By performing I-V sweeps in the forward
and backward direction, the same shift is observed, thus ruling out the artefact
character of this feature. In her thesis [269], Dr. Lina Chen thoroughly studied the
origin of the bias shift in PLD-LSMO thin films. It is explained by the presence
of surface polarization states due to Sr segregation close to the surface. The effect
is more pronounced in ultrathin films, where strain effects arising from the STO
substrate might contribute too. However, in our case, no substantial changes in
the shift between the pristine and the HR states were found. Furthermore, we did
not perform any experiments to further investigate the origin of the bias shift in
our films, since it was out of the scope of our study. Therefore, we validate this
approach to perform a semi-quantitative analyses of the electronic response of the
films.

-300 -200 -100 0 100 200 300
-6

-4

-2

0

2

4

6
 x=0.3

 x=0.2

 x=0.15

I 
(p

A
)

Sample Bias (V)
-300 -200 -100 0 100 200 300

0

20

40

60

80

100

 G
 (

p
S

)

 

 

Sample 

 x=0.3

 x=0.2

 x=0.15

a) b) 

FIGURE 3.21: (a) Mean I-V pristine curves for the different 10 nm
LSMO films. (b) Numerical derivative G = dI/dV averaged from

the maps shown in figure 3.19.
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The ZBC values of these graphs are then extracted. As indicated in the measure-
ment protocol, this same procedure is repeated several times for each sample (new
area within the same resistive state region→ STM/S measurement→ Data process-
ing→ ZBC map→) Average ZBC value) to obtain reasonable statistics and quantify
more precisely the average response of the material in the pristine state. In this way,
a total average value for the pristine state of each of the films is obtained by averaging
the different average I-V curves (and derived ZBC values) extracted from each of the
maps. Typically, in each sample 5-8 maps in the pristine region were acquired. This
total mean value would act as a reference value to compare the different samples
and the different resistive states (within a same sample). In short, more than 5 · 104

were averaged to obtain a reference ZBC value of each film.

Figure 3.22 shows the ZBC values extracted from each single ZBC map measured
in each of the samples. Although some deviations within the same sample are
observed, a general trend can be uptaked. In the right image, the average values
with the corresponding standard deviation is plotted as a function of the Mn formal
valence, which can be nicely fit with a linear dependence. This linear fit will be of
crucial importance to interpret the data of the HR states, as it will be explained
later.
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FIGURE 3.22: (a) ZBC value of all the measurements performed in
the three samples in the pristine state. Each point represents the
average value of the full data set obtained in the measurement. (b)
Average values ZBC obtained from (a) for each sample as a function
of the Mn formal valency of the sample. Dashed line is the linear fit

to the data.

3.2.3 STM/S of ex-situ generated HRS regions in La0.8Sr0.2MnO3 thin
films

The full characterization of the ex-situ generated high resistance states in the 10
nm La0.8Sr0.2MnO3 thin film is presented here. As shown in previous section, STS
is a powerful technique to study the LDOS at the Fermi Level. By performing
the same analysis in various induced HRS, we can gain insight into the electronic
behaviour in such a resistance state and compare the tunnelling response of pris-
tine/LRS and HRS. To do so, the same measurement protocol as in the previous
section for the pristine state will be here applied to both HRS regions. As a re-
minder, we proceeded as follows: for a given generated HRS, several spectroscopic
maps (at different locations within the HRS region) are acquired at the same con-
ditions (Vbias, ISP) used in the pristine state data acquisition. Then, an average I-V
response might be calculated for each map. Hence, a total mean I-V response for
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the generated HRS of each sample can be obtained by averaging these mean I-V
sweeps of the different maps. A mean ZBC which characterizes that HRS is then
straightforwardly derived.

Figure 3.23 shows three ZBC maps and their corresponding topography for each
resistance state in the film (pristine, HRS generated at -5V and HRS generated at
-7V). In the three cases, the surface morphology present a grain-like structure with
a grain size of 50-100 nm. Within our resolution limit, no evident changes in the
topography were observed, besides a slight increase in the RMS as indicated in the
figure. We cannot conclude whether this increase is a location-dependent phenom-
ena or is arising from the induced RS effect. However, a clear contrast difference is
detected in the ZBC map. A shift from red (higher ZBC values, higher conductiv-
ity) in the pristine state to a deep blue (lower ZBC values, lower conductivity) in
the HRS regions is found. This is consistent with the increase of the resistivity of
the HRS region. Also, the -7V HRS region presents a lower ZBC than the -5V HRS,
as expected since we already demonstrated that at higher negative bias a deeper
transformation in thickness is achieved and therefore, a higher resistance state is
generated.
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FIGURE 3.23: Topography (first row) and ZBC maps (second row)
for the 10 nm LSMO films of x=0.2 in the pristine, -5V HRS and -7V

HRS (first, second and third column respectively).

Remarkably, in none of the maps obtained in the measurements it was possible to
correlate specific features of the ZBC map to any topographic detail, such as defects,
pores or grain boundaries. This suggests a very homogeneous RS effect with no
preferential sites where the RS could have taken place. For clarification the ZBC
histograms have been extracted from the three ZBC maps and plotted in left image
in figure 3.24. A complete shift in the distribution is found when comparing the
pristine state and any of the induced HRS. This decrease in the ZBC is associated
to a change in the Mn formal valence induced by the electric-field driven motion
of oxygen vacancies and the associated decrease of the free charge carriers in the
system.

As stated, several spectroscopic measurements were performed in different areas
within the same resistive state region. From each map, an average ZBC value is
obtained. Figure 3.24 shows the ZBC for all the measurements performed in this
film in the pristine and in both HRS. The same trend presented in the maps above



3.2. Ex-situ characterization of LSMO thin films by STM/S 79

5 10 15 20 25 30
0

150

300

450

600

 

 

C
o

u
n

ts

ZBC (pS)

 Pristine

 HR@-5V

 HR@-7V

0

5

10

15
Pristine HR@-5V

 

 

Z
B

C
 (

p
S

)

Independent measurents

HR@-7Va) b) 

FIGURE 3.24: Histograms extracted from the ZBC maps shown in
figure 3.23.

is found. Then, all the points belonging to the same resistive state will be averaged
to obtain a final ZBC value for each of the regions. In the next section, this analysis
will be extended and generalized to the La1-xSrxMnO3 samples with different Sr
content.

3.2.4 RS study in La1-xSrxMnO3 films with different Sr content

The analysis performed before was applied to the x = 0.3 sample with the three
different resistive states regions. The raw data of the G(V) conductance curves for
x = 0.3 and x = 0.2 films are shown in figure 3.25 ((a) and (b), respectively). A
similar trend is found for both samples. The G(V) curves of the HRS of the two
films present an evident decrease of the ZBC whereas the shape of the curves is
kept from the pristine states to the HRS.
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FIGURE 3.25: Average conductance (G) cuves for pristine and high
resistive states. (a) x=0.3 film. (b) x=0.2 film.

Then, the processed ZBC values are extracted from the dI/dV curves shown in
3.25. The comparison of the ZBC values obtained in this way for the pristine states
of x = {0.3, 0.2, 0.15} and the two HRS studied in the x = {0.3, 0.2} films are
shown in figure 3.26 as filled dots. They have been plotted as a function of the Mn
formal valency. The linear fit of the ZBC of the pristine states as a function of the
Mn nominal valency presented in figure 3.22 is also plotted as a dashed line in the
figure.

As also stated before, the HRS is induced upon the application of an electric field by
oxygen excorporation from the structure accompanied by simultaneous decrease of
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FIGURE 3.26: ZBC values as a function of the the Mn formal valency.
Filled represent the raw data whereas open dots correspond to the
estimated values once the ZBC values of the HRS for both films were

projected into the linear fit of the ZBC values of the pristine state.

the free carriers in the system. The oxygen vacancies generated in this way within
the structure produces a valence change of Mn, and therefore, some Mn4+ is trans-
formed into Mn3+. The simultaneous decrease of the number of carriers drives
the system into a HRS linked to the metal-insulator transition. Up to now and by
means of electrical characterization, no estimation of the change in the Mn valence
state was achieved. However, STS has provided us with valuable data to achieve
a rough assessment of the change in the Mn valence, and therefore, the amount of
oxygen vacancies generated in the HRS of the system.

First, let us consider that the films are stoichiometric in the as-grown state. In these
films, the Mn valence state is only determined by the concentration of metals (La
and Sr) introduced in the precursor solution. Other effects such as low dimension-
ality or strain will also not be taken into account in this first approach. Under these
hypothesis, the stoichiometric formula of the compounds is was already shown in
equation 3.1, where the formal (nominal) valence state of the Mn, MnFV, was shown
to be MnFV = 3.3, 3.2, 3.15 for Sr contents of x = {0.3, 0.2, 0.15},respectively. Then,
if an intense electric field pointing downwards is applied at the nanoscale, oxygen
excorporation is favoured and hence oxygen vacancies are created in the system.
For the sake of charge neutrality, the chemical formula describing the LSMO com-
pound in such a HRS is:

La1−xSrxMnHRS
FV O3−δ (3.2)

Where δ is the amount of excorporated oxygen, and MnHRS
FV has a new valence state

directly related to δ. As mentioned above, the filled dots in figure 3.26 represent the
ZBC raw data for pristine and HRS states of the samples measured. The ZBC data
obtained in the HRS is here represented with the same MnFV as the pristine state,
i.e.,Mn3.3

FV for x=0.3 and Mn3.2
FV for x=0.2. In here, we propose that an estimation of

the new Mn valence state in the HRS can be made by projecting the ZBCHRS on the
linear fit generated by the ZBCpristine. The estimated values of the MnHRS

FV for the
experimental ZBC are plotted as open circles of the correspondent colour (black for
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x=0.3 and red for x=0.2) close to the fitted line. In both cases, the changes in the Mn
valence are estimated to be ∆Mn = Mnpristine

FV −MnHRS
FV ≈ 0.1.

From the estimated values of the MnHRS
FV derived from this plot, further calculations

might be perform. In particular, figure 3.27 (a) shows the relative change for the dif-
ferent resistive states regions in each film. Figure 3.27 (b) shows the total oxygen
content of the film by applying charge neutrality principle in equation 3.2. Both
plots reveal that approximately the same amount of oxygen is excorporated un-
der the same applied electric field. Therefore, as a first approach we can conclude
that, regardless the initial Sr content, we were able to generate a similar amount of
oxygen vacancies in both samples, when the same bias is used to induce the HRS.
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FIGURE 3.27: Extrapolation showing the relative decrease in the Mn
average valence state in both samples in the generated HRS. The

inset show the calculated new oxygen content of the both films.

However, we have found differences in the decrease of the ZBC between both films
in their respective resistance states. Figure 3.28 shows the decrease in the ZBC in
percentage for the different resistive states regions in both samples. The values were
calculated with respect to their pristine value. Both films shows the same trend,
and the larger the VBias used to generate the HRS, the larger decrease in the ZBC.
However, this decrease in the ZBC is found to be larger in the x=0.2 than in the x=0.3
case. This late calculation is made directly from the raw data and no extrapolation
or any other approximation was made.
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FIGURE 3.28: Decrease of the ZBC as a function of the generated
resistive state. Values were normalized to their pristine value.

Under our approximation, we showed that the same amount of oxygen vacan-
cies were generated in both systems at a given resistive state, since a change of
∆Mn ∼ 0.1 is found in the two cases. Therefore, the same proportion of Mn is
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transformed from Mn4+ to Mn3+. However, the initial ratio Mn4+/Mn3+ is dif-
ferent in both films, and therefore, the final ratio in the HRS will be accordingly
different as well. This means that both systems present a different response in their
electronic structure. The same amount of oxygen excorporation induces a deeper
decrease in the number of states available at the Fermi level (ZBC) in the x=0.2 than
in the x=0.3. The specific composition of each film determined the relation U/W
and the charge carrier concentration of the systems. In the x=0.2 case, a smaller
variation in either the U/W or the carrier concentration can induce an insulating
state whereas the x=0.3 is in the metallic state. This situation is schematically illus-
trated in the figure 3.13. When the RS-MIT is induced, the closer proximity to the
MIT line of the x=0.2 film produces a larger decrease in the ZBC than in the x=0.3
case. Thus, we have demonstrated via STS experiments that the resistive switching
effect in these compounds is closely linked to the strong electron-electron correla-
tion of these materials, and consequently, to their metal-insulator transition (MIT).
The use of an intrinsic property such as the MIT for non-volatile memory appli-
cations could further boost the performance of future memristors, thus enhancing
reproducibility, endurance, retention and the opportunity to generate multilevel
resistive states.

3.3 Electrical transport properties of HRS areas

The study of the electrical transport properties of HRS areas by means of conven-
tional 4-point measurements will be presented in this section. Our approach con-
sists of inducing a HRS with the C-AFM on a LSMO bridge defined by optical
lithography. Then, the resistivity of the bridge is evaluated as a function of tem-
perature with a 4-point configuration. The study of the transport properties of the
HRS allows the investigation of the modification of the MIT as a function of the
voltage used to induce the HRS.

3.3.1 Sample preparation and measurement protocol

Experiments in this section were performed in a 10 nm La0.8Sr0.2MnO3 sample.
First, a lithography process is performed to define a square grid of 100µm x 100µm
. Then, a 100 nm Au layer was deposited by DC sputtering followed by a lift-off
process in an acetone ultrasonic bath for 20 seconds. Next, a second lithography
process is carried out to define bridges of 30µm long by 15µm width. The bridges
were finally defined by ion-milling in Ar atmosphere. In these bridges HRS at
different bias will be induced by C-AFM and then resistivity measurements in a
4-point configuration will be performed. Either for C-AFM or resistivity measure-
ments, the independent bridge is connected to the respective sample holders by
ultrasonic wire bonding. Figure 3.29 shows optical micrographs of the film at the
end of the preparation process (a) and a zoom of the bridge (b). Light red shows
the region isolated defined by photolithography to avoid shortcuts with the overall
LSMO layer. The electrodes employed in the resistivity measurements are indi-
cated in the image in black as I+, V+, V- and I-. For C-AFM measurements, only I+
and I- were connected to the AFM sample holder. Au marks close to the bridge are
used only as a guide references.

The following measurement protocol was established for these measurements:
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FIGURE 3.29: (a) Optical image of the film. Light red shows the
isolated region (lithograpy + ion-milling etching). Electrodes for re-
sistivity measurements are labelled in black. (b) Zoom of the bridge

where measurements were performed (between V+ and V-).

1. First, we need to choose properly the voltages at which the bridge will be
scanned by the tip. We need to assure that the full thickness of the film is
transformed in the HRS in order to fully sense the electrical transport prop-
erties of the LSMO bridge in its high resistance state. In this way, we avoid
to have a network of two effective resistances working in parallel and the
intrinsic properties of the HRS will be fully measured. Therefore, rings at
different voltages will be previously induced close to the bridge area to visu-
alize the HRS cylindrical wall and the voltage required to reach the substrate
as explained in section 3.1.3 with the observation of the rings.

2. The resistivity of the bridge will be measured. With the 4-point configuration
shown in figure 3.29 only the bridge will be testedMeasurements are per-
formed in a commercial PPMS (Quantum Design) from 400K down to 10K.
The resistance state and the MIT will be firstly characterized for the pristine
state.

3. The sample is taken out of the PPMS and mounted at the C-AFM holder. The
AFM tip is located at the bridge. Then, a HRS is induced by scanning the
bridge at the chosen Vbias. After the nanostructuration, a resistance map at
low bias is acquired to check the generated high resistance state of the bridge
by C-AFM.

4. The sample is mounted again in the resistivity holder, and introduced in the
PPMS chamber. A resistivity curve as a function of temperature is obtain for
the bridge in the generated HRS.

5. Steps 3 and 4 can be repeated to generate a LRS by scanning the bridge with
the C-AFM at a proper Vbias > 0 and then acquiring the resistivity curve in
the PPMS.

3.3.2 Selection of voltages to induce the HRS

As explained above, to assure the electrical response of the HRS in the resistiv-
ity measurements, a volume switching of the full thickness of the film should be
achieved. To infer the voltages required to do so, some HR rings at -6V, -8V and
-10V were induced in the vicinity of the bridge. Figure 3.30 shows the topography
and resistance maps after inducing the HR rings.
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FIGURE 3.30: Topography (a) and resistance map (b) of the region
were the HRS rings were generated. The voltage used in each set of

rings is indicated in the figure.

For the 3 cases, a lift in the topography is found where the tip was scanning. This lift
is below 1 nm. This change could be ascribed to the presence of oxygen vacancies,
which tends to enlarge the c-axis of the film but if not too high voltages are applied,
this modification is a completely reversible phenomena. The response obtained in
the resistance map strongly varies with applied voltage. Three different situations
arise.

HRS induced at -6V: The pristine non-modified inner and outer parts of the ring
are electrically connected. Volume switching of the full thickness of the film
was not achieved. Therefore, larger VBias should be employed.

HRS induced at -8V: In the resistance map, a certain blocking of the current is
achieved although the full thickness has not been transformed. It suggests
a thin layer close to the interface with the substrate that still might be elec-
trically conductive. This voltage will be used in one of the brigdes of the
sample.

HRS induced at -10V: A fully developed volume switching was achieved in this
case. No current is measured in the inner non-modified regions of the rings.
This voltage will also be used in the characterization of the HRS.

3.3.3 The -8V HRS case

In this case, a -8V scan was selected to induce a HRS in the bridge. First, a resistance
map was acquired at low bias to characterize the pristine state of the bridge by C-
AFM. Figure 3.31 shows the topography and the resistance state of the brigde in its
pristine state. I+, I-, V+ and V- connection bridges are also seen in both images.

Before any modification, in its pristine state, a resistivity curve as a function of
temperature is acquired in the PPMS. For this device, a TMIT = 343K is found. A
metallic state is well developed at room temperature with a ρ = 8.4mΩ · cm

Once the R(T) curve is performed, the sample is mounted in the C-AFM to trans-
form the bridge into a HRS. Locating the tip in the bridge, a -8V scan is applied
along the whole bridge. An schematic of the experiment is shown in figure 3.33.
Once the HRS has been induced in the bridge, a resistance map at low bias is ac-
quired to check the induction of the resistance state in the bridge. An homogeneous
and dense HRS dominates the bridge.
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FIGURE 3.31: (a) AFM topography image of the bridge in the 10 nm
La0.8Sr0.2MnO3 thin film. (b) Simultaneuosly acquired resistance at

1V.
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FIGURE 3.32: Resistivity curve as a function of temperature for the
bridge shown in figure 3.31.

A second R(T) is acquired to characterize the electrical response of the HRS. R(T)
curves where successfully measured in the 400K-10K range and they are shown
together in figure 3.34 (a). A clear increase in the resistance of around one order of
magnitude is found in the whole temperature range for the HRS. For clarity, in the
right picture, the raw resistance data have been normalized to its maximum value.
For the HRS, values of THRS

MIT = 325K and a RHRS
RT ≈ 64mΩ·cm is found. Compared to

its pristine state, the bridge in the HRS generated at -8V with the C-AFM presents
a ∆TMIT = TPristine

MIT − THRS
MIT = 18 K and a resistivity ratio = ρHRS

ρPristine
≈ 7.5 at room

temperature.

These shift in the TMIT and increase of the resistance were achieved by scanning the
bridge under test at -8V. With this bias (see figure 3.30) a completely full switching
was not achieved although some blocking of the current was observed.

The shift in the TMIT and the increase of the resistance were achieved by scanning
the bridge under test at -8V. With this bias (see 3.30), a completely full switching
through thickness was not achieved although some blocking of the current was
observed. Thus we explained

3.3.4 The -10V HRS case

In this case, a -10V was used to induced the MIT by RS in the bridge. The used of
-10V assures that the full thickness of the area under the tip will be transformed
into a HRS in a volumetric manner. Left and center image in figure 3.35 show the
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a) b) 

FIGURE 3.33: (a) Illustration of the experiment realization showing
the tip scanning along the LSMO bridge at -8V and therefore induc-
ing a HRS in it. (b) Resistance map acquired at 1V of the bridge after

inducing the HRS .
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FIGURE 3.34: (a)Resistance of the bridge as a function of tempera-
ture in its pristine and HRS generated at -8V. (b) Resistance of the
bridge normalized to its maximum value. TMIT are indicated with

arrows.

AFM topography map and the resistance map at 1V of bridge in its pristine state.
In this case, the device was 40 µm long by 12 µ width.

In this section a -10V was used to induced the MIT by RS in the bridge. According
to the rings test, Vbias = −10V will assure that the full thickness of the area under
the tip will be transformed into a HRS, in a volumetric manner. Figure 3.35 show
the AFM topography map (a) and the resistance map of bridge in its pristine state
at 1V (b). In this case, the dimensions of the bridge was 40µm long by 12µm width.

Some regions with a higher resistance are seen in the pristine bridge (figure 3.35
(b)). However, when the RS is induced by a -10V, a full HRS is developed in the
whole bridge (figure 3.35 (c)).

As described in the protocol at the beginning of this section, prior to the induction
of the HRS, a ρ(T ) curve was performed to characterize the pristine state of the
bridge. Figure 3.36 (a) shows the raw data obtained for the resistivity of the bridge
in its pristine and in the HRS induced at -10V. At room temperature, the resistivity
value in the pristine state and in the HRS generated at -10V are ρprist = 41mΩ · cm
and ρHRS = 4E · 103mΩ · cm

The resistivity of the bridge increases by two orders of magnitude at room temper-
ature and leads t for the HRS and the insulating state is maintained down to lower
temperatures. For an easier comparison of the TMIT, the normalized resistance (to
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a) b) c) 

FIGURE 3.35: (a) AFM topography and (b )resistance map at 1V of
the bridge in its pristine state. (c) Resistance map at 1V in the same

bridge after the induction of the HRS at -10V.
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FIGURE 3.36: (a) Resistance of the bridge as a function of tempera-
ture in its pristine and HRS generated at -10V. (b) Resistance of the
bridge normalized to its maximum value. TMIT are indicated with

arrows.

its maximum value). For the pristine state, a TPristine
MIT ≈ 316K is found, while for the

HRS is THRS
MIT ≈ 199K. This means a shift of ∆TMIT = 117K.

The resistivity of the bridge increases by two orders of magnitude and leads to a
ratio ρHRS/ρprist ≈ 100 in the whole temperature range. For an easier comparison
of the TMIT, the normalized resistances (to their maximum value) are shown in
figure 3.36 (b). For the pristine state, a TPristine

MIT ≈ 316K is found, while for the HRS
is THRS

MIT ≈ 199K. This means a shift of ∆TMIT = 117K, much larger than the one
observed in the previous experiment performed at -8V.

We tried to resto the LRS in the switched bridge by scanning it at Vbias = +10V . To
do so, the sample was mounted back into the C-AFM holder.

Figure 3.37 shows an schematic view of this last experiment (a) and the correspond-
ing resistance map acquired after the process (b). This image should be compared
to HRS generated at -10V shown in figure 3.35 (c). After inducing the LRS. a less
resistive state has been generated, although it is not as conductive as in the pristine
case (figure 3.35 (b)).

After the C-AFM modification, the sample was brought again to the PPMS. The re-
sistivity of the bridge in the LRS as a function of temperature is then characterized.
Results are shown in figure 3.38 (a). To facilitate the comparison, this last mea-
surement is plotted together with the data obtained for the pristine and the HRS
cases.



88 Chapter 3. Resistive Switching in LSMO thin films

a) b) 

FIGURE 3.37: (a) Schematic representation of the C-AFM tip with
Vbias = +10V scanning along the bridge. This induces oxygen in-
corporation with generates a LRS. (b) Resistance map of the bridge

at 1V after generating the LRS.
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FIGURE 3.38: (a) Resistance of the bridge as a function of tempera-
ture in its pristine, HRS generated at -10V and LRS generated after a
+10V scan. (b) Resistances of the bridge normalized to its maximum

value. TMIT are indicated with arrows.

Figure 3.38 (a) shows the raw data of the resistivity for the different resistance
states. In blue the LRS is shown. A slightly less resistive state than for the
HRS is found. Remarkably, the recovery of the MIT is much notable with a
∆TMIT = TLRS

MIT − THRS
MIT = 63. In figure 3.38 (b), the normalized resistance values

are shown. Arrows indicate the TMIT for the different resistance states.

3.3.5 Discussion

From the results shown in this section, two main parameters have been extracted
for discussion: The shift of the TMIT and the resistance ratio between states. As
described above, two voltages, -8V and -10V were employed to generate different
resistance states in the bridge.

For the -8V case: A resistance ratio between the pristine and the HRS of almost
10 is achieved in the bridge in the whole temperature range. A shift in the
transition temperature is observed, ∆TMIT = 343− 325K = 18K.

For the -10V case: The resistance ratio found in the bridge between the pristine
and the HRS is close to 100 in the full temperature range. The shift in the
transition temperature observed is ∆TMIT = 316 − 199K = 117K. Further-
more, a partial LRS was induced in the bridge by a +10V scan. Resistance



3.4. Atmosphere dependence of the RS effect 89

slightly decreases (Ratio LRS/Pristine = 57) while the TLRSMIT = 262K giving a
∆TPristine−LRSMIT = 54K

These numbers are resumed in figure 3.39. Left image shows the resistance ratio
between the modified resistance states (HRS and LRS, if any) and the pristine state.
Right image represents the TMIT for both bridges in the measured resistance states
in the bridge (pristine, HRS and LRS).
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FIGURE 3.39: (a) Resistance ratio at room temperature as a func-
tion of the generated resistive state. (b) TMIT extracted from the R(T)

curves for each resistive state.

Since the T-8V
MIT is found to be 325K, the MIT was not fully surpassed in the bridge

and therefore a small increase of the resistance happes. In contrast, in the -10V case,
a bigger increase (ratio ∼ 100) is found. In this case, the THRS@-10V

MIT = 199K, well
below RT. This means that the insulating state is kept down to lower temperatures,
and specifically, at room temperature the MIT was fully crossed. The attempt to
recover the original state in the bridge by a +10V scan generates a partially restored
LRS, where TLRS

MIT = 262K. Therefore, at room temperature, the LRS has not been
fully restored and consequently, only a small decrease of the resistance of the bridge
is achieved. If the MIT would have been crossed back, a larger resistance change
would be expected. In fact, in section 3.5, it will be shown for a proof-of-principle 3-
Terminal configuration that the initial resistance of pristine state could be recovered
at a micrometric scale in a device-like geometry with microscopic W-Au tips.

3.4 Atmosphere dependence of the RS effect

Along this chapter, a full analysis of the RS mechanism in LSMO thin films has
been performed. However, a more detailed microscopic view of the oxygen ex-
change mechanism inducing the MIT in LSMO thin films is required for a deeper
understanding of the effect. To do so, I-V sweeps in direct contact with the bare
surface of a 10 nm La0.8Sr0.2MnO3 in different atmospheres will be presented in
this section. A closer look to the microscopic mechanism of the oxygen exchange
with ambient, promoted upon the application of an electric field, will be presented.

However, to fully demonstrate the usability of LSMO layers as memristor devices,
it is mandatory to have an encapsulated device with integrated electrodes. There-
fore, we must avoid the exchange with ambient as mechanism. In order to over-
come this problem, we propose the introduction of a thin layer on top of the LSMO
active layer that acts as oxygen reservoir enabling direct ion exchange with the
LSMO layer.
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Investigations of the RS performance in a variety of oxides at different atmospheres
and moisture conditions have been widely studied in the literature [26, 29, 244, 270–
274]. In all the cases, a strong influence of the ambient gases on the RS properties
by surface adsorption and chemical oxidation was found. Depending on the origin
of the RS in each material, RS performance might be either enhanced [29] or dimin-
ished [272] in vacuum. In this section, we report the impact of the atmosphere on
the RS properties of our LSMO thin films and bilayer CeO2/LSMO systems.

The experiments were performed in collaboration with Prof. Regina Dittmann and
Mr. Benedikt Arndt at the Forschungszentrum Jülich (Jülich, Germany) during a
two weeks short internship. Measurements were carried out in a home-made probe
station system mounted inside a sealed chamber connected to a rotary vane pump.
Vacuum conditions down to P = 10−5 mbar can be achieved in this system. Be-
sides, gas inlets allow to perform measurements at different gas partial pressures.
In particular, pure O2 atmosphere at different pressures was also used in the exper-
iments.

First, let us introduce the basic phenomenology of the RS effect in LSMO thin films
studied by means of W-Au macroscopic tips.

RS studies with microscopic tips

As it was mentioned at the beginning of this chapter, another PhD thesis regarding
the RS properties of LSMO thin films was being carried out in the group in parallel
to this thesis by Dr. Rafael Ortega-Hernandez.

In his work, the I-V characteristics of the LSMO films were investigated by ap-
plying systematic voltage sweep loops (0 → +XV → −XV → 0) using a Keithley
4200 Semiconductor Characterization System and an Agilent 4156C Semiconductor
Parameter Analyzer in a top-top configuration. All the measurements were per-
formed in air at room temperature using W-Au probes to contact the microdevices.
A bipolar resistive switching behaviour was demonstrated at the micrometric scale
only when measurement probes were located directly on top of the La1-xSrxMnO3

layer. No remarkable resistive switching could be induced when probes were lo-
cated in metal electrodes (see figure 3.40). The observed I-V curves are fully con-
sistent with the microscopic view of the RS mechanism stated along this thesis,
derived from the C-AFM experiments.

In addition, Dr. Rafael Ortega-Hernandez investigated the RS characteristics of
ME/CeO2−x/LSMO/CeO2−x/ME structures (ME = Ag, Au, Pt) as shown in figure
3.41 (b).

First, he showed that 10 nm ALD-CeO2−x grown on a conductive substrate
0 : 05%wt Nb:SrTiO3 does not show any RS characteristics in our equipment
setup under ±10V sweeps. Thus, the formation of conducting filaments formed
inside the CeO2−x in such a MIM structure is ruled out. Then the bilayer
ME/CeO2−x/La0.8Sr0.2MnO3/CeO2−x/ME was evaluated. Although RS was ob-
served for three different metal electrodes, special emphasis will be made on the
Ag metal electrodes due to its better performance. A initialization process (figure
3.41 (a)) switches the device from a high insulating state to a less resistive state
without reaching the full LRS of the device. Then (figure 3.41 (b)), negative voltage
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FIGURE 3.41: I-V curves measured in on
Ag/CeO2-x/La0.8Sr0.2MnO3/CeO2-x/Ag devices. (a) Initializa-
tion process and (b) subsequent bipolar RS cycles induced when

probes are placed on metal electrodes for at least 100 cycles.

sweep induces a sharp increase of current where a change from HRS to LRS is ob-
served (branch 1). The device remains in the LRS during the voltage back excursion
(branch 2). At positive bias sweep, the LRS is preserved until a sharp decrease of
the current leads to a change to the HRS (branch 3) which is retained in the voltage
back sweep (branch 4).

Compared to the bare La0.8Sr0.2MnO3 layer, a remarkable decrease in the opera-
tion voltages are achieved. In addition, the resistive transitions present very sharp
features. The resistance of both states is shown in figure 3.42 (a). A ratio of more
than 104 is found for at least 100 cycles for a Vread = −0.5V . This represents an
increase of more than one order of magnitude with respect to the bare LSMO film
using micrometric probes.

For CeO2−x/La1−xSrxMnO3 bilayer systems, the BRS is explained using the same
oxygen ion exchange mechanism (figure 3.42). When a downwards-pointing elec-
tric field is applied,oxygen anions are attracted to the CeO2−x/La1−xSrxMnO3 in-
terface where they are trapped, inducing the transition from LRS to HRS (Reset)
of the device. If an opposite electric field is then applied to the same electrode,
the oxygen anions are released from the CeO2−x layer and are driven back to the
La1−xSrxMnO3 switching the active layer to the initial LRS (Set).
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a) b) OFFON ONOFF 

FIGURE 3.42: (
a) Resistance ratio of the 100 cycles shown in figure ?? in the

Ag/CeO2-x/La0.8Sr0.2MnO3/CeO2-x/Ag structure. (b) Schematic representation of
the oxygen exchange process between the ceria layer and the active LSMO film.

As described above, this approach is followed in this section to perform I-V sweeps
at different total and O2 partial partial pressures. Figure ?? shows a picture of the
actual equipment and a schematic diagram of it. The same electric field configura-
tion than in our AFM setup was used.

Measurements were carried out in a 10 nm La0.8Sr0.2MnO3 film grown onto STO
and on a 50 nm Ag/10 nm CeO2−x/10 nm La0.8Sr0.2MnO3. CSD-LSMO and ALD-
CeO2−x thin films were deposited as described in chapter 2. For the Ag deposi-
tion, first an optical lithography process was performed to define a 100µmx 100µm
square grid. Then, 50 nm of Ag were sputtered followed by a lift-off process in an
ultrasonic bath of acetone. An image of the film is shown in figure 3.43.

FIGURE 3.43: Optical micrograph of the Ag/CeO2/LSMO stru-
cures.

3.4.1 RS at different total pressures

I-V sweeps with the tips in direct contact with the bare LSMO film at ambient con-
ditions were performed in a top-top configuration (figure 3.44 (a)). The protocol
applied was 0 → −10V → +10V → 0. Towards negative voltages, a LRS→HRS
transition is induced (1). Then, towards positive bias, the LRS is restored by the
crossing the HRS→LRS transition (3). Repeatability cycles were performed up to
100 I-V curves at the same location. In the Ag/CeO2−x/La0.8Sr0.2MnO3 case, the
I-V sweeps were performed between ±2.5 − 3.5 (3.44 (b)). First, an initialization
process as the one shown in figure 3.41 is performed. A positive voltage sweep
generates a sharp increase of the current inducing the HRS→LRS transition (1).
The LRS is kept during the voltage excursion back (2). At negative bias, the LRS
state is preserved until a sharp decrease in the current is found and the LRS→HRS
occurs (3). The HRS is held in the excursion back (4).
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FIGURE 3.44: Comparison of I-V curves acquired in air and
at low pressures. (a) The tips are in direct contact with the
La0.8Sr0.2MnO3. (b) The tips are on top of the Ag electrodes in
Ag/CeO2/La0.8Sr0.2MnO3 structures. (c) Cumulative probability
plots for the bare LSMO derived from (a). (d) Cumulative proba-

bility plots for the Ag/CeO2/LSMO bilayer derived from (b).

Afterwards, the chamber was pumped overnight to achieve a base pressure of P =
10−5 mbar. The same measurement protocol was repeated in both samples. Figure
3.45 shows The I-V endurance cycles acquired at P = 10−5 mbar and in air are
shown in figure 3.44 (a) for the bare LSMO case and (b) for Ag/CeO2/LSMO one.

In the bare LSMO case, the generated HRS at ambient conditions presents 1000
times higher resistance than the generated in vacuum conditions. The resistance
value of the LRS and the HRS were evaluated at Vread = 0.5V and the cumulative
probability was calculated and plotted in figure 3.44 (c). The lower LRS found
in vacuum (R = 105Ω in ambient conditions and R = 104Ω in vacuum), can be
attributed to better contact between the tip and the sample at low pressures due
to the decrease of the moisture level (the role of moisture is discussed later). In
contrast, the base pressure change has a deep impact on the HRS. While in ambient
conditions a large resistance ratio of 102−103 is found, the ratio observed in vacuum
is extremely diminished to a value of ∼ 2. Therefore, we demonstrate that the RS
is produced through an exchange with ambient and it has strong impact on the
generated HRS.

In the CeO2/LSMO bilayer case, the general shape of the I-V curves is kept in both
atmospheres. However, there are small changes between them observed. The re-
sistance value of the LRS and the HRS were evaluated at Vbias = 0.2V and the
cumulative probability was calculated and plotted in figure 3.44 (d). Compared to
the response in air, an overall increase of the resistance at low pressures in both
the LRS and the HRS is found. This decrease in the conductivity could be related
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to the influence of the absence of moisture. It has been reported that ceria based-
materials has the capability of incorporating hydroxyl ions into their surface and
into the bulk by interaction with oxygen vacancies [275, 276], forming protonic de-
fects. These defects can diffuse through a Grotthuss mechanism, which is based
on the fast rotational diffusion of the protonic defects and the proton transfer to
the neighbouring oxygen ions [277], which is considered the rate determining step
(rds). However, more experiments should be performed to fully addressed this
issue.

Remarkably, the external atmosphere (and consequently, the aforementioned over-
all increase of the resistance) has no effect on the switching capabilities. A large
resistance ratio of 104 between the LRS and the HRS is found at air and at low
pressures. This experiment confirms our hypothesis that the ion exchange occurs
between the CeO2 and the LSMO layer and not through the interface with ambi-
ent. The encapsulated oxygen exchange might account also for the sharper resis-
tive transitions observed in this case, in contrast to the LSMO film, where a smooth
and progressive ON→OFF transition is found. This fact will be discussed in more
detailed at the end of this section. Further studies should carefully address the
variability of threshold voltages and retention measurements, which could help in
the understanding of the switching process.

3.4.2 RS at different oxygen pressures

For the bare LSMO, starting from a low total base pressure achieved overnight
(P = 10−5mbar), O2 gas is introduced in the chambers. By controlling the gas
flow and the rotatory speed of the pump, a wide range of partial (and in this case,
also total) PO2 was accessible. In particular, three different pressures were used,
namely 0.74, 0.22 and 0.019 mbar. For stabilization purposes, measurements were
performed at least one hour after the device showed the desired pressure set point.
The same sweeping protocol as in the previous measurements was applied. Figure
3.45 shows the several I-V endurance cycles acquired for each pressure conditions.
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FIGURE 3.45: (a) I-V curves with the tip in direct contact with the
La0.8Sr0.2MnO3 acquired in pure O2 atmosphere at 0.75, 0.22 and
0.019 mbar . (b) Resistance of the LRS and the HRS at Vread = 0.5V

extracted from the I-V cycles in (a).

I-V sweeps shows a large reproducibility at every PO2 tested. The resistance cu-
mulative probability plots were extracted from these I-V cycles for the LRS and the
HRS at Vbias = 0.5V (figure 3.45 (b)). In the figure, it can be observed that, while
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the RLRS has no dependence on the external pressure, the generated RHRS decreases
when decreasing PO2 in the chamber.

Figure 3.46 shows the average resistance value for the LRS and HRS as a function
of the partial pO2 in the chamber. As observed in the figure, the resistance of the
LRS does not depend on the external PO2 . Its value is RLRS = 30−50kΩ. How-
ever, a change of three orders of magnitude is found when pO2 varies from ambient
conditions, where the oxygen partial pressure is 2 · 102 mbar, to high vacuum con-
ditions (10−6). No significant differences were observed in the voltages at which
the transitions occurs.
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FIGURE 3.46: Average resistance values for the LRS and the HRS as
a function of the PO2

in the chamber.

These experiments already suggest us a picture in which the oxygen exchange
through the atmosphere drives the system into the HRS. However, it has been re-
ported that moisture might strongly affect [277] or even suppress [26] the resistive
switching effect in some devices. In this sense, let us first examine in more detail
the influence of moisture in the switching behaviour in our films before discussing
the mechanism.

3.4.3 RS at different moisture conditions

In chapter 2, we discussed the influence of moisture in the C-AFM experiments.
There, we showed that the relative humidity should be decreased below 5 − 10%
to obtain reproducible and stable measurements. In addition, we showed that irre-
versible topography damage could be inflicted to the film under high bias. There-
fore, this suggests that moisture is not the driving force behind the RS exchange,
but its presence can be detrimental to the RS performance of the films.

In the case of the microscopic W-Au tips, a similar performance to the nanoscale
RS effect is obtained at a larger microscopic case in air. To further approach the
influence of moisture on the switching capabilities, the RS characteristics of the
bare LSMO layer were tested in variable relative humidity environment in a pure
N2 atmosphere. These preliminary tests were performed by Mr. Christoph Baumer
fruit of the collaboration with the Forschungszentrum Jülich. Specifically, the I-V
sweeps were performed at two moisture conditions, close to the values found in
our measurements in air, where large resistance ratios of 102 − 104 are found: 25%
and 50% RH.

The I-V cycles for 25% and 50% relative humidity (figure 3.47 (a)) show repro-
ducible I-V curves for at least 50 cycles with the same qualitative shape described
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FIGURE 3.47: (a) Resistance ratio at room temperature as a func-
tion of the generated resistive state. (b) TMIT extracted from the R(T)

curves for each resistive state.

before. Similarly, the resistance values at Vbias = 0.5V were extracted to calculate
the resistance cumulative probability function (figure3.47 (b)). The LRS presents
slightly lower resistance value in 25% water atmosphere. This justifies the lower
LRS found in vacuum. For both relative humidity values similar HRS are gener-
ated leading to resistance ratios of 5− 10. The similar I-V sweeps obtained at both
humidity levels suggests that moisture does not have a key role in the origin of
the RS effect of this compounds. Rather, the similar and small resistance ratios ob-
tained might be originated from a low partial air pressure (and consequently, low
oxygen partial pressure) arising from gas impurities. However, a deeper evalua-
tion should be performed to further elucidate the possible role of electrochemically
induced water-splitting reaction [26].

3.4.4 Discussion

Understanding oxygen incorporation and excorporation reactions in oxide materi-
als [278, 279] is still a relevant topic in fundamental research and a keypoint on the
functionalization of electroceramic devices, such as sensors and solar oxides fuel
cell (SOFC) cathodes [280, 281]. Despite being one of the "simplest" examples of
solid-gas chemical reaction, oxygen exchange is a very intricate process that is sum-
marized in four steps [278]: Adsorption (from O2 gas to the surface of the solid),
dissociation (O2 molecule is splitted at the surface), Surface migration (O− or O2−

ions diffuse at the surface to find oxygen vacancies) and finally, incorporation (O2−

ions incorporate into the lattice by recombining with an oxygen vacancy). On the
other hand, the excorporation of oxygen from the lattice occurs due to an electro-
chemical reaction between the adsorbate species and an anion at the crystal inter-
face, thus creating an oxygen vacancy in the lattice and forming an O2 molecule
at the surface. These two processes are intrinsically asymmetric. However, in our
case, the three first steps are common for both the oxygen excorporation and incor-
poration processes and are crucial to understand the impact of varying the oxygen
partial pressure, PO2 . Therefore, these steps will be described first properly before
introducing the electric field-induced excorporation and incorporation of oxygen.

Adsorption: O2 gas molecules can get physisorbed and/or chemisorbed to the sur-
face. There is no charge transfer between the adsorbated O2 and the sur-
face in the case of the physisorption process. The energy of this adsorbate is
very small (EAds = −0.25eV ) and hence the probability that this adsorbate
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is formed is very low [282]. In contrast, a chemisorption process involves
charge transfer, thus presents a higher energy (EAds ∼ −2eV ) and therefore
O−2 adsorbate is more likely to be formed [282]. The reaction of the adsorption
process is then:

O2(g) + Sads + e− −→ O−2 · Sads (3.3)

Sads stands for site of adsorption. Oxygen vacancies and other defects can
act as an adsorption site. However, the concentration of them is low and ad-
sorption processes can occur in clean surfaces as well [281]. The formation of
charged adsorbates (O−2 , O

2−
2 , O−) and their mutual electrostatic interaction

(which produces deviations from Langmuir’s isotherm) will lead to a certain
coverage degree for each species Θ

Oj−n
that can be described in first approach

as [283]

Θ
Oj−n

= Kads(pO2)
n/2 exp−je0Θχmax

kT
(3.4)

where j is the adsorbate charge, n the number of oxygen atoms it contains
and Kads = exp−∆G0

ads/RT the mass action constant of adsorption χmax is
the surface potential drop built up in case of full coverage Θ = 1. As seen
in ref. [283], the surface coverage can change several orders of magnitude
upon changes in the p(O2), thus playing a key role to understand the RS ef-
fect in LSMO thin films. However, the exact calculation of the coverage is
not trivial, since different crystalline surfaces usually lead to modified cover-
age degree (see, for example [281]) and also might be sample dependent for
their different steps or grain boundaries densities. Calculations [281] show
that atomic adsorbates (O−) dominates the coverage with a larger presence
than the molecular adsorbates (O−2 , O

2−). For transition metal oxides, it is
estimated that there is around 10−2 − 10−3 adsorbates per unit cell at 1 bar.

Molecular dissociation: Molecular dissociation of the absorbate O−2 is produced
following the equation

O−2ads
−→ 2(O−)ads (3.5)

O−2ads
has a large Eads = −2.2eV that allows dissociation of the O2 molecule.

The atomic surface coverage, also governed by Langmuir’s equation is ex-
pected to be much larger than the molecular coverage. At reduced p(O2), Θ
is expected to decrease by a factor o 10− 102. Overall, the reaction of adsorp-
tion, charge transfer and molecular dissociation can be schematically written
as

O2ads + 4e− −→ 2(O−)ads (3.6)

O−ads has two negatives charges, one has been given to the system. Usually,
the neither the adsorption nor the dissociation steps are not considered to be
the rate determining step (rds) of the reaction, but might be relevant in the
full incorporation/excorporation process.

Surface oxygen migration: Once the atomic species are adsorbated at the surface,
either O− species or oxygen vacancies inside the system need to diffuse to be
incorporated into the system to equilibrate the external p(O2) at a given T. In
the excorporation process, an absorbated specie will be created and will need
also to diffuse a certain distance to react with another adsorbate. This distance
is called surface diffusion length and it depends strongly on the adsorbate
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coverage and, in turn, in the external p(O2). In LSMO, this step is considered
the RDS of the process [279].

A schematic view of the three first steps of the process is shown in figure 3.48.

FIGURE 3.48: (a) Resistance ratio at room temperature as a func-
tion of the generated resistive state. (b) TMIT extracted from the R(T)

curves for each resistive state.

These three steps draw a framework in which O− species are adsorbed at the sur-
face with a certain coverage Θ which has a strong depedence on the p(O2).

Oxygen incorporation at the LRS→HRS transition: When a negative bias is ap-
plied, an electric field pointing downwards is generated between the tip and
the film. Attracted by this intense electric field, O2− species in the crystal ac-
cumulate at the interface. In addition, the electric field induces the following
electrochemical reaction

OOx −→ O2−
ads + V ··o (3.7)

When the generated O2−
ads (or O−ads) is at the surface it needs to diffuse to meet

another O−ads to form an O2 molecule. As explained before, this is expected to
be the RDS of the whole oxygen exchange reaction. When RS is performed
under low p(O2), adsorption coverage is low and so the formation of O2

molecules will not be favoured because the surface diffusion length is much
larger. As a consequence, at low pressures, the overall number of exchanged
oxygen ions through the surface will be strongly reduced and therefore the
Roff/Ron ratio would heavily decrease, in agreement with what we observe in
figure 3.46. Therefore, at low p(O2), the small resistance ratio obtained sug-
gests that the MIT line is not crossed in this transition due to the small amount
of ions exchange. When the oxygen ions are exchanged, oxygen vacancies are
created into the system, which produces a concomitant decrease in the hole
carrier density and a decrease of the oxidation state of in the Mn cation:

La3+1−xSr
2+
x Mn3+1−xMn4+x O2−

3 yO2−
ads + ~E → La3+1−xSr

2+
x Mn3+1−x+2yMn4+x−2yO

2−
3−yV

..

y + 2ye−

(3.8)

consistent with a decreasing concentration of hole carriers, since LSMO com-
pounds are hole controlled with a narrow band influenced by the strong cor-
relation [73] (close to Mott insulators).

Oxygen excorporation at the HRS→LRS transition: At positive bias, the applied
electric field points upwards. Therefore, the annihilation of the previously
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generated V··o in the system occurs through the inverse electrochemical reac-
tion

O2−
ads + V ··o −→ OOx (3.9)

Oxygen adsorbates at the surface are incorporated into the system via this
electrochemical process and therefore, oxygen stoichiometry is restored. Note
that this has an associated valence change in the Mn metal cations, which
simultaneously increases the number of carriers leading the system to a more
metallic conduction state.

The schematic view of both processes is illustrated in figure 3.49.

FIGURE 3.49: (a) Schema of the oxygen excorporation process. O2

from the crystal electrochemically react with an adsorbate to form
an O2 molecule and creating an oxygen vacancy in the system. (b)
Schema of the incorporation step. Oxygen adsorbates are driven

into the crystal lattice annihilating an oxygen vacancy.

In summary, we have demonstrated the strong impact that external p(O2) has on
the RS performance of LSMO films. The capabilities of the system to exchange O2−

with the ambient is heavily decreased when the external pressure is lowered. In-
troducing the experiments p(O2) values in equation 3.4 leads to an O2 adsorbate
surface coverage Θ decrease of a factor of 102 − 103 at low pressure conditions
(P = 10−6mbar). This in good agreement with the decrease of the resistance ratio
observed in that conditions. Therefore, the diffusion length that an adsorbate has to
overcome to find another adsorbate and form an O2 molecule is larger, and there-
fore, the excorporation process is not favoured. This fact accounts for the smaller
HRS found at low pressures. In the same way, we could have performed the initial
LRS→HRS transition at high p(O2) to generate a large HRS and then, reducing the
pressure. In such an experiment, we expect that the HRS would be now fix and the
generation of subsequent LRS would depend strongly on the coverage, leading to
pressure-dependent LRS. In other words, the oxygen adsorbate coverage strongly
determines the capabilities of the system to exchange oxygen, either in the incor-
poration or the excorporation processes.
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3.5 Proof of concept of 3-Terminal device

In this section, a proof of concept of a 3-Terminal device based on the MIT-RS in
LSMO thin films will be introduced. We will demonstrate the viability of these ma-
terials for novel devices beyond Flash technology. The designed 3-terminal config-
uration proof-of-principle show that performing RS under a well-controlled region
(RS-gated) enables to tune the lateral conduction of the device, as demonstrated in
section 3.3. This would enable the development of transistor like devices in which
the Field Effect is substituted by RS. For the 3-T proof-of-principle configuration
presented in this section, we will follow the same approach as for the atmosphere
dependent measurements, i.e., one the macroscopic W-Au tips will be placed in
direct contact to the LSMO surface on a LSMO bridge to induce a HRS reversibly
while its lateral conductivity will be measured.

3.5.1 Device fabrication and operation

Devices were fabricated in a 10 nm La0.8Sr0.2MnO3 grown on STO substrates. First
an optical lithography process was performed to define the metal electrode 100x100
µm2 areas. Then, 60 nm of Au were sputtered onto the sample followed by a lift-off
process in an ultrasonic bath of acetone for 15 seconds. A second lithography step
is done to define the LSMO bridges. After that, the exposed LSMO film is etched
by Reactive Ion Etching (RIE). An optical microscopy image of the device is shown
in figure 3.50 (a). The dimensions of bridge are 100µm long by 25µm width. The
bridge is connected to 3 electrodes, labelled as S (for Source), D (for Drain) and
A (for Auxiliar). An schema with the two probe configurations involved in the
measurement are depicted in the same figure.

a) b) 

FIGURE 3.50: (a) Optical image of the 3T device. (b) Electrode con-
figuration A. Low voltage sweep is applied between electrodes 1
and 2 to check the resistance state of the bridge (device). (c) Con-
figuration B. RS is induced in the middle of the bridge by applying
±10V sweep. The active tip is in direct contact with the bridge and

the second is placed in electrode A.

Measurements were performed in an Agilent 4156C Semiconductor Parameter
Analyser using 4 W-Au probes. Configuration R (R states for Reading) (electrodes
S, for source, and D, for drain) is used to measure laterally the resistance state of
the bridge at low voltages (∼ 0.1 − 1V ). Low voltages are required in order not to
disturb the resistance state in the bridge. Configuration W (W states for writing)
is used to induce the RS effect in the middle of the bridge (G, for Gate). One of
the tips is located in electrode A and the other is placed in direct contact with the
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bare LSMO surface in the bridge.This tip is not moved from its initial position dur-
ing the whole experiment. For the device operation, the following measurement
protocol is proposed:

Step 1: Configuration R - A sweep at low voltages is used to measured the pristine
(LRS) state of the device.

Step 2: Configuration W - A sweep 0V → −10V → 0V is applied to generate
a HRS. Oxygen exchange with ambient induces the MIT below the tip and
therefore the resistance of the bridge is increased.

Step 3: Configuration R - A sweep at low voltages is used to measured the resis-
tance of the device in the HRS state generated in step 2.

Step 4: Configuration W - A sweep 0V → +10V → 0V is applied to induce a
LRS. Oxygen incorporation from ambient induces the reverse MIT and so,
the resistance of the bridge is decreased.

Step 5: Configuration R - A Low voltage sweep is used to measured the LRS of the
device.

FIGURE 3.51: Schematic diagram of the 5 steps measurement pro-
tocol for the device operation. The lateral view of the device is de-

picted.

3.5.2 Results and discussion

The left image in figure 3.52 shows the resistance of the bridge measured at
Vread = 0.5V in configuration R (steps 1, 3 and 5). Right image shows the I-V
sweeps performed with the tip in direct contact with the bridge (configuration W).
Step 2 (0V → −10V → 0V ) is represented in black and step 4 (0V → +10V → 0V )
is represented in blue.

Configuration W is used to induce the RS effect in the middle of the bridge. The
positive tip is located in electrode #3 and the negative tip is placed in direct contact
with the bare LSMO surface in the bridge. The initial resistance of the bridge is
measured in configuration R with an initial resistance of ∼ 106Ω (stated Step 1 in
figure 3.52). After this, a first sweep (Step 2, black curve in figure 3.52) to induce
a HRS in the bridge is performed. Then, a low voltage sweep is applied again in
configuration R. The result is plotted in 3.52 as step 3. An increase of more than 2
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orders of magnitude is found (∼ 108Ω). To recover the LRS state, a positive sweep
is applied in configuration W (step 4, blue curve in figure 3.52). The HRS → LRS
is then induced in the bridge under the tip. Thus, a new low voltage sweep is
measured in configuration R (step 5 in figure 3.52). A decrease of two orders of
magnitude from the HRS is found and the initial value of the lateral resistance of
the bridge is recovered.

a) b) 
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FIGURE 3.52: (a) Measurements performed in configuration R. The
resistance of the bridge is probed by applying a low voltage in the
pristine (step1), HRS (step 3) and LRS (step 5). (b) Measurements
performed in configuration W. By the end of step 2(0V → −10V →
0V ) the device is in its HRS. By the end of step 4(0V → +10V → 0V ),

the device switches back into the LRS.

In the following, we analyse the resistance values obtained from an electrical circuit
point of view. The aim is to estimate the size of the volume that switches from LRS
to HRS at the middle of the bridge induced by the tip of configuration W. Based
on the exposed results, we assume that the full thickness of the film is transformed
homogeneously below the W-Au probe in this 10 nm film. This assumption is justi-
fied with our C-AFM experiments previously shown, where we demonstrated that
by applying a -10V voltage a 10 nm film is fully transformed through thickness into
a HRS. Therefore, we will estimate here the transformed area and check if it falls in
the same order of magnitude as the expected tip size.

From a circuit point of view, the resistance along the bridge can be represented by
three resistances in series (see figure 10). When the device is in the pristine or LRS
state, the measured bridge resistance is 106Ω. The resistivity of the pristine LSMO
can be deduced from the equation

RLRS = R1 +R2 +R3 = ρL
L

W · t
(3.10)

Where ρL, L, W and t are the resistivity, the length (200µm), the width (20µm) and
the thickness (10nm) of the bridge, respectively. In the formula, we have indicated
three resistances: R2 corresponds to the region of the bridge where the HRS will be
later induced whereas R1 and R3 are the resistance of the lateral parts of the bridge.
However, in the pristine state, we can introduce the values of the measured resis-
tance, the width, the length and the thickness of the bridge to obtain its resistivity.
A value of ρL = 10−3Ω ·m is obtained.

In the HRS, the region under the tip switches from a LRS to a HRS. Figure 3.53
shows schematically the lateral and top views of the device in the LRS and the
HRS and their resistance model. For simplicity, let us assume that the tip has an
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FIGURE 3.53: Lateral view, top view and equivalent resistance cir-
cuit of the bridge in: (a) Low Resistance State. (b) High resistance. In
the HRS, the region below the tip has been transformed into a HRS

with dimensions LT by LT .

isotropic square shape of side LT and when producing the switching, it induces a
HRS in a square of dimensions LT by LT through the full thickness t of the film. In
the following, we will estimate the area that has been transformed into the HRS, LT
and check whether it is a good approximation of the size of the tip. The resistance
in the HRS can be expressed as

RHRS = R1 +ReqHRS +R3 = ρL·(L−LT )
W ·t + ρL·ρH ·LT

t[(ρL·LT )+(ρH ·(W−LT ))]

The first term of the equation corresponds to the sum of the serial resistance R1 and
R3. The second term expresses the equivalent resistance, ReqHRS . This equivalent
resistance of the region under the tip is composed of two parallel resistances (a
LRS part of dimensions (L-LT ) by (W-LT ) and a HRS part of dimensions LT by LT ).
ρL and ρH are the resistivity of the bridge in the LRS and the HRS respectively.
Equation ?? might be rewritten as

RHRS =
ρL · L
W · t

[
1 +

LT
L
·
( 1
WT
W · (ρH

ρL
+ 1)− 1

− 1
)]

(3.11)

From the measurement of the resistance in the HRS performed in configuration R,
we know thatRHRS ≈ 108Ω. From the I-V sweeps performed in configuration B, we
can estimate the ratio between the resistivity of both states as ρL/ρH ≈ 10−3. For
the sweep voltages used in the switching and the results obtained by C-AFM, we
can assume that the full thickness of the film (10 nm) is transformed. Introducing
all the numbers in the equation leads to a transformed length of

LT ≈ 20µm (3.12)

This value is consistent with the expected dimensions of the W-Au probes used
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in the experiment plus it also shows that the full volume of the region (20µm x
20µm x 10nm) under the tip was transformed into the HRS Therefore, the volume
switching behaviour of these materials is also demonstrated by a 3-T configuration.

The aim of this experiment was to show a proof-of-principle device where the lat-
eral conduction of the bridge in a 3-Terminal configuration has been modified by
applying MIT-induced RS effect in the gate region. If a more realistic device is to
be developed, oxygen exchange through atmosphere should be avoided. In that
direction, during the development of this thesis we have demonstrated the benefit
of using a bilayer system based on a ionic conductor like CeO2 which acts as an
oxygen reservoir on top of the active LSMO layer.

A more realistic 3-T device was proposed by Dr. Rafael Ortega-Hernandez [248]
based on the bilayer system CeO2/LSMO. In the same way as proposed in this
thesis, the lateral conduction of an CeO2/LSMO bridge was modified by inducing
the RS in the gate element Ag/CeO2/LSMO, located at the middle of the bridge.
By performing a similar circuit modelling of the different resistance contributions,
a switching of the 40 nm active LSMO layer was demonstrated.

3.6 Conclusions

In this chapter,we have thoroughly investigated the resistive switching effect in
La1−xSrxMnO3 thin films. We have presented strong evidences supporting the link
between the metal-insulator transition of La1−xSrxMnO3 thin films and their RS
behaviour.

We have demonstrated bipolar RS characteristics at the nanoscale by means of C-
AFM. Highly reproducible I-V sweeps show massive resistance ratios of 103 − 105

between the pristine/LRS and the HRS with transition voltages in the range of
3 − 5V . Minor loops of the I-V hysteresis cycles are accessible by controlling the
amplitude of the applied voltage in the pristine/LRS→HRS transition. Micromet-
ric arrays of different HRS can be thus created by an area scan at different bias
voltage. The LRS can be restored in these HRS micrometric regions by scanning at
the opposite bias voltage. We have also shown that these multilevel resistive states
are linked to volumetric transformation of the material in the region below the
tip. This is demonstrated by performing a ring-shaped scan with the C-AFM tip at
high bias, inducing a cylindrical shape HRS wall through thickness, thus isolating
metallic pristine regions.

The composition of the material can be tuned to adjust the position of the MIT line,
in such a way that it is closer to the operating temperature (room temperature).
This strategy has lead us to to tune accordingly the RS parameters and to evaluate
the electronic states of the HRS in different cases. The statistical study of local I-
V sweeps in 10 nm La0.8Sr0.2MnO3 and La0.7Sr0.3MnO3 thin films shows that the
threshold voltages are smaller and with narrower distributions in the x=0.2 case.
This fact is linked to the closer proximity to the MIT at the operating temperature.

The same phenomenology observed at the nanoscale is reproduced when micro-
metric W-Au tips are placed in direct contact with the bare surface of the LSMO
films. This strategy has been employed to perform I-V sweeps at different atmo-
spheres to assess the influence of the ambient on the RS properties. We observed
a huge decrease in the resistance ratio, from 103 − 105 at ambient conditions to a
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factor 2 in high vacuum (P = 10−5mbar). A general trend was observed, in which
an increase of the oxygen partial pressure in the chamber produces an increase of
the resistance ratio. The reduced ratio arises from of a lower HRS generated during
the I-V sweep, while the LRS remains unaffected. This fact can be understood in
terms of surface coverage modification of adsorbed oxygen species (O−2 , O−) upon
changes in the p(O2). The coverage value is decreased by several orders of magni-
tude when the total pressure is reduced from ambient to high vacuum conditions.
The less adsorbates present at the surface, the less oxygen anions from the crystal
structure can be exchanged through the atmosphere. This experiment support the
MIT-induced RS scenario mediated by oxygen exchange with the ambient. Upon
the application of the electric field, the simultaneous decrease in the number of
holes (charge injection) and oxygen excorporation induce a valence change in the
Mn metal cations, which drives the low resistance metallic system into a high re-
sistance insulating state. The reverse process is induced when the electric field is
reversed.

The generation of large HRS micrometric regions in the film has allowed us to
perform ex-situ scanning tunnelling spectroscopy experiments in the same 10 nm
x=0.2 and x=.3 samples. The HRS regions were generated at the different voltages
(Vbias = −5V and − 7V ). By performing STM/S experiments in the modified and
in the pristine regions, we have been able to estimate the change induced in the Mn
valence. In both samples, a very similar change in the formal valence of the Mn ion
is observed for a given HRS (generated at the same bias in both films). However,
the relative change in the Mn formal valence leads to very different absolute values.
The decrease in the number of available electronic states is larger in the film with
x = 0.2 that in that of x = 0.3. The closer proximity of the former (x = 0.2) to the
MIT line produces larger resistive changes than in the latter (x = 0.3).

The electrical response of HRS areas have been tested by 4-point configuration mea-
surements as a function of temperature. We have shown that the sample modifica-
tion to the HRS at high voltage, in a well-controlled bridge, leads to a full transfor-
mation of the volume of the bridge. After switching to the HRS, the resistivity at
room temperature is increased by a factor of 102 whereas the metal-insulator tran-
sition is shifted to lower temperatures. We have achieved changes in the transition
temperature of ∆TMIT = 117K. We have also demonstrated that the low resistance
state might be recovered, showing a decrease of the bridge resistance and a shift of
the TMIT to higher temperatures, although full recovery was not achieved.

Finally, a proof-of-principle 3T configuration is proposed in which the lateral con-
duction of a LSMO bridge is modified by applying RS in a region located at the
middle of the conduction bridge (gate). Reversible resistance changes of two orders
of magnitude are found and a volume resistive switching is also demonstrated at
the micrometric scale, thus paving the way to the development of transistor-like
devices based on the RS approach.
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Chapter 4

Resistive Swithching in other
complex oxides

In this chapter, our investigation on the RS properties of YBCO and RENO systems
will be presented.

4.1 RS behaviour in YBCO thin films

4.1.1 Introduction

Although some works regarding the the bipolar resistive switching characteristics
of YBCO can be found in the literature [284–291], there is still an open debate re-
garding its physical mechanism, due to the complexity of this compound. While
Zhang et al. argues that the RS is produced due to charge trapping at oxygen va-
cancies [285], Acha et al. proposed oxygen migration as the main mechanism [286],
localized at the metal/YBCO interface [289, 291]. This latter argument is supported
by Plecenik et al [284, 290].

In the following, we will present our studies of the RS properties of YBCO at the
nanoscale studied by C-AFM. The origin of the RS will be explained in similar
terms as in LSMO, i.e., in terms of Mott-like transition which can transform the
bulk volume of the films. We will analyse the RS characteristics of bare YBCO and
CeO2/YBCO surfaces. In addition, we will introduce a novel approach that might
lead to reversible vortex pinning sites based on the RS effect.

4.1.2 RS characterization in bare YBCO thin films

As exposed in chapter 2, YBCO thin films of different thickness were grown onto
STO insulating substrates by PLD. Our samples present smooth surfaces and ex-
cellent superconducting performance even for thickness down to 20-35 nm. In this
section, C-AFM measurements regarding the RS behaviour of the films will be pre-
sented. A top-top configuration will be used with the tip grounded acting as a
mobile electrode and the own film is used as the second electrode, with a silver
wire firmly attached to the surface with silver paste. In addition, the influence of
the resistive switching effect on the superconducting properties of the film will be
evaluated by combining the C-AFM approach (to generate the resistive switching
transition in the pristine YBCO matrix) and 4-point resistivity measurements. This
approach might lead to novel fluxonic devices, in which vortex motion, and thus,
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the magnetic field dependence of the critical current of the superconductor can be
modified.

Electrical characterization by I-V sweeps

The resistive switching properties of YBCO films were firstly investigated with I-
V sweeps performed by C-AFM. Figure 4.1 shows two I-V curves acquired on a
35 nm YBCO sample. The direction of the sweep is indicated by arrows. In the
negative branch, the electric field points downwards whereas it points upwards
under applied positive bias.
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FIGURE 4.1: I-V curves in a 35 nm YBCO film. a) Lower bias I-
V sweep. b) Higher bias I-V sweep. The direction of the sweep is

indicated by arrows.

The sweep is divided in 4 branches and starts towards negative bias (sweep 1, -3V
(left) and -4V (right), respectively). The film starts a LRS and presents a smooth
transition to a HRS. Then, in the sweep 2 the HRS is maintained in the excursion
back to 0V. In the sweep 3, towards positive bias (3V and 4.5V respectively), a sharp
transition from the HRS to a LRS is observed. Then, the LRS is maintained in the
excursion back to 0V while sweep 4. Even though the LRS→HRS transition is ob-
served in the negative branch for the two sweeps. The initial LRS of the film in the
loop shown in figure 4.1 (b) is more metallic than in (a). In both cases, the same
HRS is generated in branch 2. Therefore, in 4.1 (b) a higher resistance ratio (103

instead of 102) is induced.

Similarly to the model exposed in chapter 3, at the LRS→HRS transition oxygen
excorporates from the YBCO crystal structure upon the application of the electric
field (negative bias). At the LRS→HRS transition (positive bias), oxygen excorpo-
ration occurs. A more detailed description of the process is provided later. In our
view, the region below the tip in 4.1 (b) ("more metallic state") presents a larger oxy-
gen content than in 4.1 (a) ("less metallic state"). These differences are ascribed to
sample inhomogeneity. To support this point, more I-V curves are now presented
in which the the initial state presents even an insulating state without showing RS
behaviour.

Figure 4.2 (a) shows an I-V sweep acquired in the same conditions as described
above. In the negative branch (steps 1 and 2) no hysteresis is observed. This means
that the region below the tip is already in a HRS (oxygen-defficient region), and
thus, by applying this sweep a higher HRS could not be achieved. In the posi-
tive branch (step 3) a transition from the initial HRS to a LRS is observed upon
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polarity inversion. This means that oxygen could be incorporated in the initial de-
oxygenated region inducing a HRS→ LRS transition.
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FIGURE 4.2: Different scenarios for I-V sweeping.
a) Sweeping starts towards negative bias. b) Sweeping only towards
positibe bias. c) Combination of both sweeping protocols to achieve

reproducible RS in YBCO thin films.

The generated LRS has a non-volatile character. To prove so, unidirectional I-V
sweeps were performed only towards positive bias sweeping 0V → 4V → 0V sev-
eral times at the same location (figure 4.2 (b)). The first sweep (in pink) starts in
HRS and a sharp transition to a LRS is found at around 3V. This LRS is kept when
decreasing the bias to 0V. By repeating this cycle the non-volatile character of the
generated LRS can be tested. No hysteresis is observed in the subsequent cycles
performed. To further prove the RS behaviour in the initial deoxygenated regime,
the sweeping protocol was defined by combining first a positive sweep bias for
the initial oxygenation of the region, and then the standard negative and positive
sweeping bias exposed along this thesis. Figure 4.2 (c) shows the I-V sweep ac-
quired with this protocol. The first sweep towards +5V (in pink) shows the initial
HRS→LRS transition. The LRS is kept in the excursion back to 0V (step 2). Then, a
negative bias to -5V is applied and a smooth transition from the LRS to the HRS is
observed (step 3). The hysteresis is observed in the excursion back to 0V (step 4).
Reversing the polarity to positive bias (step 5) induces again a HRS → LRS tran-
sition, which is kept in the excursion back to 0V (step 6). With this measurement
protocol, reproducibility in the I-V curves is highly increased.

In summary, to avoid effects due to oxygen inhomogeneities, first a positive bias
sweep is recommended in order to incorporate oxygen in those oxygen-deficient
homogeneous regions. In its pristine state, YBCO should present a metallic be-
haviour if properly oxygenated. An inhomogeneous oxygen content distribution
would lead to local variations in several physical properties, such as electronic
and ionic conductivities and superconducting critical temperature. In our case, the
large variety of I-V curves found at the pristine state in the YBCO films is ascribed
to an inhomogeneous oxygen content distribution close to the surface.

To address this issue, topography and resistance maps of a 35 and a 170 nm pristine
YBCO thin films are shown in figure 4.3. The 35 nm sample (a) shows a flat surface
with a RMS=1.6 nm. The 170 nm sample (b) shows a strong presence of precipitates.
Without taking them into account, the surface present a RMS of 2.3 nm. Both resis-
tances maps were acquired at 1.5V. The R scale of the maps has been set to its full
scale. A large distribution of whiter regions is observed in both cases. However, no
correlation between these white (insulating) regions and specific topographic fea-
tures was found. This experiment confirms an inhomogeneous oxygen distribution
at the surface of the film and some nm beneath.
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a) b) 

c) d) 

FIGURE 4.3: Topography and resistance map acquired at 1.5V in (a
and c) a 35 nm and (b and d) a 170 nm YBCO thin film in their as-

grown state.

Several reports are found in the literature regarding the correlation of the mi-
crostructural defects in YBCO thin films and the higher critical currents achieved
in these materials when compared to single crystals [292–294]. Generally speaking,
YBCO thin films present a very complex microstructure with a rich defect land-
scape. Besides the aforementioned oxygen vacancies (probably close to the sur-
face, figure 4.4), the presence of other intrinsic defects might have an impact in the
RS behaviour of YBCO films. However, the role of microstructural defects (twin
boundaries, stacking faults,...) on the RS phenomena is beyond the scope of this
thesis, since a precise analysis of the different defects should be done.

FIGURE 4.4: Schematic diagram of a YBCO pristine surface with
higher density of oxygen vacancies close to it.

In conclusion, random variations in the local oxygen content close to the surface
leads to different initial RS characteristics. This effect is minimized if first a positive
bias, which induces oxygen incorporation into the initial oxygen-deficient region,
is applied.

Micrometic scale HRS areas induced by C-AFM

A HRS state can be induced at the micrometer scale when the tip scans over a
given area at high enough negative bias. To show the capabilities of YBCO systems
to perform a controllable switch at the micrometric scale, a HRS state was induced
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by scanning a 2.5x2.5µm2 at Vbias = −3.5V , and then the LRS was restored back at
Vbias = +3.5V . Figure 4.5 shows the full measurement. First (left), pristine topog-
raphy and resistance maps of the area is acquired at 1.2V (low voltage is used in
order not to disturb the resistance state). As stated before, small HRS regions are
already detected in the pristine state (white spots in the resistance map). Then, the
voltage bias is set to Vbias = −3.5V . After this scab, the readout of the region is per-
formed at 1.2V. Whiter region appear in the resistance map where the tip scanned
at higher negative bias and therefore, inducing a HRS. No change is observed in
the topography between pristine and the HRS.

Pristine HRS LRS 

FIGURE 4.5: Sequential process to generate a complete RS cycle
(pristine→ HRS→ LRS) at the micrometer scale.

To restore the LRS, a positive high bias should be used to scan the HRS region. In
this case, a VBIAS = +3.5V is used to scan the region. After that, a low bias scan is
again performed to read the generated LRS. As it is appreciated in the right image,
the whole region appears in blue. Most of the HRS white regions observed in the
previous map have changed their resistance state to a lower value (dark blue). In
addition, the LRS presents lower presence of HRS regions than in the pristine state.
This confirms that the initial oxygenation at the nanometric scale can be shifted
to higher contents when a positive bias is applied. Topography in the LRS also
remains unaffected. Reversibility is thus demonstrated at a micrometer scale.

For a better comparison, the resistance state of the three states has been extracted
from the maps as follows. Each map has been transformed into a series of profiles
Rx(y). Then, whole set of profiles are averaged and thus an average profile of the
resistance Raverage(x) is obtained. The resulting profiles are plotted in figure 4.6.

The HRS presents 6-10 times higher average resistance value than the LRS and the
pristine state. Although presenting similar values, the average resistance in the
LRS is slightly lower than in the pristine. As said above, this fact supports the
scenario of a YBCO surface with random variations in the local oxygen content
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FIGURE 4.6: Average resistance profiles obtained from the R maps
in figure 4.5.

which leads to HRS nanometric regions inhomogeneously distributed. These areas
can accommodate higher oxygen contents upon the application of positive bias.

One could wonder what is the minimum HRS feature size that could be generated
with the C-AFM tip. This is of special interest for upcoming sections, where the
influence of HRS regions on the superconducting properties of the films are inves-
tigated. HRS regions might have the ability to pin vortices, since different oxy-
gent content generated in the LRS→HRS transition can generate superconducting-
depressed regions which might act as a vortex pinning sites, which should be in
the nm regime. To generate smaller HRS features, series of HRS dots were induced
at Vbias = −10V . The tip was holding its position for 100ms at each dot in order to
keep the same time scale as in the I-V sweeps. After that, a readout of the region
was performed at Vbias = 1.2V , shown in figure 4.7. HRS dots of ∼ 200−250nm are
obtained. These features nicely correlate with the tip apex size, which has a radius
of ∼ 100nm, and might induce larger features due to tip wear upon scans.

In conclusion, we have demonstrated the capabilities of this approach to generate
micro- and nanometric HRS regions, where the superconducting properties might
be modified and therefore could serve as a preferential vortex pinning site. This
approach will be used in next sections to pattern superconducting YBCO bridges
and to ‘study their influence on the superconducting transition by means of ρ(T )
measurements.

250 nm 

~ 250nm 

FIGURE 4.7: Array of HR dots generated at -10V. The tip was held
at each position for 100 ms.
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Volume Resistive Switching in PLD YBCO thin films

In the next experiment, rings at different negative bias were drawn with the AFM
tip on the surface of a 10 nm YBCO sample. In particular,the bias used for drawing
the rings were -10V and -6V. As shown before, negative bias induce a HRS in the
YBCO film. After the process, the region is scanned at 1.2V to read the resistance
modifications in the region. The results are shown in figure 4.8. The HRS ring
generated at -6V (4.8 (a)) shows an insulating state only where the tip has passed
on, i.e., the contour of the ring. Inner and outter parts of the ring are electrically
connected. However, the situation arising from the -10V case looks different. The
inner part of the ring, which has not been modified, present an apparent insulating
character. A bias of -10V is enough to transform the full thickness of the film (∼
10nm) into a HRS reaching the insulating substrate. In this way, the cylindrical
inner part in the pristine state is topologically isolated from the YBCO metallic
matrix by a thin HRS wall which blocks the current path.

500 nm 

a) 

500 nm 

b) 

HRS@-6V HRS@-10V 

c) 

FIGURE 4.8: (a) Resistance map acquired at 1.2V in regions where
HRS rings were induced. (a) Ring performed at -6V. (b) Ring per-
formed at -10V. (b) HRS rings where induced. (c) Schematic repre-

sentation of both scenarios.

A schematic diagram of both scenarios is depicted in image c). It represents the
acquisition of a low bias map to read out the resistance generated after drawing the
rings. In the -10V, where the full thickness of the film has turned into a HRS, the tip
is not able to collect any current from the inner non-modified region because the
HRS wall blocks it. However, when the tip scans on top of the -6V ring only the
contour of the ring (HRS induced contour) shows an insulating character. Since the
transformed thickness has not reach the insulating substrate, the current circulates
between both electrodes through the bottom region of the film. Hence, we can
confirm that the thickness of the generated HRS can be tuned with the amplitude
of the negative bias.
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After all the experimental evidences shown up to now, the following mechanism
responsible of the RS effect is proposed. Upon the application of a negative bias
(electric field locally pointing downwards at the tip apex), O2−

YBCO in the matrix are
driven towards the interface, where eventually reacts with an adsorbate species
O2−

Ads to form an O2 molecule. Each oxygen exchanged from the YBCO structure
to the ambient generates an oxygen vacancy in the system which leads to valence
change in the Cu (Cu3+ → Cu2+) and a decrease in the number of hole carriers.
In this way, a HRS is generated. To restore back the LRS state, a high electric field
of the opposite polarity should be applied in order to induce the incorporation of
O2−

Ads from the surface into the YBCO structure and the corresponding diffusion
inside the YBCO matrix. This scenario is compatible with the observation of an
inhomogeneous distribution of oxygen close to the surface in the pristine state,
which leads to different conducting initial states and consequently, to a variety of
I-V behaviours. However, this initial situation can be modified by applying a pos-
itive bias (electric field locally pointing upwards at the apex of the tip) field which
should induce the incorporation of the O2−

Ads into the oxygen-deficient regions in
the YBCO. We have confirmed that the thickness transformed into the HRS can be
tuned with the amplitude of the bias voltage. Thus, a volume reversible switching
effect is demonstrated in YBCO thin films.

Transport studies of HRS arrays and its effect on the superconducting transition

The superconducting properties of YBCO depends strongly on the oxygen content
[295]. The superconducting state might be even suppressed below a certain dop-
ing. It has been also exposed that the capability of superconductors to transport
electrical current without losses in the presence of magnetic fields rely on its ability
to pin vortices (quantized flux). Vortices tend to be pinned in defects and non-
superconducting regions. Hence, by combining the C-AFM approach to induce
HRS at a local scale by modifying the oxygen content, the local superconducting
properties of the film can be diminished and favour vortex pinning.

10 µm 

FIGURE 4.9: Diagram showing the HRS induction in a patterned
YBCO sample. A resistance map with an array of HR regions is also

shown.

These local modifications will be performed in a YBCO patterned bridge and 4-
point configuration measurements will be conducted as a function of temperature
to study the superconducting transition. An schematic of the proposed process is
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shown in figure 4.9. In the patterned presented, we induced triangular (non- sym-
metric) insulating regions with interest in the study of vortex motion and ratchet
effects [296].

E 
O2 

Reversible HRS 

LRS / SC State 

O2 O2 E E 

FIGURE 4.10: Schematic of an array of localized HRS nanometric
regions where a vortices can be pinned.

Figure 4.10 shows an schematic picture of a situation in which locally HRS regions
have been induced by C-AFM. If a magnetic field is applied to the modified sample,
vortex can be accommodated at the HRS regions. The Jc(H) dependence of the
YBCO bridge can be reversible modified.

60 µm 

I+ 

I- 

V+ 

V- 

a) b) 

FIGURE 4.11: (a) Optical lithography mask used to pattern a pristine
YBCO sample. (b) Zoom in one of the bridges obtained at the end of

the process.

In the following, a description of sample preparation for 4-point measurements is
performed. First, 300-500 nm of Ag metal electrodes are sputtered on the YBCO
film by either shadow mask or optical lithography step followed by a lift-off pro-
cess in acetone. Then, an annealing process at 450◦ for 1 hour under O2 flux is
performed. It serves to decrease the Ag contact resistance to allow measurements
in the superconducting state, and to reoxygenate the sample to assure good super-
conducting properties. Then, the film is patterned by optical lithography to define
the YBCO bridges (where RS effect will be induced). A wet-etching is performed
to remove the exposed layer in HNO3 1:100 for 5-20 seconds, depending on the
thickness of the film. The used mask and one of the patterned bridges are shown
in figure 4.11. The designed mask allows us to measure up to 4 different bridges
in 4-point configuration. The size (length x width) of the bridge was varied from
100µmx 15µm to 200µmx 30µm .

The sequence of the experiment is as follows:

Step 1 - Resistivity measurement in the pristine state: The sample is mounted in
the PPMS sample holder. Bridges were connected by Ag wire-bonding. The
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resistivity of the bridge in its pristine state is measured in the 300-50K range
to characterize the superconducting transition.

Step 2 - C-AFM nanostructuration: The patterned sample is mounted in the C-
AFM sample holder as described several times along this thesis. Then, the
tip is placed in a bridge and a scan is performed. Then, the conditions of the
HRS array are set (shape, distribution, voltage) and the nanostructuration is
carried out. The readout of the nanostructured pattern is performed at 1.2V.

Step 3 - Resistivity measurement after nanostructuration: The nanostructurated
YBCO bridge is mounted in the PPMS sample holder through Ag wire bond-
ing. The resistivity is then measured in the range 300-50K to study the transi-
tion between the normal and the superconducting state.

Step 4 - C-AFM safety check: After the measurement, the sample is taken back to
the C-AFM to image again the bridge to check if any modifications could have
taken place while measuring.

Two different arrays of HRS dots generated at -10V (as the ones shown in figure
4.7) were performed in two different bridges of a 100 nm YBCO sample. Namely,
a higher density array and a lower density array. The same bias was applied in both
cases, -10V for 100ms, while the geometry of the distribution was changed. This
would lead to change in the transformed cross-section and therefore, the percola-
tion paths of the superconducting current. The two arrays will be presented sepa-
rately and a joint discussion will be shown afterwards.

Higher density array

In this first case, a square 4µm side array of HR dots was performed along the
bridge of a 100 nm thick YBCO film. An scheme of the array, the topography map
acquired after the nanostructuration and a profile extracted from the topography
map are shown in figure 4.12.
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FIGURE 4.12: (a) Array of HRS dots generated at -10V. (b) Topogra-
phy map after nanostructuration. (c) Profile extracted from the black

dashed line in (b).

Small lifts in the topography due to the C-AFM nanostructuration was observed.
Height lift of∼ 30 nm. The resistance map is not shown because it was not possible
to distinguish the HRS dots from the intrinsic HRS small regions present in the
pristine bridge.
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FIGURE 4.13: (a)Resistivity measurement of the nanostructurated
4µm x 4µm array at -10V. (b) Zoom of the measurement close to the

SC transition.

After nanostructuration, the resistivity was measured again in the range 300-80K.
The comparison of the bridge resistivity in the pristine state and after nanostruc-
turation is shown in the figure 4.13 a. A dramatic increase in the resistance at room
temperature (RT) is observed. A zoom of the superconducting transition close to
Tc, is shown in figure 4.13 b. While in the pristine state a sharp transition is found
at around Tc = 90K, in the nanostructurated case a shoulder-like shape is observed
in the transition. A 3K shift is found before reaching the noise level.

Lower density array

A second bridge of the same 100 nm sample was nanostructurated with a different
array of dots. In this case, a rectangular array spaced 6 µm was designed as indi-
cated in figure 4.14. The same conditions were applied to generate the insulating
dots, i.e., -10V during 100 ms at each dot. Smaller topography lift is also found in
this case (10-15 nm, not shown), although the dots were not easily accessible due
to the larger density of oxygen deficient regions in the pristine state of the bridge.
Before and after nanostructuration, a resistivity measurement of the bridge varying
temperature was performed. The plots are also shown in the same figure.
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FIGURE 4.14: (a) Array of HRS dots generated at -10V. (b) Resistivity
measurement of the nanostructurated 6µm x 6µm array of -10V. The
inset shows a zoom of the measurement close to the SC transition

In this array, a smaller fraction of the cross section of the bridge is transformed into
the HRS. Therefore, a smaller increase in the resistance and a less pronounced effect
on the superconducting transition is expected. At room temperature, and increase
of the resistance of ∼ 22% is found. In the inset, a zoom close to Tc ≈ 90K is
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presented. A slight decrease in the transition temperature of ∆Tc ≈ 0.3K is found
between the initial and the HR states.

Surface degradation

After the resistivity measurements, the sample was left in air for some days. Even-
tually, surface degradation was observed in the YBCO bridges where the nanos-
tructuration pattern were performed. Figure 4.15 shows an AFM topography map
(a) (and a profile extracted from the map (b)) and an optical micrograph (c) of the
higher density array bridge. Red regions have appeared on top of the bridge, as ob-
served in the optical image. From the AFM measurements, we confirm that average
height lift off ∼ 50− 60nm (note that the film thickness is 110nm).
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FIGURE 4.15: Evaluation of nanostructured HRS bridge after some
days kept in air. (a) AFM topography map of the higher density array.
(b) Profile corresponding to the dotted black line in (a). (c) Optical

image of the same bridge.

Probably, the HRS regions are unstable under exposure to ambient conditions, and
these HRS generated in the bridge were degrade by surface adsorbates, such as car-
bonate and hydroxyl groups in ambient conditions. This process can has a strong
influence on the SC properties of the film and prevents further studies trying to
recover the LRS. To avoid this situation, the use of a thin capping layer to protect
YBCO film surface reveals crucial. With this pourpose, 3-5 nm of CeO2 have been
ex-situ deposited by ALD on the YBCO films without affecting the superconduct-
ing properties of the film as shown chapter 2,

4.1.3 RS characterization in CeO2/YBCO bilayer systems

The use of a thin capping layer might avoid the degradation of YBCO patterned
surfaces upon ageing. As shown in chapter 2, 3-5 nm of CeO2 was deposited by
ALD at 275◦C without any degradation of neither the surface nor the supercon-
ducting properties. To validate the RS properties of the 3 nm CeO2/100 nm YBCO
bilayer systems, similar studies as the ones shown for YBCO are performed. In
addition to the capping role that CeO2 might play, it is worth to remind its good
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ionic conduction and specially, the role that can play as oxygen reservoir, as demon-
strated for CeO2/LSMO bilayers in this thesis.

I-V curves and HRS maps induced by C-AFM

First, the topography and its resistance map at 1.2V of a pristine surface of the
bilayer is shown in figure 4.16. Although similar HRS regions are observed as in
the bare YBCO in the pristine state, their density is smaller and therefore, its initial
resistance state seems slightly more homogeneous. This might be attributed to the
capping effect of CeO2 layer, which prevents surface degradation and stabilizes the
surface oxygen content. In addition, the presence of the 3 nm of ceria does not
suppress the conductivity.

a) b) 

FIGURE 4.16: (a) Topography and (b) resistance map at 1.2V of a 3
nm ALD-CeO2/ 100 nm PLD-YBCO.

The same I-V behaviours as depicted for the bare YBCO case are still observed in
the CeO2/YBCO bilayer. As an example, an I-V sweep towards negative bias with
a LRS initial state is shown in figure 4.17 (a). The first sweep (branch 1) changes
smoothly the LRS into a HRS state (-4.5V). The HRS is maintained during the volt-
age excursion back to 0V. Upon application of a positive bias, a transition from the
HRS into a LRS is observed (branch 3), and this state is kept in the excursion back
to 0V, completing the full RS cycle. Right image in the same figure shows the re-
sistance ratios of the this I-V curve and the one obtained for the bare YBCO case
(figure 4.1). Both are comparable since they were performed at intermediate volt-
ages. The first remarkable evidence is that the CeO2 layer has an effect on the tran-
sition voltages. A higher bias is required in order to induce reversible switching.
The presence of the thin dielectric layer, plus the high contact resistance between
tip and CeO2 layer may be responsible of this effect. In addition, higher resistance
ratios are obtained, since CeO2 capping layer might also boost the RS effect thanks
to its good ionic conductivity. A comparison between the resistance ratio obtained
in the bare YBCO and the bilayer case is shown in figure 4.17 (b). This fact will be
further supported with more empirical evidences.

As previously demonstrated for the bare YBCO case, a full RS cycle was success-
fully induced at the micrometric scale by sequential scanning at adequate bias on a
given region. The resistance maps (at 1.2V) of the full sequence are shown in figure
4.18. First, an image was acquired before any RS modification (left). Then, the scan
size is set to 3µm x 3µm and a VBias = −3.5V . A HRS state is induced in the region,
as seen in the center image, acquired at the RS scan. The scan area is set to the HRS
region, and a bias of +3.5V is applied. In this way, a LRS state is induced in the
material. The resistance map after the process is also shown (right). The HRS is
almost fully switched into the LRS.
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FIGURE 4.17: (a) I-V curve on a well oxygenated spot on the surface
of the CeO2/YBCO bilayer system. (b) Resistance ratio for the I-V
curve. For comparison, the resistance ratio for the I-V curve of bare

YBCO is also shown.

The induced HRS presents a better homogeneity than the pure YBCO case (see
figure 4.5) even though the presence of some non-switched grains. Both LRS and
pristine images present very similar features. Furthermore, the resistance appears
to have comparable magnitude in both the LRS and the pristine state (figure 4.18
(c)). Similarly to the analysis perform in the YBCO part, the maps where trans-
formed into a series of profiles, which have been averaged in the horizontal di-
rection. This was perform for both the topography (maps not shown because to-
pography remains unchanged, as seen in the average plot in figure 4.18 (b)) and
resistances (figure 4.18 (c)). In the latter plot, it can be seen that the HRS present
higher average value than the pristine and LRS. In this case, LRS has a very similar
profile to the pristine state. It is worth to remind than in the YBCO case, the LRS
presents slightly smaller values than the pristine state. This further supports the
idea of enhanced resistance ratios due to the good ionic conductivity of the CeO2

thin layer.

Transport properties of HR arrays in bilayer systems.

The study of transport properties of HR arrays in bare YBCO showed some issues
regarding the surface degradation that takes place at some point during the whole
process. In this section, similar studies as those presented for YBCO will be per-
formed in a 3 nm CeO2/ 100 nm YBCO patterned bilayer system. The double role
that ceria plays (boosting RS effect and acting as a protecting layer) might avoid
surface degradation and therefore, validate these kind of systems for further stud-
ies regarding the interplay between RS effect and superconductivity.

Samples were patterned as described in previous section. The same optical mask
was used to define the measurement bridges. The same sequence as in the YBCO
case was used as protocol measurement. Namely, a resistivity versus temperature
curve, ρ(T ), of the bridge is firstly obtained in its pristine state. Then, the nanos-
tructuration of the bridge is performed by C-AFM to induce a HRS. After that, a
second ρ(T ) is carried out to analyse the effect of the induced HRS on the super-
conducting state of the film.

Two different arrays will be presented in this case. First, area scans at different
bias will be induced in the bridges to analyse the effect on bias amplitude on the
superconducting properties. The degradation of the surface will be also evaluated.
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FIGURE 4.18: (a) Resistance maps of a sequential induction of a full
RS cycle (pristine → HRS@-3.5V → LRS@+3.5V) in a CeO2/YBCO
bilayer system. (b) Average profile of the topography for the 3 resis-

tance states. (c) Average resistance profile for each state.

Second, a HRS array of dots at high bias will be used to analyse the pinning capa-
bilities of this approach.

Transport properties of HRS micrometric regions

Once the ρ(T ) in the pristine state of the bridge was acquired, the nanostructura-
tion by C-AFM was performed. By applying negative bias, a portion of the length
and the full width of the bridges were transformed into the HRS. In particular,
Vwrite=-4.5V and -10V were used. Topography and resistance maps at 1.2V were
acquired after the nanostructuration and are shown in figure 4.19. The HRS regions
are clearly seen for both the -4.5V (a) and -10V (b). No damage in the topography
is observed even for the -10V case.

a) b) 7.5 µm 7.5 µm 7.5 µm 7.5 µm 

FIGURE 4.19: Topography and resistance maps at low bias of the
bridges where HRS was induced in a piece of the bridge at (a) -4.5V

and (b) -10V.
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After the nanostructuration process, a second resistivity measurement of the
bridges is performed. The pristine and the HRS ρ(T) are shown in figure 4.20 for
the the -4.5V scan (left) and right the -10V scan (right). In the former case, a slight
increase of the resistance of∼ 6% is found. In the latter, the increase of the ρ at room
temperature is larger and reaches ∼ 61%. Insets in the figures show a zoom of the
superconducting transition. Both bridges show Tc ≈ 91K in the pristine states.
However, the HRS at -4.5V does not show any modification in Tc. Contrary, in the
-10V switched bridge some changes are observed. A shoulder-like broad transition
is found, in which two different superconducting regions (with different Tc due to
the different oxygenation induced by RS) are found.
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FIGURE 4.20: Resistivity plots of the pristine states and HRS at (a) -
4.5V and (b) -10V generated in different bridges of a 3 nm CeO2/100
nm YBCO film. Insets show a zoom close to the superconducting

transition.

Compared to the pristine state, a shift of 3K in the Tc is observed. After the mea-
surement, an optical image was acquired to evaluate the degradation of the bridge
(figure 4.21). No trace of degradation was found in any of the bridges.

HRS scanned at -10V 

20µm 

FIGURE 4.21: Optical image of the bridge with the HRS generated
at -10V after the measurement process. No degradation is observed.

In this way, we fully validate the hypothesis that CeO2 acts as protecting layer
against surface degradation in the HRS generated on top of the bilayer surface even
for larger bias (-10V). Furthermore, we confirm the increase of the resistance if the
bridge was tune with the amplitude of the applied voltage during the scan. To eval-
uate the pinning capabilities of this approach, HRS dots were generated in another
YBCO bridge.

HR dots at -10V: Towards vortex pinning sites
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Once surface degradation has been avoided, even at large and dense scans at -10V,
a more fine approach can be used to further investigate the potential of the RS
approach to generate vortex pinning sites, that eventually would be reversible.

Similarly to the attempts performed in bare YBCO samples and shown in last sec-
tion, an array of HRS dots will be performed along the bridge. After the pristine
ρ(T ) characterization of the bridge, the HRS dots were induced in the same con-
ditions as shown for the YBCO case, i.e., a rectangular array of 6 µm side with a
bias of -10V for 100 ms at each dot. The figure 4.22 shows an optical micrograph
of the bridge (a) and the AFM topography map acquired before performing the
nanostructuration (b). This time, no further maps were acquired after it to assure
the minimum perturbation of the generated HRS.

10µm 

a) b) 

FIGURE 4.22: (a) Optical image of the bridge in its pristine state. (b)
AFM topography map with the array of dots indicated in the figure.

After the nanostructuration process, a resistivity measurement is performed again
and showed in figure 4.23 a. At room temperature, an increase of the resistivity of
∼ 10% is found. By zooming in the superconducting transition, a slight increase of
Tc (∼ 0.3K) is observed with no shoulder-like transition.
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FIGURE 4.23: (a) Resistivity of the bridge for the pristine state and
the generated HRS array of dots. (b) Zoom close to Tc.

As a reminder, this same array was performed in the bare YBCO sample (figure
4.14). In that case, a larger increase in the resistance of the bridge was found for
the bare YBCO bridge. The CeO2/YBCO bilayer system allows for a better control
of the effect and sample degradation was avoided. To demonstrate so, an optical
image of the picture days after this measurement is shown in figure 4.24.

After the full process, the surface topography does not have any trace of degrada-
tion. Therefore, this approach is validated for further assessment of the supercon-
ducting properties. In particular, the evaluation of the critical current density in
the bridge as a function of magnetic field (Jc(H) was performed in the pristine and
after the induction of the HRS dots array. Jc(H) measurements were conducted at
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5 µm 

FIGURE 4.24: Optical image of the bridge where the HRS dots where
induced taken after the measurement process.

different magnetic fields at 77K. I-V sweeps are performed to determine the critical
current, Ic, of the bridge (and hence, the critical current density, Jc, since the geome-
try of the bridge is known) with the common criteria of V=1µV. The obtained Jc(H)
curves are shown in figure 4.25.
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FIGURE 4.25: (a) Jc(H) dependence for the pristine and the HR dots
array at 77K. (b) Jc/JSF

c vs magnetic field.

A larger and unexpected decrease of the critical current density is found for the HR
dots array, close to the 70%. It is important to remark that the same geometrical
factors have been taken into account to derive the Jc in the pristine and in the HRS,
although the cross section has been modified with the RS patterning. Due to the
difficulties of knowing exactly which is the actual cross section, Jc curves were nor-
malized to its JSF

c values to facilitate the comparison (b). The Jc(H) curves show a
similar round shape with an initial Jc(H) plateau with constant Jc value at low fields.
This plateau (related with the number of the defects in the sample) is enlarged after
the RS patterning. This means that the oxygen-deficient regions generated by the
C-AFM approach might be suitable pinning sites and therefore, the dependence of
the critical current under applied field might be tuned.

4.1.4 Conclusions

In this section, we have investigated the RS properties of bare YBa2Cu3O7−δ and
CeO2/YBa2Cu3O7−δ thin films. In both cases, bipolar resistive switching charac-
teristics are observed. An intense electric field generates a transition from the ON
state to an OFF state by favouring oxygen exchange (excorporation from the YBCO
matrix) with ambient, which generates oxygen vacancies in the system and induc-
ing a valence change in the Cu cations. Conversely, the inversion of the electric
field induces oxygen incorporation producing the opposite effects, thus inducing
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the OFF→ON transition and recover the initial LRS. Different I-V behaviours are
found at different regions of the film, and each of them can be interpreted in terms
of random variations of the oxygen content at the nanoscale. A positive sweep can
be required to induce first oxygen incorporation into the initial partially (or totally)
deoxygenated region showing a higher resistive state than the expected pristine
LRS state. This ensures sample homogeneity in oxygen content and it increases
reproducibility.

Micrometric arrays of HRS can be reversible induced even with no changes in the
topography. Furthermore, controllable RS might occur (even through the full thick-
ness of the film) upon variations on the bias amplitude. The same behaviours
described for I-V curves are also observed at the micrometric scale. A negative
scan induces the pristine LRS→HRS transition, and a positive bias scan at the same
scanned region induces back the LRS. A positive bias scan onto a pristine region
might also induce oxygen incorporation in small deoxygenated regions, thus mod-
ifying the initial higher resistive state to the expected LRS pristine state.

Arrays of HRS dots (∼ 200nm) with different geometries have been induced in
YBCO patterned bridges to analyse the influence of these HRS regions on the su-
perconducting properties of the bridge. However, surface degradation have been
observed in bare YBCO patterned bridges after nanostructuration, thus preventing
a reliable analysis. This degradation has been avoided in the CeO2/YBCO bilayers
with a capping of the 3-5 nm of ceria, which additionally enhances the RS perfor-
mance of the films showing better reproducibility. In such a structure, we have
assessed the influence of the micro- and nanometric HRS domains on the super-
conducting properties of the film. We have studied the influence of the bias ampli-
tude on different non-superconducting regions transformed and also in patterned
nanodots. Finally, we have demonstrated that our C-AFM approach shows very
interesting capabilities towards the generation reconfigurable pinning sites to ma-
nipulate vortex at the nanoscale. Although further work should be done in this
direction, the critical current density under applied magnetic field has been modi-
fied by this approach, confirming the pinning capabilities of HRS regions induced
at the nanoscale.
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4.2 Resistive Switching in RENiO3 systems

4.2.1 Introduction

As exposed in chapter 2, we have focused our efforts on two systems, namely
Chemical Solution deposited RENiO3 (RENO) (LaNiO3 (LNO) and NdNiO3

(NNO)) grown on LAO substrates. We showed in chapter 2 that CSD LNO films
does not present any temperature induced MIT and stays metallic in the full T
range for the different thickness studied in this thesis. Temperature induced MIT
has been reported in sputtered ultrathin films [100]. However, a MIT can be in-
duced in this system upon stoichiometry changes [160] and by electric field-effect
[297]. Contrary, NNO film present a MIT already in the bulk form, which is an
indication of the more complex correlated electronic structure than LNO. In this
chapter, the study of the resistive switching properties in RENO thin films will be
presented. The growth process and the structural characterization of the films has
been exposed in Chapter 2. A strong influence of the defects on the RS proper-
ties will be demonstrated. For comparison, a collaboration was started by the end
of this Thesis with Mrs. Sara Catalano, Dr. Marta Gibert and Prof. J.M. Triscone
from the University of Geneva. They provided us with RENO thin films grown by
RF-sputtering with less density of defects than our CSD films. RS results on these
samples will also be shown in this section.

The RS capabilities of RENO systems remains barely explored. However, some re-
cent works from Ramanathan et al. have shown the promising potential of these
systems due to its intricate electronic structure [298, 299]. A colossal resistance
change was reported in SmNiO3 by electron doping in a reversible way. Further-
more, synaptic transistors were also fabricated with SmNiO3 films [298].

4.2.2 RS characterization in RENiO3 grown by CSD

Electrical characterization by I-V sweeps

To test the electrical characteristics in LNO and NNO thin films grown on LAO sub-
strates, the same C-AFM configuration exposed along this thesis was employed,
i.e., a top-top configuration in a low humidity atmosphere (RH< 6%) with the the
conducting tip acting as the active electrode and the own metallic RENO as coun-
terelectrode. The switching hence occurs in the region below the tip.

Different behaviours in the I-V curves obtained by C-AFM are observed for CSD
RENO systems. As explained in the YBCO case, a positive bias is usually required
(but not always) to initialize the RS properties of the film. The following experi-
ments were realized in 25 nm NNO thin films grown by CSD. Same features are
observed in LNO thin films, as it will be shown in an example illustrating the RS
behaviour in LNO, presented at the end of this section.

The first I-V sweep presented in figure 4.26 (a) corresponds to an unidirectional
positive bias protocol (0V → +10V → 0V ) with several cycles. The first branch
of the sweep is indicated in red. A transition from a more resistive state to a low
resistance state is found. Once this first step occurs, the resulting LRS is maintained
in the subsequent cycles. In (c), the resistance ratio derived from the I-V cycles in (a)
is plotted. The ratio has been calculated by dividing the measured I values at every
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voltage step in the two branches of the cycle, i.e., Ratio(V ) =
I(V )0V→+10V

I(V )+10V→+0V
. The

ratio belonging to the first cycle is also shown in red. A first change of 3-4 orders of
magnitude is obtained followed by a steady LRS unaltered by further positive bias
sweeping.
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FIGURE 4.26: (a) I-V sweeps where only positive bias was applied.
An initialization step is required to set the region in its LRS. Subse-
quent cycles does not alter the LRS state. (b) I-V sweep of a full RS
cycle. The initial state is marked in red. A full BRS cycle is observed
with a ratio 5 orders of magnitude. (c) and (d) shows the resistance

ratio derived from the I-V sweeps in (a) and (b) respectively.

A full RS cycling is shown in figure 4.26 b. The applied protocol was as follows:
0V → +6V → 0V → −6V → 0V → +6V → 0V for several times. The first positive
sweep is indicated in red. As in image (a), the first sweep switches the system from
a more resistive initial state to a fully LRS. This state is maintained in the excursion
back to 0V (step 2). Then, a negative bias is applied (step 3). In this branch, a LRS
→ HRS transition is found. The induced HRS is kept in the excursion back to 0V.
Finally, a positive bias is again applied (step 5). The reverse transition, HRS→ LRS
occurs. The LRS is then fully recovered and kept in the excursion back to 0V. The
sweep is repeated several times to check repeatability. The initial state (in red) is
more resistive than the LRS but less than the induced HRS. The resistance ratio of
this cycling is shown in the bottom part of the figure. After the initialization process
(in red), a reproducible ratio ∼ 104−106 between the HRS and the LRS is found,
showing the great potential of these materials as memristor elements.

It is worth to remind that the RENO systems are metallic at room temperature.
Therefore, an initial metallic LRS is expected and thus the first sweep towards pos-
itive bias to set the active region below the tip into a LRS would not be neces-
sary in an homogeneous metallic film. In fact, points in where I-V sweeps show
a fully metallic LRS initial state can also be found. Figure 4.27 (a) shows an I-V
sweep acquired in a metallic point with the same protocol as the previous case, i.e.,
0V → +10V → −10V → +10V → 0V repeated several times. The resistance ratio
obtained from the I-V sweeps is also shown in the figure 4.27 (b). The first sweep
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and the subsequently generated LRS states are very similar. In the resistance ratio,
the first sweep (back and forth) indicated in red presents a ratio close to 1, which
means that no initialization was needed since the initial state was already fully
metallic. Then, in the negative bias, the ON→OFF transition is achieved. The HRS
state is kept until the polarity is reversed and a sharp OFF→ON transition occurs,
which brings the region back into the LRS state. As observed in the resistance ra-
tio, in this case two orders of magnitude between states is achieved. The diversity
observed on the resistance ratios later, but we anticipate that these films posses an
important density of structural defects that may directly contribute to the electrical
conductivity.

-10 -5 0 5 10
10

-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

5
4

|C
u
rr

e
n
t|
 (

A
)

Sample Bias (V)

1&2 - 6
3

-10 -8 -6 -4 -2 0 2 4 6 8 10
10

0

10
1

10
2

10
3

 

 

R
o
ff
/R

o
n

Sample Bias (V)

a) b) 

FIGURE 4.27: (a) I-V sweep starting towards positive bias (in red).
Then a full±10V sweep is performed. (b) Resistance ratio calculated
from (a). The first sweep (in red) shows that the initial state is fully

metallic and no initialization is required.

When the tip is placed in regions with a fully metallic state, no initialization is
required, and therefore, the initial cycles could be started directly towards negative
bias, where the LRS→HRS transition occurs. This would be the ideal case and
large hysteresis can also be induced in the I-V curves. An example of such a loop is
shown in figure 4.28 (a). The sweep starts towards negative bias (indicated in red)
and the ON→OFF transition starts at V ∼ −2.5V . The HRS is maintained until
the polarity is reversed. At positive bias, the OFF→ON transition takes place and
the LRS is achieved. The cycle is then repeated several times. The resistance ratio
(figure 4.28(b)) shows a colossal change of 105 between the two resistive states, as
also observed in figure 4.26.
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FIGURE 4.28: (a)I-V sweep starting towards negative bias in a 25 nm
NNO thin film and its resistance ratio (b).

This example reflects the ideal situation of a pristine region turned into a HRS by
RS with large resistance ratio in RENO systems. However, as shown above and will
be discussed later, the structural defects present in the film might strongly alter its
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RS capabilities, which may lead to the different I-V behaviours and disparity in the
resistance ratio and transition voltages, as observed experimentally in figures 4.27
(a) and 4.28 (a).

As mentioned before, the same features in the I-V curves obtained for the NNO
are observed in LNO thin films. As an example, a full RS cycle starting towards
positive bias performed on a 25 nm LNO thin film is shown in figure 4.29. The same
initialization process is required to enable the RS cycling (in red). Then, negative
bias induced a transition from the LRS to the HRS. The reverse polarity produces
the opposite effect, inducing the HRS→LRS transition. Then, the initial LRS state is
achieved. Large resistance ratios of 103 − 104 orders of magnitude are achieved in
this compound too.
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FIGURE 4.29: I-V sweep performed on a 25 nm LNO thin film. The
first sweep is indicated in red.

As commented before, the induction of a MIT has been reported in LNO films by
electric field tuning and by variations in the oxygen content [160, 297]. These two
parameters, similarly to the model exposed for LSMO and YBCO films, play a key
role to explain the RS effect in these systems at it will be detailed in next sections.
We can anticipate that, as in the LSMO and in the YBCO cases, the initialization
step is related to oxygen-deficient regions where the composition is NdNiO3−x and
LaNiO3−x.

Microstructure of RENO thin films

The microstructure and the defects present in films might strongly influence the
material properties, specially the transport properties. It was shown in chapter 2
that a large amount of Ruddlesden-Popper Faults (RPF) was detected in our RENO
films. We believe that this is a stress release mechanism to stabilize the RENO phase
during the growth, the system relaxes the strain by eliminating a Ni plane, which
leads to a shift of half a unit cell. Both horizontal and vertical RPF are found in
both LNO and NNO samples. First unit cells grow fully strained and defect free.
Afterwards, RPF are generated in the film. A STEM micrograph of an NNO thin
film with the RPF indicated with arrows and an explicative diagram is shown in
figure 4.30.

The thicker the film, the stronger the presence of RPF. Also, in NNO films the den-
sity of RPF is higher than in LNO samples. This is due to the higher strain in the
structure induced by the smaller size of Nd than La. Since the metallic state in
RENO systems depends on the overlapping between Ni 3d and O 2p orbitals, the
local disruption induced by the RPF might alter strongly not only the macroscopic
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FIGURE 4.30: STEM micrograph of a NNO thin film showing RPF
and its schematic diagram.

ρ(T ), but also the local conduction by C-AFM. Notice also that the initialization
step often observed in the I-V curves suggest the presence of oxygen vacancies in
our samples.

It is worth to remind that RENO compound were prepared from a stoichiometric
solution in a relation 1:1 between La/Re and Ni. In an RPF, a plane of Ni is elim-
inated and therefore, the system has to place that remaining Ni somewhere else.
In our films, the presence of NiO aggregates at the surface might be the answered
to it. A TEM micropgrah of a NNO film where a NiO aggregate was detected is
shown in figure 4.31. A fourier transform in the region was performed and the
polycrystalline character of the NiO aggregates was confirmed.
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FIGURE 4.31: STEM micrograph of a NNO film grown on LAO
showing a NiO aggregate. Fourier transform of the secondary

phase.

The complex microstructure of these systems may account for the different scenar-
ios observed in the I-V curves. We have experimentally found a variety of initial
resistive states, ranging from a metallic state to highly resistive. In the former, a
positive bias produces a quasi-ohmic non-hysteretic response, whereas in the latter,
a HRS→LRS transition is found in the initial I-V step. Similarly to the YBCO case,
this fact suggests that oxygen incorporation is induced in such oxygen-deficient re-
gions. In addition, the structural defects (NiO aggregates and the RPF) might be
responsible of the variation in the resistance ratio found in the I-V sweeps.



4.2. Resistive Switching in RENiO3 systems 131

Micrometric HR induced areas

To study the RS properties of RENO systems at geometrically controlled mi-
crometer scale, we have applied a set of positive and negative bias in regions of
2.5µmx2.5µm on a pristine surface of a 25 nm NNO thin film. As depicted in the
scheme in figure 4.32 (a), the voltages applied at the scan of each square were V=-
6V, -8V, -10V, +3V, +6V, +10V. After scanning the squares, a low bias Vread = 1V is
used to acquire a larger scale image to readout the resistive states generated with
the prior scans. Images (b) and (c) shows the topography and the resistance map
of the area, respectively. Only the +10V square shows deep modifications in the
topography, where a lift of ∼ 6nm from the flat surface is found. In the other cases,
no damage in the topography is observed. Regarding the electrical response, all
squares with the applied negative bias (upper row of squares in (c)) present a higher
resistive state than the pristine background. However, the application of positive
bias generates different responses depending on the magnitude of the stimulus.
The +3V scan generates a slightly lower resistance state than the pristine surface.
This fact is more evident in the +6V, where a clear lower resistive state was gener-
ated. The +10V scan, which shown a strong surface modification, has also generate
a high resistance state. However, the origin of this high resistance state is different
from the HRS generated upon application of a negative bias. In this case, the high
positive bias applied on top of the pristine surface generates a strong change in the
topography, damaging the film. Thus, probably amorphization of the material has
occurred.
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FIGURE 4.32: (a) Scheme of the applied bias on different sections
of the area. (b) Topography map after applying the protocol. (c)
Resistance map at 1V. White line indicate the topography (d) and
resistance (e) profiles shown as dashed lines in (b) and (c), respec-

tively.

The white line in the maps represent the profile extracted for topography (d) and
resistance (e) graphs. Notice that no modification in the topogaphy profile is ob-
served by crossing the pristine state and the HRS (-10V) - LRS (+6V) states. How-
ever, an average increase close to an order of magnitude from the pristine to the
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HRS, and a decrease of two orders of magnitude from the pristine to the LRS is
found.

Volume Switching in RENO thin films

As it was shown before for the LSMO and the YBCO case, by describing the contour
of a ring at high negative bias, metallic non-modified regions could be topologically
isolated. In RENO systems, this experiment was performed on 6.5 nm sample of
NNO grown onto LAO. On a pristine surface, two rings at high bias, namely -6V
and -10V were performed. After this step, the readout of the region is performed at
low bias (1V) and the obtained resistance map is shown in figure 4.33.

-6V -10V 
a) 

b) 

FIGURE 4.33: (a) Resistance map of a 6 nm NNO film after writing
rings at -6V (left) and -10V (right) rings acquired at 1V. (b) Schematic

representation of the readout process.

The ring generated at -6V presents an insulating state only at the contour of the
ring. The inner part of the ring shows a metallic pristine state. The situation is de-
scribed in the scheme at the bottom of the image. Some nm below the tip has been
transformed into an insulating state. However, the insulating state does not reach
the LAO substrate, and therefore, the current has a path to flow to the electrode
during the readout scan. On the contrary, the inner part of the ring generated at
-10V shows an apparent insulating state. The largest magnitude of the bias applied
during the recording scan induces in this case a HRS that reaches the insulating
substrate. Hence, when the tip scans the inner part of the ring during the read-
out, no current is collected, since the insulating wall of the ring prevents current
flowing. This experiment shows the volume character of the RS in these RENO
materials too, and also demonstrates that the transformed thickness can be tuned
with the magnitude of the applied bias.

RS characterization with micrometric W-Au probes

Micrometric W-Au probes (20 − 50µm) were also used to characterize the RS be-
haviour with a Keithley Semiconductor Analyzer. First, a 6 nm NNO sample was
optically lithographied to define 40µmx40µm squares. Then, 60 nm of Ag were
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sputtered into the sample. A lift off process is then carried out in acetone to re-
move the photoresist. Two different I-V endurance cycles were performed, namely,
with the W-Au tips in direct contact with the NNO surface and with the tips placed
on top of the Ag electrodes. The same electric field configuration as in the rest
of the thesis has been employed with the following sweep protocol. It consists of
0V → −10V → +10V → 0V cycles several times (figure 4.34). Similarly to the RS
cycles obtained with the C-AFM tip on top of the bare NNO surface, hysteresis cy-
cles with resistance ratios between 102 − 103 are obtained when the tips are placed
on top of the NNO surface. A first negative sweep induces the MIT transition (step
1). The HRS is maintained in the excursion back to 0V (step 2). At positive bias, the
OFF→ON transition is induced and the system reaches a LRS (step 3). This state
is maintained in the excursion back to 0V (step 4). The sweep is repeated several
times showing a stabilization of both LRS and HRS, as shown in the upper right im-
age. On the contrary, when the same protocol is performed with the tips on top of
the Ag electrodes, the RS effect is mostly suppressed and tiny ratios of ∼ 1, 2− 1, 3
times distinguishes the LRS and the HRS.
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FIGURE 4.34: I-V sweeps performed with W-Au macroscopic of a 6
nm NNO thin tips. (a) on top of the bare surface film. (b) On top of
Ag electrodes (c). (b) and (d) show the resistance values obtained at

0.5V from (a) and (c) respectively.

For clarification, the cumulative frequency counts for both the LRS and the HRS
of the cycling performed in 4.34 (a) is shown in figure 4.35. Both states are sepa-
rated by approximately two orders of magnitude. In addition, both states present
a similar deviation of around one order of magnitude.

It should be taken into account that the larger size of the W-Au tips probably pro-
duces a modification of the field distribution, so RS parameters may change accord-
ingly. The lack of knowledge about the exact contact area, contact resistance and
particular electric field distribution prevents a reliable comparison between these
measurements and the C-AFM ones. Further experiments with highly contrable
geometry would need to be performed to address this issue.
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FIGURE 4.35: Cumulative plot of the HRS and LRS in the NNO mea-
sured with W-Au microprobes.

In conclusion, the nanoscopic behaviour in RENO systems have been successfully
demonstrated at a larger scale with micrometric probes and show great potential
for further device integration and testing. Further studies are required to properly
address the RS parameteres, such as endurance tests, retention times, switching
dynamics in more realistic architectures (for instance, a CeO2/RENO bilayer).

Resistive Switching mechanism in RENO systems

The experimental evidences showed along this chapter suggest that the same mech-
anism that for YBCO and LSMO thin films is the responsible of the RS in RENO
compounds. When the tip is placed in contact with the surface and an intense
downwards electric field is applied, two simultaneous effects occur. Charge injec-
tion, which decreases the hole carrier density of the system and O2-

RENO species are
driven towards the surface. These anions react with adsorbate O2- species to form
an oxygen molecule. In this way, the system balances the charge injection by creat-
ing oxygen vacancies. These vacancies diffuses into the bulk along the electric field
direction. A valence change in the Ni oxidation state (Ni3+ → Ni2+) is induced.
This physical mechanism is stimulated by the MIT of these systems. To recover the
LRS initial state, electric field polarity should be reversed and the opposite situa-
tion occurs. Adsorbate species at the surface are driven into the material occupying
the place of an oxygen vacancy. This induces the oxidation of Ni and the initial va-
lence is restored. Eventually, the LRS is achieved. With micrometric W-Au probes,
the same behaviour is found when the tips are placed on the surface. However, the
presence of a barrier for oxygen exchange with ambient as the Ag electrodes sup-
presses the RS effect. The microstructural landscape, including NiO aggregates and
Ruddlesden-Popper Faults, have probably a strong influence in the RS properties,
which results in a large variety of I-V curve characterization.

4.2.3 RS characterization in RENiO3 grown by RF-Sputtering

To further investigate the nature of the RS effect in these RENO systems, we have
also analysed RENO films grown by physical methods. By the end of this thesis,
we have started a collaboration with Dr. Marta Gibert, Mrs. Sara Catalano and
Prof. Jean-Marc Triscone from the University of Geneva (Switzerland). They have
provided us with three RENO samples grown by RF-Sputtering. This technique
is widely used in thin film growth. It is an out-of-equilibrium process, and there-
fore, a different defect landscape than the CSD approach is expected. For more
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details about the growth of these films, the reader is referred to the publications of
Triscone’s group [78, 100, 297].

Three samples with different TMIT have been analysed, namely a LaNiO3 and
NdNiO3 grown on LAO substrates (LNO/LAO and NNO/LAO, respectively), and
NdNiO3 grown on NdGaO3 (NNO/NGO) substrate. The three samples present a
very similar thickness of 12 u.c. (∼ 6nm). As it was discussed in chapters 1 and
2, the selection of a particular substrate allows to tune the Ni-O-Ni angle through
strain effects, which has a strong impact on the physical properties of the system
[78]. Besides lattice mismatch, substrate symmetry and orientation can also induce
extra distortions and modify the tilting of the oxygen octahedron [78, 300]. The
in-plane strain of the films used in this section is shown in table 4.1.

`````````````̀In-plane strain
Sample

LNO/LAO NNO/LAO NNO/NGO

ε(%) −1.3 −0.59 +1.1

TABLE 4.1: Mismatch between substrates and RENO films grown
by RF-sputtering.

The MIT of these three systems have been analysed by means of 4-point measure-
ments in Van der Pauw[157] configuration as a function of temperature. The resis-
tivity curves are shown in figure 4.36. The LNO sample does not present MIT, as
stated for the CSD case and for the bulk in chapters 1 and 2. For both NNO samples,
a sharp metal-insulator transition occurs at TMIT ≈ 70K and 170K when grown on
LAO and NGO, respectively. Compared to the performance of our CSD samples,
the metal-insulator transition of these NNO sputtered films is more abrupt and
with a larger change in the resistance(102 − 103) in the insulating state than for the
CSD case. This is an indication of a lower density of microstructural defects in the
films grown by sputtering, since the strain imposed in our films was the same for
the LNO and NNO cases grown onto LAO. Here, we also present the NNO/NGO,
which presents a tensile strain of ∼ 1.1%. This in-plane strain drives the TMIT

towards higher temperatures, closer to the bulk value.
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FIGURE 4.36: Resistivity as a function of temperature for 6 nm
RENO samples grown by RF-Sputtering.

Electrical characterization by I-V sweeps

As exposed along this thesis, the C-AFM measurements were conducted in a top-
top configuration with the tip grounded (see chapter 2). Therefore, a negative bias
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creates an intense electric field pointing downwards at the tip apex, whereas a pos-
itive bias generates an electric field pointing upwards. In this section, I-V sweeps
showing bipolar RS in the three RENO sputtered films are presented. In the three
cases, the same protocol was applied to acquire the data shown in figure 4.37,
namely 0 → −10V → 0V → +10V → 0V . As in the canonical examples of the
CSD films, the first sweep, indicated with a red arrow, starts towards negative bias.
In the three cases, the transition from the pristine metallic LRS to a HRS occurs.
This ON→OFF transition presents a correlation with the MIT previously shown in
the resistivity plot (figure 4.36). The LNO case shows a smoother transition to the
OFF state than both NNO samples, which present a sharper transition to a deeper
HRS. For the NNO/NGO sample, which show the highest transition temperature
of the set of samples (TMIT ≈ 170K), the LRS→HRS transition is specially sharp
with a deep change in the resistance state. However, these I-V are rather scattered
and show less reproducibility than the films grown on LAO.
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FIGURE 4.37: I-V sweeps performed by C-AFM. The arrows indicate
the direction of the sweep (first sweep in red). (a) LNO/LAO. (b)

NNO/LAO. (c) NNO/NGO.

The second part of the sweep corresponds to the −10V → +10V branch, in which
the HRS is kept until a transition from the OFF to the ON state occurs at positive
bias. The voltages at which this HRS→LRS takes place can also be correlate with
the MIT of the system and will be carefully analysed in next section, together with
the resistance ratio. The last branch of the I-V sweep corresponds to the excursion
back to 0V, where the LRS is kept.

In this way, we have demonstrated the excellent performance of RENO sput-
tered films for RRAM applications, specially the LNO/LAO and NNO/LAO films,
showing the highest resistance ratios and reproducibility.

Discussion

For comparison, three I-V sweeps for each sample have been plotted together in
figure 4.38. The selected I-V characteristics show representative examples obtained
in each of the films. The main parameters under evaluation in this section are the
transition voltages (grey squares in the figure) and the resistance ratio ROFF/RON.
This ratio will be evaluated at Vbias = 1V as indicated with the dashed line in the
figure.

We have extracted the values for the transition voltages (VLRS→HRS) and
VHRS→LRS) and the resistance values at 1V in the LRS and the HRS for more than
50 I-V curves per sample, at random locations on the surface.
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FIGURE 4.38: Comparison of I-V sweeps for the three RENO sam-
ples. The parameters to be analysed are indicated by grey squares

(transition voltages) and dashed line (resistance ratio).

With this set of data, we have performed and statistical analysis and extracted the
cumulative frequency counts. In figure 4.39 (a), the cumulative frequency for the
threshold voltages (LRS→HRS at negative bias and HRS→LRS at positive bias) are
shown. A clear correlation between the ON→OFF transition and the MIT of the
films is observed. In the three cases narrow threshold voltage distributions are ob-
tained. The higher values are found for the LNO/LAO sample, which do not show
any TMIT down to 5K. In contrast, the lowest values correspond to the NNO/NGO
sample, which present the highest TMIT. An intermediate situation occurs for the
NNO/LAO sample, which also presents a TMIT but at lower temperatures. At the
positive branch, in contrast, the LNO/LAO and NNO/LAO sample presents very
similar transition threshold voltages with narrow distributions. The NNO/NGO
sample has a wider distribution with lower transition voltages.
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FIGURE 4.39: Cumulative frequency plots for (a) the transition volt-
ages and (b) the resistance values of the LRS and the HRS.

The cumulative frequency distribution of the LRS and the HRS for the three sam-
ples is shown in the figure 4.39 (b). As expected from the resistivity plot in fig-
ure 4.36, both samples grown on LAO (NNO and LNO) present a very similar
LRS∼ 105Ω with a narrow distribution. The LRS of the NNO/NGO sample shows
a slightly higher resistance value with a wider distribution (105 − 106Ω). A clear
correlation between the MIT of the systems and the generated HRS is observed.
The highest HRS (∼ 109 − 1011 Ω) corresponds to the NNO/NGO sample, with the
MIT closer to room temperature. The lowest HRS is achieved in the LNO sample,
whose MIT line lies below 5K, with resistance values in the range of 107−109Ω. An
intermediate situation is observed for the NNO/LAO sample.



138 Chapter 4. Resistive Swithching in other complex oxides

FIGURE 4.40: Bandwidth-control versus band filling control in
RENO systems. By changing the size of the RE cation or by strain
[78], the bandwidth of the systems is varied and therefore, the MIT

is tuned. The green line represents the MIT line.

Therefore, by engineering the material growth we can tune the MIT of these RENO
systems, modifying the bandwidth, and consequently the RS parameters and per-
formance. By changing the rare-earth cation size or by applying biaxial strain [78],
the initial state of the system can be tuned as shown in the schematic diagram in
figure 4.40. The closer the initial state to the MIT line, the lower operating volt-
ages required for the MIT-RS transitions and the higher resistance ratios are ob-
tained. Further electrical characterization should be performed to address repeata-
bility studies, specially on the NNO/NGO sample, where wider distributions are
obtained,specially for the HRS.

The RS induced MIT observed in these RENO might be explained in the same way
as for LSMO, YBCO and CSD-RENO samples (discussed in previous section). The
electric-field-induced charge injection to the system and the concomitant oxygen
exchange with ambient, which generates oxygen vacancies in the film. This process
produces a valence change in the Ni cations bringing the system closer the MIT (or
inducing a proper MIT) with a consequent colossal change in the resistance state,
thus these systems are specially suitable as memristive elements.

4.2.4 Conclusions

To sum up, the resistive switching properties of RENO thin films have been thor-
oughly investigated at the nanoscale by means of C-AFM. The RENO thin films
have been synthesized by two different methodologies, namely Chemical Solution
Deposition and RF-Sputtering. The former is a thermodynamic equilibrium pro-
cess whereas the latter is an out-of equilibrium process, which leads to different
microstructure of both kind of films. In both cases, bipolar RS characteristics are
obtained with large resistance ratios of 103 − 105 between the pristine LRS initial
state and the generated HRS. A volume RS behaviour is also demonstrated for these
films. In the particular case of our CSD samples, we detected the presence of large
amounts of defects (Ruddlesden-Popper Faults (RPF) and oxygen vacancies) and
secondary phases (NiO aggregates). We have found a correlation between these
defects and the I-V RS characteristics obtained by C-AFM. In particular, oxygen
vacancies might account for a non-metallic initial state (observed in many points)
that requires an initialization step by the application of a large positive bias. The
presence of NiO and RPF, where a Ni plane is eliminated, might account for the
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variability observed in the generated HRS, and therefore, a random distribution of
ROFF/RON ratios. These inhomogeneities are also confirmed by micrometric scans
with the AFM tip at positive and negative bias. In the case of the films grown by
sputtering, a lower density of defects is expected from the sharp MIT transitions
observed in the resistivity plots ρ(T ). The RS characteristics of 6 nm with different
strain films have been carefully analysed by C-AFM. In particular, we have applied
statistical methods to evaluate the transition voltages and the resistance values of
the LRS and the HRS. A fine correlation of the RS parameters with the MIT initial
position of the films (mainly determined by the RE size cation and the biaxial strain)
is observed. The closer the MIT to the operating temperature (room temperature),
the lower the threshold voltages and the larger the resistance ratios obtained. Re-
sistance ratios of 104 − 105 are generated for the NNO samples, while ratios of 103

are observed in the LNO/LAO case.

Good MIT-RS performances of the RENO systems grown by two different method-
ologies are thus presented and correlated to the intrinsic MIT properties of the
films. These strongly correlated systems appear to be therefore suitable candi-
dates for R-RAM applications. Further studies are now required to integrate these
films in more realistic device-like architectures to evaluate accurately several per-
formance parameters such as retention times, switching speeds, endurance tests.
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Chapter 5

General conclusions

In this thesis, we have investigated bipolar resistive switching phenomena that
can be induced in three different metallic mixed-valence-mixed-conductors per-
ovskite oxides upon the application of an electric field: La1−xSrxMnO3 (LSMO),
YBa2Cu3O7−δ (YBCO) and ReNiO3 (RNO). Despite the different structural and
electronic characteristics of the systems studied, a similar phenomenology is found.
RS in these compounds can be explained in terms of a valence change of the transi-
tion metal induced by the exchange of oxygen with the ambient atmosphere driven
by the electric field. This oxygen exchange induces simultaneously a variation of
the carrier density which through the MIT of these systems induces a volumetric
resistive switching phenomena.

La1−xSrxMnO3 and ReNiO3 films were grown on insulating substrates (STO and
LAO, respectively) by low cost route of Chemical Solution Deposition (CSD). Su-
perconducting YBCO samples were grown by Pulsed Laser Deposition (PLD) on
insulating STO substrates. High-quality epitaxial films with smooth surfaces and
low roughness are obtained for the three compounds. In addition, CeO2 thin lay-
ers were ex-situ deposited by Atomic Layer Deposition (ALD) on top of YBCO and
LSMO films. The physical properties of the underlying metallic perovskite remains
unaffected after this deposition process.

In the La1−xSrxMnO3 case, the bipolar RS characteristics with high resistance ratios
of 103 − 104 were linked to the MIT of these systems, which can be tuned with the
Sr content of the film modifying the RS parameters accordingly. We have demon-
strated that the switching might occur even through the full thickness of the film
if high enough bias voltage are applied, illustrated by C-AFM experiments where
a HRS ring was drawn, enabling the isolation non-modified pristine regions. Ac-
cordingly, we have shown that it is possible to achieve multilevel resistance states
by proper tuning of the applied bias. We have proposed that the MIT is the primary
responsible of the strong character of the RS effect in LSMO thin films. Upon the
application of the electric field, the simultaneous decrease in the number of hole
carriers and oxygen anion excorporation induces a valence change in the Mn metal
cations, which eventually drives the metallic system into an insulating state. The
reverse process is favoured when the electric field is reversed.

The proposed oxygen exchange with ambient was proved by means of atmosphere
dependent measurements. The decrease in the adsorbate surface coverage at lower
O2 pressures produces that only a reduced number of ions are exchanged and there-
fore, a lower HRS is achieved under such conditions. In contrast, the experiments
carried out in Ag/CeO2/LSMO heterostructures have revealed that the exchange
does not occur through the ambient, but through a direct ionic exchange between
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the LSMO and the CeO2 layers. Highly symmetric sweeps with sharp transitions
are found in this bilayer heterostructures, confirming the properties of CeO2 as an
oxygen vacancy reservoir.

Moreover, the electronic properties of HRS regions were studied by tunnelling
spectroscopy and 4-points transport measurements, which provide strong evi-
dences supporting the strong-correlation effects scenario behind the RS effect.
Specifically, we have shown that the MIT can be fully crossed at RT through an
increase of resistance by two orders of magnitude and a concomitant shift of the
TMIT to lower temperatures.

Finally, a proof-of-principle three-terminal (3T) configuration is proposed in which
the lateral conduction of a LSMO bridge, between source and drain, is modified
by applying RS in a region located at the middle of the conduction bridge (gate).
Reversible resistance changes of two orders of magnitude are found and a volume
resistive switching is also demonstrated at the micrometric scale, where the full
thickness of the film below the W-Au tip has been transformed into the HRS.

The RS properties of pristine YBa2Cu3O7−δ and CeO2/YBa2Cu3O7−δ thin films
were also investigated by C-AFM. In both cases, bipolar resistive switching char-
acteristics are observed. However, different I-V behaviours are found, and each of
them can be interpreted in terms of random variations of the oxygen content at the
nanoscale. An initial positive bias sweep might be required to induce first oxygen
incorporation into the initial partially (or totally) deoxygenated region showing a
higher resistive state than the expected pristine LRS state with resistance ratios of
102 − 103.

Surface degradation has been observed in bare YBCO patterned bridges after in-
ducing the RS upon air exposure. This degradation has been avoided by using
3-10 nm CeO2 capping layer. HRS arrays of different geometries have been in-
duced in YBCO and CeO2/YBCO patterned bridges to analyse the influence of the
HRS regions on the superconducting transport properties of the bridge. We have
assessed the influence of the micro- and nanometric HRS domains on the super-
conducting properties of the film. With this approach, we have demonstrated the
critical current density dependency on the applied magnetic field was modified in
the presence of HRS dots array.

In the RNiO3 case, additionally to the CSD route for the growth of epitaxial films,
we have also investigated the RS capabilities of RF-sputtered films. Samples grown
by both methodologies show bipolar RS characteristics with large resistance ratios
of 103 − 105 between the pristine LRS initial state and the generated HRS. We have
analysed the RS parameters for both growth techniques,as well as their possible re-
lation with the microstructural defects, showing that the electronic transport might
be strongly influenced by them.

In the particular case of our CSD-RNO films, we have suggested a correlation
between the presence of secondary phases (NiO aggregates), Ruddlesden-Popper
Faults (RPF) and oxygen vacancies with the RS characteristics of the films. Oxygen
vacancies might account for a non-metallic initial state that requires an initializa-
tion step by the application of a large positive bias. The presence of NiO and RPF
might account for the variability observed in the generated HRS, which produces a
random distribution of ROFF/RON ratios.
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In the case of the sputtered films, a lower density of defects is expected from the
sharp MIT transitions observed in the resistivity plots. The RS characteristics of
the films have been carefully analysed by C-AFM through statistical analysis to
evaluate the threshold transition voltages and the resistance values of the LRS and
the HRS. A fine correlation of the RS parameters with the initial position MIT of the
films, mainly determined by the Re size cation and the biaxial strain, is observed.
The closer the MIT to the operating temperature (room temperature), the lower the
threshold voltages and the larger the resistance ratios obtained. Resistance ratios
of 104 − 105 are generated for the NNO samples, while a ratio of 103 is observed in
the LNO/LAO case.

In summary, we have verified that strongly correlated metallic perovskite oxides
are a unique class of materials very promising for RS applications due to its intrin-
sic MIT properties that boosts a robust volumetric resistive switching effect. Still
several parameters should be properly tested and tuned for applications needs (like
lower threshold voltages, endurance, switching speed, retention studies). This the-
sis settles down the framework to understand the RS effect in these strongly cor-
related pervoskites, which could eventually lead to a new generation of devices
exploiting the intrinsic MIT of these systems.
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Appendix A

Experimental techniques

In this section we provide an overview of the working principles of the experi-
mental techniques used for the analysis of the structural and physical properties
of our samples. It includes Scanning Electron Microscopy (SEM), X-Ray Diffrac-
tion (XRD), Physical Properties Measurement system (PPMS) and Superconducting
Quantum Interference Device (SQUID). Some of these techniques were operated
with the help of the technical staff of the scientific-technical services of ICMAB-
CSIC.

A.1 Field Emission Scanning Electron Microscopy

In the basic setup of a Scanning Electron Microscopy (SEM), the sample is analysed
using an electron beam with an energy in the range of keV of 1 − 20 keV. An SEM
typical setup is depicted in figure A.1. This is an extremely useful tool to reveal
information about the specimen’s topography, grain size, porosity, particle distri-
bution and inhomogeneities. In addition, it can provide compositional information
from the average atomic number, as well as surface potential distribution, magnetic
domains or crystal orientation and defects. The main drawback of the basic SEM
setup is that the samples must be electrical conductors. Insulating samples can be
studied if they are properly coated with a thin conducting film. However, this is-
sue is overcome in the Field Emission SEM (FESEM), which provides a significant
improvement in resolution, as well as the possibility to work with non-conducting
samples. In short, FESEM provide narrower beams, resulting in an enhancement
of the spatial resolution (down to 5 nm), and a reduction in sample charging and
damage. The interaction of the primary electrons from the source with the sample
results in different information that can be obtained through backscattered elec-
trons, secondary electrons and characteristic X-rays. Secondary electrons (energy
< 1 − 50 eV) provide information about surface features. Backscattered electrons
are the ones with a strong interaction with atom nuclei (energy > 50eV ), which
provide compositional information (z-contrast). Furthermore, the primary electron
beam generates characteristic X-rays which can be used to give more accurate data
about composition, also known as Energy-dispersive X-ray spectroscopy (EDX).
FESEM images were made using a FEI QUANTA 200 (FEG-ESEM).
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FIGURE A.1: Diagram describing the general set-up of a SEM.

A.2 X-ray diffraction

X-rays are electromagnetic waves with wavelengths in the same order as inter-
atomic distances in solids (0.1 − 100Å), thus allowing their interaction with the
electronic arrangement of atoms in a solid, and giving information about its inter-
nal distribution. When X-rays hit a crystalline sample, they are scattered due to the
interaction with the electrons surrounding the atoms. If the scattered X-rays fulfil
the Bragg condition

nλ = 2dh,k,l sin(θ) (A.1)

where λ is the wavelength, d is the distance between each adjacent crystal plane (d
spacing), and θ is the Bragg angle at which one observes a diffraction, a construc-
tive interference will be produced and a diffraction peak will be detected. Figure
A.2 (a) shows an schematic representation of X-ray measurement and the Bragg’s
law. A diffraction pattern can be thus measured upon variations in the incidence
angle of X-rays. The obtained diffraction pattern is a characteristic fingerprint of a
particular material. In this sense, the position and intensity of of each Bragg peak
in a diffraction pattern essentially depends on the characteristics of the unit cell
(symmetry and size), the particular arrangement of the atomic species within it
and on the radiation employed. In the specific case of highly oriented specimens
such as single crystals or epitaxial thin films, one can only find specific families of
hkl planes satisfying the diffraction conditions. Modifying the relative position be-
tween detector and sample, the specific diffraction conditions can be achieved (fig-
ure A.2 (b). In this thesis, we have performed one dimensional θ − 2θ scans, which
gives information about the crystallographic orientation of our films. These mea-
surements were carried out in a Rigaku Rotaflex RU-200BV diffractometer with a
CuKα = 1.5418 Å located at ICMAB-CSIC facilities. The typical step size employed
in the measurements was 0.02◦.

a) b) 

FIGURE A.2: (a) Schematic description of the Bragg’s diffraction law.
(b) General set up and angle nomenclature in XRD measurements.
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A.3 Physical Properties Measurement System

The electric transport measurements as a function of temperature and field show in
this thesis have been performed using a Physical Properties Measurements System
(PPMS) from Quantum Design, located at the ICMAB-CSIC. The setup is equipped
with 9T (resolution of 0.1mT ) superconducting magnet and a helium cryostat
working precisely in the temperature range of 1.8K − 400K. The transport proper-
ties are sensed with a nano-voltmeter and a AC/DC current source (1µA−A with
a resolution of 0.1µA). Vacuum grease is used to mount the sample to the holder
in order to provide a good electrical insulation and a good thermal contact. A
thermometer is located right below the sample holder space to monitor the sample
temperature.

A.4 Superconducting Quantum Interference Device

A superconducting quantum interference device (SQUID) is a very sensitive mag-
netometer allowing the measurement of incredibly small magnetic fields. The
SQUID itself consists of a superconducting loop with one or two weak links
(Josephson junctions) in it. In short, they generate an output voltage signal, which
is a periodic function of the magnetic flux through the loop, a geometry known
as DC-SQUID. The sample is mounted inside this coil and an uniform dc-magnetic
field is applied. Once the sample is magnetized, it is moved through a set of pickup
coils. The sample displacement induces a current in the detection system which
is proportional to the variation of the magnetic flux. This signal is carried to the
SQUID sensor, where it is amplified as a voltage signal. In essence, this generated
voltage is proportional to the magnetic moment of the specimen. The described
setup is mounted in a helium cryostat to enable temperature dependent mea-
surements. Magnetization curves of LSMO and YBCO thin films were measured
at ICMAB facilities using a commercial MPMS XL-7T SQUID DC-magnetometer
(Quantum Design) equipped with a 7T superconducting coil and a helium cryostat
working in the 1.8K − 400K.
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