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Preface

To the solid ground of nature
trusts the Mind that builds for
aye.

William Woodsworth

In his seminal work on the philosophy of science "The Structure of Sci-
entific Revolutions",[1] American philosopher Thomas Kuhn introduced the
concept of the "paradigm shift". He observed that in the whole process of
science as it evolves through history, new systems of belief and understanding
of nature (paradigms) are adopted by scientists, then tested, expanded and
pushed to their limits until breaking. These significant moments where the
whole web of systems needs to shift to accommodate new understanding are,
however, exceedingly rare. For the most part, scientific activity is a labor of
puzzle solving, where the puzzle is already laid out and it is the scientists
job to find out how the piece they are holding fits in the greater picture. He
terms this "normal science".

The advent of quantum mechanics was one such paradigm shift, as was
Onnes’ discovery of electrical transport without resistance in elemental Hg[2]
(what we refer to as superconductivity) and the implementation of the semi-
conducting transistor as one of the first microelectronic components, among
many other such discoveries. Indeed, the development of superconductivity
science has already experienced another such break, with the discovery of
"high temperature" superconductivity (one of physics” great misnomers) in
cuprate oxides[3] rejuvenating the field that considered its puzzle solved,
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all the way back in 1986. We have seen new paradigms arise in the field
of electronics, with in-memory computing via memristive materials and
brain-inspired artificial neurons being currently en vogue as candidates for
components in futuristic computer systems. One may also envision new fab-
rication technologies and characterization techniques as their own paradigm
shifts, considering how they redefine the possibility space in what we can
make and study.

It is in this context that we find ourselves studying the property modula-
tion of complex oxides, trying to fit our pieces in the puzzle of modern solid
state science with its complex models of superconductivity and ferroics.[4]
We justify this research not only with pure curiosity but with the prospect
of using these materials in computing and sensing technologies of some
future paradigm that we are certain, as always, is just around the corner. In
this effort we are not disheartened by how frustratingly "normal" (in Kuhn’s
words) this science is, proudly filling in the small gaps left open by the legion
of peers doing similar things in similar materials.

I invite You, dear reader, to join us in looking at the puzzle as we push
through one more paradigm, continuing in our everlasting quest for knowl-
edge.

DID YOU KNOW THAT

HUMAN HARIR AND NAILS I'M NOT SURE YOU
ARE MADE FROM THE YEAH, I LOVE REALLY UNDERSTAND
SAME KIND OF STUFF? SCIENCE. LOVE OR SCIENCE.

RAPAIRE

YOU LOVE THE BORING
PRARTS JUST RS MUCH.
PEOPLE WHO TRULY

WHEN YOU LOVE
SOMETHING, YOU

OON'T SUST LOVE LOVE SCIENCE SPEND YOU DON'T LOVE SCIENCE,
THE EXCITING AND THEIR LIVES STUDYING YOU'RE LOOKING AT ITS
FUN PARTS... THE TEDIOUS LITTLE BUTT WHEN IT WALKS BY.
BITS AS WELL AS THE
\ BIG FLASHY FACTS. k
|
|Cyamde and Happiness Euplosm.net\
Figure 1: Comic by Kris Wilson, taken from

https:/ /explosm.net/comics/kris-same



Abstract

Complex oxides are at the heart of modern functional material developments.
In particular, the perovskite ABOj3 structure is seen in compounds used in
oxide solar cells, resistive memories, fuel cell catalysts, superconducting tapes,
quantum bits and programmable magnets, making it one of the most studied
material families. One important advantage of these systems is that their
properties may be controlled in situ to change between various electronic
states, usually by means of thermal or electric conditioning. In this thesis,
the modulation of the properties of some perovskite oxides is demonstrated
using simple electrical controls. The model material employed to this end
is [YBapCu3Oy_s5 (YBCO)|but results in ferroic manganites indicate that the
behavior might be general to the material family. We have unambiguously
demonstrated that oxygen vacancies located in the CuO chains in can
be displaced several ym scale distances through a biased diffusive process
known as selective electromigration. The rearrangement of these oxygen
chains and the change in relative concentration J, leads to a related shift
in hole carriers in the CuO; planes. The final outcome is the possibility of
tuning the numerous electronic phases displayed by this compound, all via
electric actuation. The methodologies discussed, based on current driven
oxygen diffusion in planar films, offer the advantage of easy fabrication and
control comparable to common gated sample designs that require multi-
step patterning. Reflectivity changes as a consequence of changing levels of
oxygenation in the material are used to map the evolution of the phenomenon
in real time and to validate a phenomenological [finite element method (FEM)|
model, providing adequate descriptions of the effect as it occurs in these
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practically useful materials. The understanding generated in this manner
allows for reversible resistance switching and tuning of superconducting
critical temperature T,, as demonstrated in



Résumeé

Les oxydes complexes sont au cceur du développement des matériaux fonc-
tionnels modernes. En particulier, la structure pérovskite ABO;3 se retrouve
dans des composés utilisés pour de nombreuses applications telles que les cel-
lules solaires, les mémoires résistives, les catalyseurs de piles & combustible,
les rubans supraconducteurs, les bits quantiques ou encore les aimants pro-
grammables, ce qui en fait 'une des familles de matériaux les plus étudiées.
Un des avantages majeurs de ces systemes réside dans le fait que leurs pro-
priétés physiques peuvent étre controlées in situ, permettant le passage entre
divers états électroniques, généralement par des moyens de conditionnement
thermique ou électrique. Dans cette these, la modulation des propriétés d'une
selection d’oxydes pérovskites est rendu possible en se basant uniquement
sur des controles électriques simples. La démonstration est principalement
réalisée sur un matériau modele, le mais les résultats obtenus dans les
manganites ferroiques indiquent que le comportement expérimenté pourrait
étre général a cette famille de matériaux. Nous avons démontré de maniere
non équivoque que les lacunes d’oxygene situées dans les chaines de CuO
du peuvent étre déplacées sur des distances de 1’ordre de plusieurs
pum grace a un processus diffusif induit par un courant électrique et connu
sous le nom d’électromigration sélective. La réorganisation de ces chaines
d’oxygene et le changement de concentration relative J, provoque le déplace-
ment des trous porteurs de charge dans les plans de CuO,. Par conséquent,
le résultat final est la capacité de sélectionner 1'une des nombreuses phases
électroniques possible pour ce composé, le tout via une action électrique.
Les différentes méthodologies étudiées dans cette these, toutes basées sur la
diffusion d’oxygene induite par le courant électrique dans les films minces
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nanostructurés, offrent ’avantage d’une fabrication simplifiée et d"un haut
niveau de controle comparé aux dispositifs a grille couramment utilisés qui
nécessitent une nanofrabrication en plusieurs étapes. Le changement de
réflectivité, conséquence directe des niveaux d’oxygénation variables dans
le matériau, sont utilisés pour cartographier 1’évolution du phénoméne en
temps réel et pour valider un modele phénoménologique par éléments finis,
fournissant des descriptions adéquates de 'effet tel qu’il se produit dans ces
matériaux a intéréts industriels. La compréhension générée de cette technique
permet, entre autres, un changement réversible de résistance et le réglage de
la température critique supraconductrice T, comme démontré dans le
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State of The Art

Layman’s Overview: Switching Oxides

The difference between a simple bi-
nary oxide and a complex oxide (one
which includes two or more non-oxygen
ions) may seem small, but these more in-
tricate oxygen-containing crystals exhibit
more complex and fascinating physics.
Adding just one more type of atom to
the structure of an oxide crystal changes
how the crystal arranges itself, how it be-
haves magnetically and electrically, how
it vibrates and handles strain and imper-
fections. This intricacy is why complex
oxides are used to find materials that can
conduct electricity with zero resistance
at low temperatures, change their elec-
trical properties with magnets, and keep
electric charges without needing a battery,
among other exciting and useful phenom-
ena.

Some oxides are special because one
can change the amount of oxygen in them,

which changes their properties. It is pos-
sible to do this using external knobs like
electric field, temperature, or strain. Be-
cause of this tunability, oxides are ideal
for creating materials tailored to specific
applications. In this thesis, we focus on
materials whose functionalities can be
controlled with electric field and current.

The simplest feature that can be con-
trolled in this way is electrical resis-
tance, an application studied under the
moniker of resistive switching. While re-
sistive switching is not exclusive to oxides,
it is highly relevant to our discussion of
property control in these materials. In ox-
ides, this mechanism revolves around the
oxygen atoms in the crystal and the var-
ious ways they can be moved back and
fort.

In this chapter we lay the groundwork for studying electrical oxygen

doping control in functional perovskite oxides. This doping control is in its
simplest form well understood under the umbrella of resistive switching,
and is first presented in that context before we attempt a heuristic theoretical
description of the forces at play during vacancy diffusion in oxide materials,
and its parametric control. Then the necessary understanding of oxide

21



22 CHAPTER 1. STATE OF THE ART

physics is delivered, with special attention to perovskite oxides, covering
some notable examples and their functionalities and presenting arguments
for them as candidates for doping control technologies. Finally, we present
an overview of the current state of oxygen doping control in perovskites for
simple, electrical-only implementation schemes.

1.1 Introduction

Switching processes involve reversibly changing a property of interest, usu-
ally resistance R, in a device by an externally controlled parameter, such as
an electric field E or current I. Historically, these effects were first described
in disordered semiconductors[5] and simple oxides,[6, 7] with chalcogenide
glasses[8] becoming a popular research subject soon after. Connecting a verti-
cal stack of such material between two electrodes in a simple two-terminal
device produces systems[9] with "memory",[10] meaning their resistance de-
pends on the history of applied electrical controls. This application positions
resistive switching at the forefront of future non-volatile memory technolo-
gies.[11] Additionally, systems with more than just binary ON and OFF states,
known as multi-state devices, allow for the integration of logic and memory
functionalities within a circuit. This is referred to as the in-memory com-
puting paradigm.[12] Such systems bypass the von Neumann performance
bottleneck of classical computing, a theoretical limit to computation efficiency
due to the separation of logic and memory.

Inspired by living brains (biomimicry), ongoing efforts are aimed at devel-
oping artificial neurons using these systems, a field known as neuromorphic
computing.[13-15] This is made possible by addressing the state of the device
in situ, which can be used to tune the response of such an artificial neuron
to stimuli. This is an ideal technology to address the demands of special-
ized circuitry for machine learning - a matrix of such neurons can serve as
the hardware equivalent of the weight nodes in a model during training
or operation. While fabrication and application of these systems remains
nascent, a clear interest in the market exists for application-specific
systems to service machine-learning systems.[16] In cases where
other properties are modulated in addition to R, similar devices can function
as programmable photo-detectors, micro-electromechanical machinery, or
components in advanced quantum computing systems.[10, [17]
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1.2 Classification and Mechanism

Several classifications of resistive switching are reported in literature,[18,
19] with the distinction criteria to highlight here being switching polarity
(unipolar and bipolar systems), and number of states (binary and multi-state
systems). Bipolar and unipolar resistive switching are illustrated in Fig[I.1{a)
and Fig[I.1[b), respectively, through IV curves. Such curves show the current
for a given voltage drive in the device, and their slope is the device resistance.
Both (a) and (b) include an initial forming step where the driving mechanism
is somehow initialized, and which has a starting resistance state different
from the working low resistance state of the device in operation. These
devices differ in whether the reset control must be applied in the opposite
polarity of the original set control (bipolar), or if the system is set and reset
without changing polarity (unipolar). Unipolar mechanisms are indicative
of more thermally controlled processes, while bipolar switches tend to be
determined by the charged nature of carriers and ions in the material.

a) I b) I‘ d ¢

Resety,

Figure 1.1: Characteristic IV behavior in devices displaying resistive switch-
ing. Bipolar resistive switching (a) is shown in devices where the polarity
of the electrical stimulation is important, while devices where the effect is
primarily thermally driven show unipolar resistive switching (b). Both of
these cases (a,b) are shown as having an initial forming step in which the
given switching mechanism is set (gray dash-dotted line), e.g. the initial
crystallization of phase-change material or the formation of the filament
channels in a metallization cell. These devices are binary switches that only
have one ON and one OFF state accessible in operation. (c) An idealized
switching oxide[20-23] IV, where the positively charged oxygen vacancies
Vé+ move in response to an electric field and control the resistance in the
material. The dark-to-bright shadings show the effect of sweeping rate or
temperature on the IV .[24, 25] The vacancy diffusion switching mechanism
allows for multi-state memory in these devices, presumably allowing one
to select different states as a function of electrical control, as shown by the
various dashed lines in the VI curve in (d).[26]
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Fig[T.1[c) shows idealized, slightly non-linear current-voltage (IV) curves
characteristic of bipolar switching oxides,[25| 27] including functional per-
ovskite oxides, which are at the core of our review. The transparent dashed
lines illustrate the known effects of changing sweep rate or temperature on
the low resistance state, showing the accessibility of multiple states in these
devices. Their driving mechanism, understood to be centered around the
diffusion of oxygen vacancies V3", allows for multiple non-volatile resistance
states to be accessed reversibly, as illustrated by the dashed lines in Fig[T.T(d).
This latter diagram corresponds to a perovskite constriction, in a low resis-
tance state, being swept in increasing DC current[28} 29] until the electrical
control induces vacancy accumulation. This redistribution of oxygen in the
crystal locally creates a zone of higher resistance and may then be interrupted
at will, leaving the device in one of the represented high resistance states.
In view of this, we can regard oxide switches based on V3" diffusion as
multi-state switches.

Reversible resistivity change, potentially by orders of magnitude, is facili-
tated by one of the three comprehensive mechanisms illustrated in Fig[1.2]
The phase change mechanism (PCM) shown in Fig[T.2(a), wherein the switch
undergoes an amorphous-crystalline transition due to heating, is common in
chalcogenide materials. The current induced temperature rise induces the
phase change in both directions of the process. One should note that the
temperature profiles of the same device in the OFF and ON states may differ
a lot due to the changing resistance and precise process geometry, so transi-
tions at wildly different temperatures can be accessed by heating. PCM are
some of the leading candidates in terms of technological development,[30-32]
with multiple implementations as binary switches based on it having been
presented (for instance the rewriteable compact disc). These devices tend to
behave in an unipolar fashion, as the temperature of the device determines
the phase change. The second mechanism presented in Fig[T.2(b) that takes
place in metallization cells (MC), where the ions of an active electrode diffuse
into the changing material, has been implemented in numerous amorphous
or crystalline materials[33] including both binary and perovskite oxides.[34]
The limitations of such switches are in the stochastic nature of the filament
growth and their limited cyclic stability. They tend to be bipolar binary
switches, as the diffusion of metal ions depends on the polarity of the applied
tield. It should be noted that the opening and closing of the filament gap in
the insulating matrix compliments the well understood electromigrative gap
manipulation in metals.[35-37]

Vacancy diffusion (Fig{l.2c)), hugely important in complex transition
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A Reset 4 Reset

Figure 1.2: Illustration of common switching mechanisms. a) Phase-change
materials undergo a glassy transition between an ordered (ON) and a dis-
ordered (OFF) state. b) Metallization cell systems function by intercalating
metal ions in an insulating matrix, the device is in the ON state when the
filament is connected. Metal ions can come from an active electrode (olive
green) or from impurities/dopants (as in doped oxide switches). c) Metal
oxides switch as their doping is controlled by oxygen vacancy distribution
in the film - the device is ON when doped, i.e. when vacancies connect
both electrodes. Shared color code: Magenta spheres are passive electrodes,
yellow is phase-change material, green is active metal electrode, bronze is
an insulator matrix, green and gold are the oxide. d) Schematic radar graph
showing important characteristics for switching devices in computing. The
lines and circles indicate the characteristics for the four main computing
applications being studied - RAM memory, long term storage, neuromorphic
(analog) computing and logic circuits. The shaded areas represent the current
standards of the three families of switching materials in a-c). Radar graph and
device demands based on Ref., switch behavior adapted from Ref..
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metal oxides and focus of this study, is characterized by a rearrangement of
ion-vacancy pairs of the material itself,[11] thus modulating the properties
of the device under study. The correlated nature of the various physical
orders in such materials have the effect of translating oxygen concentration
and structuring into material doping. This effect is notably important in
switching the properties of perovskite oxides,[20] a family of materials that
includes some of the most exciting functionalities in modern material science.
These include, but are not limited to, superconductors, magnetoresistive and
multiferroic materials of many different compositions.[39-42]

Vacancies are in oxide materials more mobile than cations,[22]] and their
movement may lead to local accumulation that results in metal ion reduc-
tion[43]]:

O, — Vo™ +2e + 07~

Me"t + me™ — Melt=m)+

where O, is a regular site-oxygen ion, O7 ~ an interstitial one and Me is a metal.
If the metal reduction that occurs here facilitates electrical transport, as is the
case in filling the 3d band of Ti*" when switching in TiO, or SrTiOj,[44, 45] the
oxide exhibits increasingly metallic conduction due to deoxygenation by Vé+
diffusion. Note however that, some oxides, including those discussed in the
main text body, will become more resistive with increased V5+ concentrations.
Vacancy diffusion as the basis for oxide switching physics is discussed below.

All these different mechanisms have advantages and disadvantages with
respect to the varied possible applications of switching materials, as presented
in Fig[T.2(d). While complex, some important trends to note are that memory
and storage applications rely on highly non-linear IV characteristics, fast
switching speed and low energy consumption, with reliability, endurance and
retention being other very important qualities. Considering the requirements
on non-linearity and switching speed, it is to no surprise that PCM devices
have gotten further in those applications,[31] but similarly to metallization
cells,[33] do not offer the necessary multi-state functionality and have limita-
tions in endurance and retention.[38] Oxygen diffusion based systems, on the
other hand, offer exactly the sought multi-state function in addition to being
able to retain information over very long periods of time, thus garnering a
lot of favor in the search for analog computing techniques.|[14]

Oxides represent a special technological case, having a very high dielectric
constant ¢ making them favorites in the semiconducting industry for the
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production of dynamic random access memories (DRAM) or as gate insula-
tors.[46] This means that a substantial understanding of their deposition and
growth has been developed even without resistive switching effects being the
drive of that research. This gives oxides a crucial advantage over both chalco-
genide glasses and non-oxide metallization cells, in the form of a greater
willingness and lower cost for adoption in the microelectronic industry.[47]]

Beyond just resistance switching for memory cells, in-situ doping modula-
tion has further applications in device fabrication. Possibilities of applying
current and field control as compliments to standard fabrication techniques
have been demonstrated in electromigration-driven constriction thinning[48,
49] in a number of metals, including among many others Au,[50], Nb[37,
51], Al[36] and alloys.[52] In these materials the strong momentum transfer
from charge carriers to lattice ions causes atomic drift, a mechanism known
as electromigration. This displacement of mass creates voids and hillocks
(and heat) in the structure along the direction of carrier momentum and
is a common failure point and a long standing concern in microconductor
design, but it can be harnessed for purposeful creation of nanogaps, and
other structural modifications.[53] In its simplest form, a nanogap can act
as a bipolar binary switch, or can be used as building blocks in molecular
electronics and nanophotonics. Ion drift in an ionic compound induced
by similar electromigration effects[54} 55] is thus selective, as the increased
mobility of one atomic species in the crystal causes its movement to be pre-
ferred. Through this approach, it is possible to devise techniques to apply
high current densities to oxide structures with the objective to modulate their
doping, as we create accumulation and depletion zones for ng’ while the
remaining crystal retains one, albeit non-stoichiometric phase.

Compound material studies depend on growing our understanding of
their phase diagram, which traditionally requires fabrication of many dif-
ferent samples with different compositions in comparable conditions. This
method presents a severe limitation in terms of workload for any individual
research effort and is prone to problems as individual sample batches may
be non-comparable and thus may obscure important features of the material
study. More modern approaches include fabricating materials with inbuilt
composition spread (combinatorial studies)[56, 57], but the notion of using in
situ modification methods has great promise in supplementing these works.
Doping modulation in switching oxides, as shown in Fig[1.1(d)., where one
uses electrical stimulation to change the material’s resistance only to the
desired extent before performing a measurement or characterization. In the
example the drive is by current I. The steps can then be repeated, allowing
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one to potentially measure a whole material phase diagram on a single de-
vice. In fact, pioneering studies following this approach have already been
presented in perovskite materials.[58, 59]

1.2.1 Vacancy Diffusion

The dynamics of the switching processes observed in perovskite oxides, [60,
61] more than in other oxides,[62] hinges on the diffusion of V2, and we
will thus be interested in formalizing it. For a mathematical treatment of the
flux of V3" in an oxide on a macroscopic level, we may utilize Fick’s laws[63)]
of diffusion:

Jy = —DyVey (1.1)
%V _ . (DV 12
o ( cv) (1.2)

with [y [m™2s7!] as the vector flux and cy [m~3] the concentration of the
vacancies in the crystal. The diffusion coefficient Dy [m2?s~1] is a tensor
whose value depends on a preexponential factor D7, and temperature T [K]
as per:

Dy (T) = Dy exp <;BE;) (1.3)

for kg [JK~!] being the Boltzmann constant and E, [J] is the activation energy
of diffusion. T [K] is temperature. Considering that for every diffusing V3"
there must be a diffusing O atom Docp = Dycy, and that the solid solution
is very dilute in terms of vacancies ny ~ % < 1, co being the oxygen
concentration, we observe:

Do = DvY ~ Dyny (1.4)
co

From here one can see that the diffusivity will necessarily be larger for
vacancies and that their mean displacements will be orders of magnitude
larger than atoms. Dy depends only on temperature as long as we consider
the solution dilute.

One should consider all forces acting on V(%J“ as possible sources of [y in
order to fully implement Eq[I.1} Local differences in heat or strain and other
parameters may contribute, as illustrated in the Tab

Taking all this into account, one may formulate[68] a more complete
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Box 1.1: Electromigration: What is the effective valence Z*?

In an effect similar to erosion of wa-
terways through flowing water, electrical
conductors can be affected by the electric
current they carry through electromigra-
tion (EM). The phenomenon is seen in
ionic diffusion occurring due to momen-
tum transfer between charge carrier and
lattice ions. The principal motivator for
the study of this effect is the fact that it
is a major failure mechanism in micro-
electronics,[64] as even small current den-
sities may incur void formation or mass
accumulation under prolonged operation.
More recently, however, the effect is stud-
ied as a method for manufacturing ex-
tremely thin (atomic scale) constrictions
and nanogaps.[53]

A microscopic description of the phe-
nomenon is given by considering the
forces acting on a charged particle (ion)
in a crystal lattice, as per:

F=Fy+F; = (Zy — Zy)eE = Z*¢E

for e the electron charge, E the electric
field and the difference of Z; and Z, de-
scribing the effective valence Z* being
acted on by the electrostatic force. Here
Z, is the proportionality constant for the
wind force Fy, and represents the momen-
tum transfer between carrier and defect,
while Z, is the same for the direct force
F; originating from the electrostatic in-
teraction, including the screening of the
ion.[65] In the case of a common metal
that is a cation in a crystal (Au, Al, Ag...)
Fy and F; oppose each other and F, is
dominant resulting in a mass transfer
along the direction of the current flow. It
is, however, possible to find Z, to be neg-
ative, especially for impurities in metallic
matrices. Some numerical results can be
found in Ref.[66].

Conclusive models of either force (Fy,
and F;) are hard to come by, but numer-
ous proposals have been put forward, in-
cluding some that treat them in unison.

For an individual treatment of F,, a sim-
ple entry level model for metals can be
constructed by considering the interaction
between the electron and a cation defect
or vacancy in the crystal lattice. Drawing
a classical picture, the momentum trans-
fer rate is equal to mv;/T; where m is the
mass of the charge carrier, v; the drift
velocity and 7; the collision time for elec-
trons scattering at an impurity. By intro-
ducing the densities of carriers n and de-
fects N; we can express the wind force Fy,
as a function of the current density j as:

-

np;
= = —e—LLE
w ETiNi ¢

N

where p = E/j is the total resistivity and
pi = m/(ne*t;) the resistivity originating
from the defects. Other approaches have
produced self-consistent definitions for F,
from the electron wavefunction, but we
will point to literature[53] for this treat-
ment in the interest of brevity.

It is important to note at this point
that the wind force varies dramatically
for various atomic positions in the lattice,
with atoms on grain boundaries, surfaces
and other positions with lowered binding
energies having an easier time moving.

The direct force used to be treated as
the simple electrostatic force F; = ZeE
(for Z the charge of the ion), but screen-
ing effects add layers of complexity on
this definition. A modern definition in-
cludes the screening effects, manifested in
an increase in carrier density in vicinity
of an impurity, by combining the electro-
static force and electron non-equilibrium
states in a Boltzmann equation:

P ZeE
47 1+ (1/3)pAn/ng

with An is the local increase in carrier den-
sity due to the impurity, ny the average
carrier density and B is a parameter of
order unity.
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Table 1.1: Overview of vacancy diffusion effects.[67] ¢ is the strain.

| Driving Force | Diffusion Gradient | Example |
Electromigration VE IC| failure
Thermomigration VT Soret effect
Chemical diffusion Ve Kirkendall effect
Strain Vo Diffusion creep

expression for the vacancy flux as:

J, = —Dy ( Iiz VE + Vey + ¢y I{BQ Vo —cy kQTZVT> (1.5)
Here e is the elemental charge and Z* is the effective valence,[48| |69] repre-
senting the momentum exchange interaction between the charge carriers and
the ions in the lattice. The meaning of this variable is discussed in Box[I.1} f
is the adimensional vacancy relaxation factor (corresponding to the fraction of
the atomic volume occupied by the vacancy, 0<f<1), Q) is the atomic volume
[m~3] and Q* is the heat of transport [J].

An illustration of the electrically-driven to thermally-driven diffusion in
the terms in Eq[I.5]is given in Fig[l.3] In this work the full extent of this
equation is not modeled, both because of computational intensity as well as
because occasions where all forces play a major role are seldom. Electrical
doping control in perovskite oxides will be based on those diffusion processes
of V3" that are controlled by the first term —cy % i TVE

] ﬁ ‘_J
I electrostatic e]ectromlgrauon
diffusion
- BZ*
] V=" D V CVk T

I 4_5Iectr1cally

riven

Figure 1.3: Illustration of the relative thermal and/or electr1ca1 influences on
the free energy of diffusion G. x is the position of an ion. [19, [70]

Chemical diffusion, described in Eq[1.5 through the gradient Vcy, refers
to diffusion due to local concentration inhomogeneities of the species in
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the same manner one may observe it in gaseous or liquid solutions. This
diffusive force is thus a minor contribution in well homogenized samples.
Under the effect of the interaction energy in the crystal lattice coming from
local strain or lattice mismatch, a species may diffuse as described by the
strain-induced diffusion term CVI{B%V(T. This effect is notable, naturally,
in samples with severe internal strain or great external pressure. Finally,
thermomigration Cv%VT refers to that atomic movement affected by local
temperature differences, and can be avoided in samples with homogeneous
heat transfer.

Limiting ourselves to the electrically controlled term in the described
diffusion process, we may choose to combine Eq[1.5| with Fick’s law in Eq[1.2]
and macroscopically describe electrically induced oxygen vacancy diffusion
as:

aacil}/ =V (DVvCV + CV{EZ*%:VV) (1.6)

As we will show ahead in this thesis, this dependence has been successfully
applied for describing both electric field[71] and current[72] driven vacancy
diffusion and has been translated into empirical models of property control in
both superconducting cuprate and magnetoresistive manganate samples.[73]
Notably, it has been shown to be fully sufficient to describe experimentally
observed oxygenation maps in current switching samples.[74]

Vacancy diffusion in oxide materials has been under intensive study,[75]
and one may find both empirical models[60, 76] and full microscopic de-
scriptions of the effect in literature.[43] It is crucial to apply proper care in
selecting the diffusion model and customize it, as not only electrical,[77] but
also heat transport[78|] and strain[79] effects may become relevant at times.

1.3 Doping Control in Transition Metal Oxides: A Fam-
ily Picture

Mathematical description of insulating oxide transport behavior was one
of the driving forces in the development of correlated electron models of
conduction.[80] Before this, the distinction between insulating and conducting
materials was made by considering the highest occupied band in the structure.
Conductors have unfilled bands, and insulators have filled bands, with the
Fermi level lying in a band for conductors and in the gap for insulators. Pure
metals, alloys, and other conductive crystals were described by conduction
models based on non-interacting charge carriers on a periodic lattice. These
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models, developed by Drude, Bloch, and Sommerfeld, allowed scientists to
predict semiconductors more than a decade before Shockley and his team
at Bell Labs presented the first transistor. Materials with small gaps were
expected to be conductors at sufficiently high temperatures.[81]

However, these descriptions ran short when considering the electrical
nature of transition metal oxides.[82] The non-interacting electron models
did not provide satisfactory explanations for materials with overlapping
orbitals.[83]] To address this, conduction models based on electron-electron
interactions, also known as correlations, were introduced by Mott[84] and
then developed further by Hubbard[85] and others.[83| 86] Such compounds
generally have a set of filled low lying orbitals and a set of half-full, commonly
degenerate,[81]] hybrid orbitals near the Fermi surface. The hybrid orbitals
arise from the interaction of metal d-orbitals and the oxygen p-orbitals. Their
conductivity is limited as a function of the exact position of their Fermi surface
which in turn, is controlled by their doping. Because of these correlations
the material exhibits transitions between conductive and insulating states,
so called metal-to-insulator transitions (MIT). Correlated models explain
the MIT[81, 87, |88] and cuprate superconductivity[89, 90|, centering on
electron-electron and electron-phonon correlations, and we now understand
the importance of the interplay of magnetic, structural and electrical orders
in all oxide properties. Pioneering work in recording the metal-insulator
transitions in oxides has begun in the first half of the 20th century,[91] and
continues to this day. Currently, a substantial effort is put in studying
the metal-to-insulator and superconductor-to-insulator transitions (SIT) in
complex oxides as a function of not only temperature,[92] but strain,[93} 94]
pressure,[95] doping,[96] optical excitation[97, 98] and electrical stimulus.[99,
100] These reversible transitions in the electronic and structural phases of the
material present a natural opportunity for study and application in resistive
switching.

Initially, oxides as electrically switching materials were studied in the
context of negative differential resistance[23] in oxides of metals commonly
used as complementary metal-oxide semiconductor (CMOS) gates (Al, Ti,
Nb, Ta, Zr). In these materials one could observe a drop in current increasing
voltage, for voltages above a certain threshold,[6, 101] the same feature that
is illustrated by the vertical drops in Fig[T.Tk). Researchers covering the topic
provide the initial explanations in terms of space-charge effects at the metal-
oxide interface,[102] or in terms of avalanche-like effects, where initial charge
injection close to the electrode causes further field amplification and therefore
even further charge injection. While this interpretation still rings true for
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numerous oxide systems experiencing a threshold switching effect,[103,
it does not cover all switching behaviors experienced in oxides. Further
studies[[11} 41] have then expanded the observations to a very wide family of
oxide materials, forcing the conclusion that the effect may be more structural
than purely electronic.

The presence of electrons in hybrid (Hubbard) bands determines the
conductivity of these oxide materials,[80] creating a self-doping system[104]
in the crystal centered around the presence of V(%Jr. Continuing the analogy
to semiconductor physics, we thus may choose to consider the oxygen content
of an oxide to represent its doping.As is shown for functional, often complex
oxides below, this doping may control more than just the resistivity of the
material as all oxide functionalities (ferroelectricity, magnetoresistance, optical
behavior, magnetic and superconducting transitions) depend on the values of
this doping.[105] It has been shown, for instance, that doping can induce solid-
solid phase transitions[[106] and tune the optical gap[107] properties of VO,.

1.3.1 Simple Transition Metal
Oxides

The key features[11] of oxides that
show a tendency to switch between
multiple electronic states are mixed-
valence metal ions and mobile oxy-
gen vacancies. Both of these features
are most prominent in transition met-
als. Their d-shell electrons allow mul-
tiple oxidation states of the same el- at% O

ement and lower the bond strength Figure 1.4: Generic oxide phase dia-

of their Me-O bonds compared to gram in terms of atomic percentage
more metallic elements ln Compara— Of Oxygen' The phase diagram j_n-
ble compounds.[108] An excellent ex- cludes an eutectic point and a melt-
ample of this is VOz -Vis a5t ing line is indicated. The Me-O seg-

group element with outer shell struc- Ment with the gradual coloring repre-
ture [Ar]3d®4s2. The metal may take sents the metal-oxygen solid solution.
: y Recreated from Ref.[19].

on oxidation states +2, +3, +4, +5 al-
lowing for a great number of phases in
the VO, phase diagram as a function
of oxygen content.[102, The element effectively has an easy time coor-
dinating with varying numbers of oxygen ions (and V3"), and the reduced

Temperature
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energy cost of restructuring facilitates the necessary anion diffusion.

Considering the phase diagrams of many such materials in terms of
distinct phases of stoichiometric composition is probably inaccurate, due
to numerous local defects and changes in crystal structure (see Box[I.2).
Depending on the composition change, we may consider four kinds of
defects[111] that facilitate non-stoichiometric[41, (112, |113] behavior: i. oxygen
vacancies V(%+ for easily reduced cations, (e.g. PrO,_, and CeO,_,), ii.
interstitial oxygen O" for easily oxidized ones (UO,,) iii. metal vacancies
Vy also with easily oxidized metal ions (e.g. Fe;,O, Mn;_,O and Co;_,0),
and iv. interstitial metal, which follows V]\”jf. A better illustration of such
metal oxide phase diagrams is presented in Fig[l.4] where the extremes in
composition are the metal on the left and its highest oxidation state oxide on
the right, with a solid oxygen solution describing most of the central part
of the diagram. These materials conserve charge neutrality either through
coupled defect pairs of opposite charge, or by changing the valence of the
transition metals in the structure.

Other binary transition metal oxides have been studied under the auspice
of resistance switching, with some notable examples being indicated by the
red vertical bands in Fig[l.5| Note that the behavior is common among
lighter transition metals and only the heavier group 4 and 5 elements. These
elements have less-than-half filled d-orbitals, which hybridize with oxygen
p-orbitals to form hybrid bands and are easily doped by vacancies. The
prevalence of the effect in heavier elements is easily explained by the weaker
bonding of the electrons in their atoms as they belong to less energetic, better
shielded outer shells. Resistive switching in binary oxides, such as TiO»,[9,
114, |115], CoO«[116], VO,[15] and HfO,[117] is a common topic, and much
literature exists summarizing the findings.[118]]

1.3.2 Perovskite Oxides

We narrow our attention to perovskites, some of the most functionally iconic
complex oxides.[119] Complex oxide here indicates that the material has
two or more cations in the structure, and the family is so named for sharing
its structure with a mineral form of calcium titanate. The perovskite ABO3
structure is shown above the periodic table in Fig[1.5/[80} 120, 121] The A-site
cation is a large, fully ionized metal and the B-site cation is the crucial, smaller
cation forming hybridized orbitals with the oxygen atoms on the edges of the
unit cell. The structure, with the parent compound BaTiO3 (a cubic crystal),
usually takes either an orthogonal or tetrahedral form,[120] and can feature
mixed valence cations of great variety[[122] and mobile Vé*.[75, 123, [124] The
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Figure 1.5: Switching oxides distributed across the periodic system. Alkaline
metals and non-metals of little relevance are grayed out. Metals that have
binary switching oxides are indicated by red vertical lines. A-site cations in
perovskite oxides are indicated by the green horizontal zig-zag lines, while
B-site cations are shown with golden waves. Additional symbols indicate the
functionalities present in a any given family of perovskites based on their
B-site cations.[80] The parent structure of the perovskite family is shown in
the bottom left, the sizes represent ionic radii.

B-site cation function can be filled by all period 3 transition metals considering
their available oxidation states and similar sizes, with some examples found
in period 4. The A-cation is usually a heavier metal set lower and more left
in the periodic table, with either the heavy earth-alkaline, early lanthanoid
or, more rarely, heavy post transition metals filling the position. Common
perovskite cations are indicated in Fig[I.5 with the semi-transparent overlays
on the elements. Yellow waves and green ramps for B-site and A-site cations,
respectively. Limiting our consideration to the cations in the oxide, we may
say that the B-site cation controls the functionality physics of the material
family and the selection of A-site tunes them.

Strong electronic correlation[[125-127] effects result in a changing valence
state of the crystal ions in such materials as they undergo charge injection,
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Box 1.2: Crystal Defects in Oxides

No crystal is perfect, and the differ-
ences from ideal periodicity are called
crystal defects. They are a natural conse-
quence of growth conditions and the pres-
ence of impurities during crystal growth.
Defects can have profound effects on the
properties of any material. The whole
semiconductor industry is built on the
idea of influencing the properties of semi-
conducting crystals through inclusion
of impurity phases, and the concept of
"monocrystals” is defined by the avoid-
ance of granular changes in growth direc-
tion of a crystal. Oxides are no exception
to the presence of defects, as illustrated in
the figure below.
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In non-stoichiometric crystals, some de-
fects allow the material composition to
vary greatly (see main text). However, the
term defect also includes the presence of

elements foreign to the compound itself
and departure from the crystal periodicity.
The defects, illustrated in the figure, are:

1) Grain boundaries are planes along
which the crystal changes orientation of
its periodicity. Each area of fixed orienta-
tion is considered a grain, and it is often
advantageous to grow crystals with fewer
grains if one aims to study purely the
properties of the crystal itself.

2) If the crystal includes an irregular-
ity in its periodic structure, like a sudden
change of direction in the organization of
the crystals which strains the surrounding
crystal that is considered a dislocation.

3) & 4) Certain crystal positions may
be left vacant during crystal growth due
to a number of reasons, including lack of
appropriate atoms. In oxides, these va-
cancies include oxygen vacancies VZO+ 3)

and metal vacancies VXZ (4).

5) & 6) Elements of similar charge
and ionic radii can be substituted for each
other in crystals. These defects include
anion substitutions (5) and cation substi-
tutions (6).

7) & 8) It is possible for small
amounts of ions or atoms to be "locked"
in the crystal outside of the common equi-
librium positions in the crystal lattice, at
the cost of strain in the material. These
inclusions are usually referred to as inter-
stitial oxygen (7) and interstitial metal
(8).

subsequently changing the carrier density and resulting in Mott-type MIT.[34]
This change of metal valence tends to be accompanied by a restructuring[128]
of the crystal across its nonstoichiometric composition and a consequent
modulation of various functionalities.[39] Common special functions of the
oxides are indicated in Fig[l.5| with the corresponding B-site cations with
whom they appear.

Notable examples of particular interest in the framework of our research
include the ferroelectric ferrates and titanates akin to @[129] high criti-
cal temperature superconductors like YBa;CuzOy_; (YBCO)[42] and related
compounds and Laj_,SryMnO; (LSMO)[40, [130] representing the magne-
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toresistive manganites. Closer inspection of their functionalities, electronic
phases, and structural features provides insight[41] in the importance of the
various correlations of these oxides.

STO|is a perovskite noted for its ferroelectric[131] and piezoelectric[132,
133] behavior. Its tetragonal, low temperature phase retains a spontaneous
dipole as a consequence of applied electric field, while the high-temperature
cubic form does not. It is in common use in solid state laboratories as one of
the main epitaxial substrates for perovskite growth, together with
Oxygen defect structuring[44) 45, [134H136] has been well understood
to be key to resistive switching and to fine-tuning the oxygen diffusivity[137]
and the ferroelectric response of the material. Additionally, doping control by
cation substitution, interstitial metal and other impurities has been studied
in-depth in this material facilitated by its well understood growth parameters
and use in epitaxial deposition of other perovskites.[34, [138]

represents manganate perovskites and is also a product of system-
atic cation substitution studies tuning its properties. It is common wisdom
in recent times that x = 0.3 gives a material with the highest magnetiza-
tion.[139] The phase diagram in Fig[l.6(a) is a schematic representation of
the various phases of as a function of x.[139] The doping control in
is commonly achieved by tuning the ratio of earth-alkaline to rare
earth cations, although high V3" mobility has been observed to control it
on its own vector.[140, 141] The inset shows a ball-and-stick representation
of the tetragonal unit cell. At low doping, the material is insulating,
while being metallic at higher values. The spin-canted insulator phase is one
with highly non-linear electric transport due to special topological features of
the bands. is a great example of Giant Magnetoresistance (GMR), an
extremely useful material property tunable by doping, discussed further in
Box[I.3l

The tetragonal structure shown in Fig[1.6(a),[40] is considered the
n = oo Ruddlesden-Popper phase, corresponding to (A,A’),1Mn,Os3,.1.
With decreasing n this sequence consists of an increasing number of MnO
layers intercalating between the MnO» ones, and many such compounds are
known in the manganite family. An additional layer of complexity exists in
the material family as the V3" defects form supercells in what is known as a
brownmillerite crystal.[143]

is a very popular model material for the family of cuprate super-
conductors, due to its high-T¢ and large body of literature surrounding it.
Cuprate superconductivity is expanded upon in Box[1.4 The compound
has seen use in commercial jhigh temperature superconductor (HTS)| tapes
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Figure 1.6: Generic perovskite oxide phase diagrams. a) LSMO phase diagram
as shown in Ref. as a function of x, indicative of hole doping in the
material. PI is paramagnetic insulator, PM is paramagnetic metal, CNI marks
the spin-canted insulator phase, FI the ferromagnetic insulator and FM the
ferromagnetic metal. b) Idealized phase diagram, as presented in
Ref., as a function of hole doping, a function of the deoxygenation 5. AF
is antiferromagnetic insulator, PG is the pseudogap phase, SM is the strange
metal phase, FL represents Fermi liquid and SC is the superconducting phase.
The insets represent the respective crystal structures.

and in other places where a cheap superconducting material is needed. The
structure of [YBCQ|is discussed in Box[I.5, and its phase diagram is shown in
FiglT.6b) as a function of the doping x.

The doping value x in Fig) is reflective of the value of J, the deoxy-
genation.[154] Both in terms of oxygen exchanged with the environment[155]
as in samples with varying oxygenation levels,[58, the resistivity p and
the T¢ strongly couple to oxygen content in the material. An orthorhombic-
to-tetragonal transition that corresponds with a decrease in metallic character
is observed as ¢ approaches 0.45. Optimal doping for the material (T, = 93
K) is observed for 6 = 0.05. Underdoped in the pseudo-gap phase has
been known to be susceptible to photodoping, where the superconducting T¢
and normal state resistivity are modulated by illumination.[70, This
effect is also observed in other cuprate superconductors.[98] Additionally,
V(%J“ restructuring seems to be another phenomenon that follows after light
exposure [YBCO}[160] [161]

Structural determination[120) elucidated the interlaced perovskite-
rock salt-perovskite structure, shown in the inset of Figb) and discussed
in Box[1.5 consisting of the crystal layers:
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Box 1.3: Colossal Magnetoresistance in the Manganite Family

The resistivity of some materials de-
pends on externally applied magnetic
fields. Termed "magnetoresistance", this
effect exists at low temperature even in
metallic systems, where applied mag-
netic fields may influence the mean free
path of electrons. Giant magnetoresis-
tance (GMR), on the other hand is ob-
served in multilayers of spin-polarized
metals, where the change in resistance
is caused by field induced spin align-
ment occurring at layer interfaces. De-
vices based on this phenomenon have
already found their way to commercial
applications, but a number of technologi-
cal challenges remain. Essentially, as elec-
trons travel through the lattice of a con-
ductor, one of the causes of scattering
events is due to misalignment of the spin
states of neighboring metal ions and the
charge carriers themselves. As the spin
alignment of the ions in a latttice can be
affected by an external field, this allows
for another "knob" for property control.

Cobaltate and manganate oxides[41}
130] have the peculiar characteristic of
exhibiting magnetoresistive behavior in
single crystals and across grain bound-
aries,[142] and the amplitude of the in-
duced resistivity change has lead re-
searchers to term the effect colossal mag-
netoresistance (CMR).

In the specific case of [LSMOJ40] the
magnetic and conducting characteristics
of the material are intimately linked to
each other and to doping levels through
the spin alignment of the metal ions in
the Mn — O — Mn hybrid bonds. The d-
orbitals of the Mn ions experience elec-
trostatic repulsion from the p orbitals of
the oxygen atom and loose their degener-
acy. This band splitting causes electrons
to populate bands of lower energy which
distorts the shape of the orbitals (Jahn-
Taller distortions). Suppression of these
structural distortions (e.g. through dop-
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chain

ing, temperature or pressure) can cause
the material to drastically change behav-
ior, for example by exhibiting a [metal]
[insulator transition (MIT)| or changing
from ferromagnetic to antiferromagnetic
ordering (see Fig[T.6).

The electronic structure of mangan-
ites is intricate. Mn ions can exist in the
+4 or +3 states and the metal is overall
reduced with deoxygenation. If two Mn
ions connected via an O ion have antipar-
allel spin alignment, electron transfer can
only occur via a superexchange mecha-
nism (electron changes spin orientation
during the transfer), and the material be-
haves as a covalent, insulating crystal as
is the case for LaMnO3 and SrtMnOg3. By
mixing the cation ratios in (dop-
ing) we induce a mixed valence state of
the Mn ions. One can then consider con-
duction in such manganites by imagining
a crystal section of structure Mn - O —Mn
in transport:

2- 4+
O —Mn

3+ 4+  2— 34
1 : Mn — P2 : Mn — O —Mn

The two states ¢ and ¢, are de-
generate and commutable via a double-
exchange matrix element. Because of
Hund rule coupling of the two metal ions
of different valence this matrix only has
finite values if the metal ions transfer-
ring electrons via the non-magnetic oxy-
gen have aligned spin states. This mech-
anism allows for metallic transport in
the ferro- or paramagnetic com-
pound and is different from superex-
change mechanisms seen in the simpler
manganites.[125] As we can align the
spin states of the Mn ions by external
field, we may observe magnetoresistance.
A review of the history of the double-
exchange and later, more sophisticated
models is given by Salamon and Jaime in
Ref.[40].

3 43 +2
Y - CuO; - BaO -]

plane
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Box 1.4: High T Superconductivity in Cuprates

High critical temperature T super-
conductivity has been first observed in
cuprate perovskites in 1986 by Bednorz
and Miiller,[3] for which they shared a No-
bel prize. They were not the first oxides
with zero resistance transport and perfect
diamagnetism, the hallmarks of supercon-
ductivity, as that honor goes to spinel ti-
tanates with T¢’s below 15 K.[144] The ini-
tial barium-copper-oxide perovskites al-
ready broke the previous theoretical max-
imum T¢ of 30 K.[145] The [YBCO]system
would become well known for its 93 K
superconducting transition,[146] a firm
16 K above the boiling point of nitrogen,
and today we know of other cuprate per-
ovskites[147] with T¢’s up to 130 K under
atmospheric pressure.[143]

The [YBCO|phase diagram is approx-
imated in Fig|l.6b), and one should note

tween the low doping, insulating an-
tiferromagnetic phase and the semi-
metallic/metallic regions of differing elec-
tronic descriptions. This amazing com-
plexity has long been a nexus of research
in the solid state community,[42] show-
ing the tight linkage between oxygena-
tion and doping in these materials. In
the briefest, low doping exhibits
numerous symmetry breaking behaviors,
described as the pseudo-gap region,[149,
150] including charge-, spin- and pair-
fluctuations as the temperature is lowered.
It is more metallic with increased doping,
where it is well described by Fermi liquid
models.

The microscopic carrier coupling
mechanism that gives rise to cuprate su-
perconductivity has not been elucidated
yet and is a matter of active investigation.

the superconducting dome nested be-

The assigned oxidation states correspond to oxygen rich[YBCO|as reported
in literature.[122] The structure is shown in the inset of FiglI.g(b), for the
superconducting, highly oxygenated[152] orthorhombic form of the mate-
rial.[120, [121] It should be noted that there are two distinct positions for the
Cu atoms to take, the basal Cu-O chains and the equatorial CuO, planes.
These features are common to all cuprate superconductors,[120] and it is
understood in literature that the superconducting Cooper pairs are localized
in the plane, while the copper-oxygen chain function as charge reservoir
layers.[162] The formal valence of the cations in the structure is indicated in
the chain above, and one should consider the values for the copper ions a
functions of 4.

Transport in is known to be highly anisotropic,[163, [164] with ~
60% of the normal state conduction happening along the Cu-O chains.[165]
This is understood as a consequence of the layered structure of the material
and the electronic distinction of the layers. Cuprate superconductors are hole
conductors in the normal state,[166] with the holes primarily existing in the
chains and from there modulating the state of the electrons in the plane layer.
The O(4) oxygen on the [0,0,1/2] position (apical oxygen) is then the link
between these two distinct parts of the crystal.

Perovskites have highly mobile V3"[43, 167, 168] whose diffusivity de-
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Box 1.5: Structure of YBCO|

[YBCO] is among the most studied
early cuprate superconductors,[120, 121,
151} 152] being one of the first ones with
a Tc above N> boiling temperature. The
compound has an interlaced perovskite-
rock salt-perovskite structure as illus-
trated above (see Fig[T.g for color code).
The perovskite section are the basal re-
gions with the Y atoms surrounded by
(reduced) copper-oxygen tetrahedra, and
the rock salt form is seen in the central Ba
atom with copper-oxygen pyramids sur-
rounding it.

It is now accepted in literature that
[YBCO|occurs in two crystallographic sym-
metries, depending on the level of oxy-
gen content: orthorhombic for low § (a #
b # ¢, space group Pmmm) and tetrago-
nal for high 6 (a = b # ¢, space group
P4/mmm). The orthorhombic, well oxy-
genated form is the superconducting one
and corresponds to compositions with ¢
below ~0.65. Both forms of YBCO are
illustrated in the figure above, and the
values of their cell parameters[121] are
listed in the table below.

| a[A] | b[A] | c[A]

o~0 382 | 3.88 | 11.68
6~045 | 3.83 | 388 | 11.72
6~ 0.66 | 3.86 =a | 11.77

The oxygen atoms can be described
as having distinguished functions in the

S
ZS

(+2,+3)
CuO

) twinning
chains

plane

crystal and are labeled according to Jor-
gensen et al.[121] While both structures
include the CuO» planes that contain O(2)
and O(3), they are distinguished in the or-
thorhombic (low J) form as hosting the su-
perconducting Cooper pairs in the struc-
ture. This is a common feature of all su-
perconducting cuprates.[120] The apical
O(4) atom facilitates charge transfer from
the basal Cu-O layer in the orthorhom-
bic form, a function that is suppressed in
the tetragonal crystal due to weaker Cu-
O(4) interactions. In fact, it is this charge
transfer that allows doping of the CuO»
planes with holes from the CuO chains,
which is key to both normal and supercon-
ductivity.[153] It has been shown that in
approach of the orthorhombic-tetragonal
transition (as ¢ increases) the site occu-
pancy of O(1) drops while the [1/2,0,0]
position becomes increasingly populated,
indicating a clear preference of Vé"‘ to the
CuO chains over the CuO; planes.

A common headache in character-
izing the notoriously anisotropic
crystal is its tendency to formation of
twinning planes, that is crystallographic
defect planes along which the a and b
cell directions flip. The anisotropicity has
been characterized over the years (see
main text) and today we have growth tech-
niques which allow one to grow nearly
untwinned films by means of substrate-
induced anisotropic strain.
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pends on oxygen non-stoichiometry[169, 170] and A-site cation.[171] Diffusion
of V(%+ is thus a prime target for research and nanofabrication efforts,[172]]
especially in a material as potentially useful as a high-T- superconduc-
tor. Similar to how the electronic transport is anisotropic in with
Pa» < pc, previous work has confirmed a diffusivity Dy of V3" much larger
in the ab plane Dy, (V3") > Dc(V3"), with a preference for the b direction
Dy(V5") > Da(V51).[173] This can be approximated as being a consequence
of the channeling through the [1/2,0,0] positions.[174] This position is usually
filled in the perovskite ABOjs structure, and the vacant slot in cuprate super-
conductors is key to many of its properties.[175] The distinction between a
and b values of either p or D are hard to distinguish due to the similarity
of these cell parameters for While the crystal is orthorhombic in its
most interesting, superconducting phase, the distinction between the two cell
parameters is very small (see Box[1.5, ~0.3%). This allows the crystal to form
twinning planes during growth. These planes then delineate areas where
adjoining regions turn by 90°.

Furthermore, one should consider that strain[[176]] and dislocations in the
structure may affect V5" mobility in these materials. Fortunately, this may
also be useful as it allows one to align certain perovskites, like and
its Cu-O chains, along substrate terrace edges on substrates of certain cell
parameters with proper chemical treatment.[177] Using this approach, one
may create films and crystals that strongly disfavor twinning, allowing
for better detection of physical properties. This feature is utilized for the
work presented in Ch[j|

The microscopic origin of the resistance switching behavior in perovskites
remains a contentious topic. Different mechanisms have been used to work
out the minutiae of the origin of the changing p and Table [1.2]is a selected
overview of these effects from the larger discussion of switching mechanisms
by Bagdzevicius et al.[104] Specifically ferroelectric materials like ferrates[78,
178] are well described by invoking a depletion region originating from
charge injection into the material.[179] Flipping the polarization of the fer-
roelectric causes a reversal of the positions of the depletion region and the
associated band distortions in respect to the electrodes, being referred to as
Schottky-type metal-semiconductor interfaces. This allows for diode behavior,
specifically by making one electrode metallic and the other semi-metallic or
insulating. Space-charge-limiting is a band conductivity model[180] built
around charge injection from metal into an insulating layer, built around the
introduction of trap levels in the energy bands in such systems, which may
originate from dopants or defects (including Vé*). This model has seen some
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success in describing the conductivity of some doped perovskite switches
supported by the influence of choice of metal for the electrode.[181] Filament
growth mechanisms additionally present valid models for the switching of
certain systems,[182] especially certain doped perovskites in which the set
and reset voltages do not depend on polarity. For thin films of several unit cell
thickness, it has been demonstrated[183] that purely electronic mechanisms
may explain switching tunneling resistance through ferroelectric films.[184]

For more complex perovskites we observe a tendency to invoke vacancy
diffusion directly or through its implied doping effects. There are solid
studies in the La;_,(5r,Ca),MnOj3 system that support ionic displacement
of both cations and anions,[185] but the diffusion of V(2)+ remains of central
concern.[186] Switching in superconducting cuprates is starting to become
more common, but devices presented so far had low OFF/ON ratios and
slow writing speeds compared to manganites, although remaining a viable
testing ground|[24] for the V3* induced redox mechanisms in the perovskite
family. devices are being studied more intently recently and have
a special place in the modulation of the superconducting transition of the
oxide.

Vacancy diffusion yet remains the principal feature of switching oxides
in many systems. It is especially important for systems with no metal
diffusion from the electrode and no oxygen exchange between layers in some
heterostructure where all of the change is kept internal. We will then address
a number of such studies done in recent years in the section below in order to
properly introduce the great promise of simple electrical controls in functional
perovskites.

1.4 Field-Induced and Current-Induced Vacancy Diffu-
sion

Oxygen diffusion may be electrically induced in perovskites both by very
large current densities j and electric fields E using appropriate sample design.
To achieve very high j, a device needs to be fabricated in such a way that
its source-drain channel includes a constriction. This is easily achieved by
standard patterning techniques, but large j can also be achieved through
electron impingement in a [scanning electron microscopy (SEM)| or [scanning]
transmission electron microscopy (STEM)|setups, as well as with conductive
atomic force microscope (cAFM) tips. Elevated E is, on the other hand,
commonly achieved using gating, with a wide array of possible switching
material-gate stacks being reported in literature.
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Table 1.2: Perovskite oxide switch implementations and associated switching

mechanisms.[104]
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With the understanding of both the physics of the observed processes and
the material family we are considering, we will present an overview of some
reported doping control measurements from literature. The examples are
summarized in Table[I.3] We will limit our view to experiments that aim to
control the doping by either current or field, and focus on those examples
where vacancy diffusion is well attested.

Field induced doping control draws from a long tradition of semiconduct-
ing gated transistors. Parallel devices consisting of oxide single crystals with
metallized gates have been achieved in in the last decades.[187, [188]
Similar to TiO,,[115] has been shown to form metallized filaments by
severe electroreduction.[[189] Other studies have studied the effect in both
doped and undoped single crystals with planar and lateral electrode
geometries, reiterating the role of V(%Jr diffusion.[55] Beyond just metallic
gates, some studies have harnessed the V3" structuring effects in titanates to
induce nanosized dislocations by applying fields via cAFM tips.[190]
samples tend to be resistive, so that most switching experiments both by
larger gates and AFM tend to be described as field switching.[44]

has seen much attention due to its tunable superconductor-to-
insulator transition with possible applications in superconducting quantum
interference devices and components in quantum computing. Metallic gating
has been achieved in many configurations,[191, 192] including multiple gate
geometries with OFF/ON ratios on the order of 10%.[71] Alternative gates
implemented in films including solute electrolytes,[193] ferroelectric
films[194] and ionic liquids,[195} [196] with the last two offering good retention
performance and very high field densities in the active oxide film, respectively.
Both resistive switching and superconducting T modulation are now well
documented in as a consequence of field induced Vé* diffusion.[24]
Very high ratios OFF/ON>10° have been recently demonstrated for samples
with micrometric metallic gates,[197] indicating that effective switches might
still be possible.

Current driven switching was studied in cuprate superconductors since
their initial appearance on the stage in the 90s, with specific interest always
being given to the modulation of the superconductivity itself.[61] Particularly
the studies of Moeckly et al., originally centered on current injection via
tip[198] and later by sample constriction[199] were the first ones that
made the link between discoloration and deoxygenation which has been
elaborated upon by other authors.[72} 200] We discuss the cAFM experiments
in a current driven context here (contrast to the discussion in simply
because of the lower resistivity of the material. Oxygen depleted is
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more reflective under visible light,[159] in a manner similar to V,03, and this
feature represents a qualitative map of V3" content in as supported
by Raman spectra measurement.[74] This approach, together with the single-
step fabrication of electromigration samples allows some of the simplest
phase-diagram mapping protocols available.[58, 59]

It is worth noting that field and current driven approaches to perovskite
switching show significant difference in timescale and oxygen ordering after
accounting for device size and geometry. Field driven devices generally
perform much faster (~ 10 - 100 ms)[71] compared to simple current driven
ones[73|] (~ 1 s), even though significantly shorter switching times have
been reported for specific materials and geometries.[58] Additionally, the
exact nature of the oxygen ordering occurring in these devices is strongly
dependent on the sample geometry and switching system, and remains a
contested topic.

The specific anisotropy of films due to twinning tendencies im-
posed the question of the effect on electric doping control. This can only
be answered by fabricating untwinned samples, a field that has seen recent
development.[177] Building on this, we have shown in untwinned sam-
ples that diffusion remains thermally activated and thus dominated by the
higher resistance of conduction for samples aligned orthogonally to the Cu-O
chains.[201]

Electromigrative doping control in superconducting cuprates has been
demonstrated to be usable in fabricating the weak links of superconducting
quantum interference devices,[202] the best magneto-sensors, in an applica-
tion parallel to that shown in superconducting metals.[37, 203] Some research
effort has recently been put towards demonstrating actual resistive switches
based on this principle, with the results pending.

Similar current driven control was also achieved in cobaltates[204] and
manganites.[205-207] Manganites show similar optical behavior with deoxy-
genation as the cuprates in some experiments.[73] This application has long
been considered for its potential uses in memory, as doping control in this
manner allows for magnetic memories with very non-linear OFF/ON 1V,
which is a very important feature for memory devices.[208]

The manganite switching mechanism is still being studied with notable
recent studies showing unipolar behavior with clear distinctions between
current and voltage drive.[209] switches driven in field configuration
are much more commonly used in practice and one can find them mentioned
together with common binary oxide switches in summaries.[104]
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Table 1.3: Electrical Doping Control Methodologies Based on V(%+ Diffusion

1.4. F1eLD-INDUCED AND CURRENT-INDUCED VACANCY DIFFUSION
in Functional Perovskite Oxides
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1.5 Summary

Doping control in perovskite oxides, understood as a function of the oxy-
genation of the non-stoichiometric oxide, is the control property we have
to master to achieve tunable superconductors, multiferroic transistors, bits
and memristive devices. Extensive studies over the last decades have shown
time and time again that the diffusion of the mobile oxygen vacancy is the
mechanism of this control, and it is now common to utilize a number of
external parameters, like temperature, pressure and electric/magnetic field
to control the oxygenation of oxide samples. While most of these methods
require implementation during fabrication, electrical switching is special in
that it allows the modification of devices in-situ. This is of interest both in
phase-diagram studies as well as for tunable functional devices, of whom
the simplest one is the resistive switch. State-of-the-art evidence is presented
that all model perovskite systems whether that be multiferroic titanates, mag-
netoresistive manganites or superconductive cuprates share the key features
of switching oxides in multi-valent cations and mobile oxygen vacancies.
We emphasize the simplicity and individual advantages of field and current
control in such systems, and highlight the exceptional usefulness of the
geometric constriction in achieving electrical doping control in perovskite
oxides. These methods already show promise in fabrication and study, and
are one more argument for wide-spread oxide electronics in the future of
technology. This seems a safe assumption considering that no other material
family has shown the same diversity in physical functionalities while having
a pre-existing manufacturing pipeline in standard CMOS technology, which
already uses oxides. The wide spread of both device design and material
composition is highlighted, in order to justify the research effort presented in
this thesis and to urge further study of different combinations for a complete
model of the switching behavior of such compounds.



Methods

Study of electrically induced diffusion in thin films relies on electrical feed-
back control and appropriate visualization. The former permits both reading
the device resistance state and the application of stimuli to achieve the desired
diffusion. While the electrical resistance of perovskite thin films is already
a good proxy for their oxygen doping, we can reinforce our findings on the
material changes with a wide range of microscopic observations. In this
chapter, we will examine the methodologies used in the presented research,
starting with sample fabrication (substrate selection, patterning and depo-
sition), before showcasing the instrumentation and software control used
in the electromigration experiments and taking a look at the indispensable
microscopy techniques that inform our conclusions on the nature of the selec-
tive oxygen diffusion in the perovskite oxides. Finally, we shall discuss the
finite element models employed in explaining the observed sample behavior.

2.1 Sample Fabrication

Condensed matter research hinges on our ability to deposit high quality films
with precise deposition parameters, ensuring reproducibility. In the scope
of our investigation of oxygen diffusion in the perovskite material family,
we have utilized thin films of YBCO|and [LSMO] Considering the complex
nature of such oxides, deposition of thin films of sufficient quality requires
precise control of multi-element stoichiometry and a sufficient control of the
growth kinetics for guaranteeing homogeneous and epitaxial film deposi-
tion. Commonly, these two issues are approached separately, with precursor
chemicals used to synthesize a coarse-grain, relatively inhomogeneous oxide
material that can then be used to produce high quality films in a number of
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CHAPTER 2. METHODS

Layman’s Overview: Methodologies in Solid State Studies

This thesis focuses on the principles
and techniques of solid-state physics and
material science, particularly in the fabri-
cation and characterization of thin films.
These methods are crucial for advancing
our understanding of material properties
and developing new applications in mi-
croelectronics and other high-tech indus-
tries. These films are grown on monocrys-
talline substrates. These substrates are
near-perfect crystals, typically purchased
from industry vendors. Nowadays the
production of these materials is rather
common in the in microelectronics indus-
try. However, laboratory in-house pro-
duction is also diffuse. One ubiquitous
fabrication method is evaporation: the
material is simply evaporated under low
pressure and directed towards the sub-
strate for controlled growth. Many other
methods are available, each with its ad-
vantages and disadvantages.

To achieve the sensitivity and preci-
sion required for characterization and ap-
plication, thin films only become useful if
shaped into devices. This is why we of-
ten carve out thin films into constrictions,
junctions and the like. We create these
patterns in the thin films using lithogra-
phy. This method, like its namesake artis-
tic discipline, centers on covering a "can-
vas" with a mask to hide a part of the sub-
strate allowing us to deposit material in
the desired shapes. The opposite might
also be true, we can cover a complete thin

film and etch away the undesired parts.
The patterns created by scientists and en-
gineers are numerous, but in our work,
we use a simple constriction: a line of
material is deposited on substrate, with a
narrowing at a certain point.

Besides fabrication, solid-state lab-
oratories focus on characterization. In
this thesis we will mostly use electrical
measurement equipment, various micro-
scopes, and spectrometers. Electrical test
equipment for thin films is similar to that
used in other disciplines but differs in sen-
sitivity and the amplitude of stimuli and
signals. Spectrometers are a large fam-
ily of instruments that measure the sam-
ple’s response to varying stimuli. For ex-
ample, by shining X-rays onto a sample
and varying their angle, we get ampli-
fied responses where the X-rays diffract
on the periodic crystal lattice. This tech-
nique provides information about atomic
distances in a film. Microscopic meth-
ods provide detailed images of the thin
films. Optical microscopes offer a broad
overview, while more advanced tech-
niques like and provide high-
resolution images of the film’s surface and
internal structure. These methods are in-
valuable for identifying defects and un-
derstanding the film’s morphology.

The following chapter describes the
methods used in fabricating and charac-
terizing our samples.

evaporation based deposition techniques, [physical vapor deposition (PVD)|
techniques being the most common. This compartmentalization allows re-
searchers to outsource the production of adequate targets to industry, freeing
up resources to focus on film growth in-house.

Synthesis of complex oxides for deposition targets and other applications
which are not highly dependent on crystallinity and film homogeneity pro-
ceeds by a solid-solid reaction with heating.[143| 211] Here oxides or salts of
the metals are powdered and combined in the expected ratios to produce the
desired compound, as in the example of
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% Y203(S) +2 BaCO?,(S) +3 CuO(s) — YBaQCu3O7_5(S) +2 COz(g)

Barium carbonate is very insoluble and tends to cause inhomogeneities
and phase separation in the above reaction, leading to the use of nitrates
instead of oxides, as below.

Y(NO3)3(S) +2 Ba(NO3)2(S) +3 Cu(N03)2(5) — YBa2CU307_5(s) +11 NOz(g) +
202

Any synthesis of a non-stoichiometric oxide requires special care in respect
to the oxygen partial pressure in the surrounding, doubly so for a reaction
where oxygen factors both as a product and as the non-stoichiometric com-
ponent of This procedure, and related synthesis methods for other
perovskite oxides, results in bulk substances that can be processed by heat-
ing,[212] pressing and recrystallization methods to achieve better material
qualities, including single crystal films.[213, 214] Alternatively, synthesis
products with relatively low crystallinity and homogeneity may be used
as targets for thin film deposition techniques as described in the following
sections. For the purposes of the research at hand, targets were purchased
from industrial suppliers and used in-house by our collaborators for thin film
fabrication.

2.1.1 Pulsed Laser Deposition

Thin films in solid state physics are achieved by deposition in vacuum or
near-vacuum environments, by transitioning the material whose thin film
we desire to deposit from a condensed phase at the target, to gas or plasma
in the chamber and back to solid at the substrate. This final deposition step
is where we introduce changes in morphology and crystallinity, or affect
chemical changes like oxidation in relevant materials. The sublimation of the
solid target can be achieved in a number of ways, from thermal evaporation
to plasma sputtering, and we classify these methods as This principle
can be taken further, by using multiple targets or gas injection to achieve
chemical reactions on the substrate, or by combining multiple evaporation
techniques, leading to a truly wide range of possibilities.[215]

The thin films that we have used in our work (Ch[3] Chl4] Ch[5)
were grown by [pulsed laser deposition (PLD)} In this method the target
evaporation is achieved by laser ablation (out-of-equilibrium emission of
material after etching), where short (~ms), energetic laser pulses evaporate
the surface of a rotating target. Target preparation includes cleaning and
polishing steps as surface texturing can lead to uneven depositions. The
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Figure 2.1: Simplified working principle of thin film deposition by pulsed
laser. The chamber is vacuum sealed and pumped to low pressure, and the
oxide film properties are controlled by substrate heater temperature and
oxygen partial pressure. Deposition thickness is calibrated in laser pulses
per nm. A piezoelectric scale (not shown) is used to measure the real film
thickness.

Vacuum Pump
Valve

substrate is mounted on a heater at a 52.5 mm distance from the rotating
target, and kept at 800 °C to encourage proper crystallization. The[ultra-violef]
laser usually originates from a excimer laser source A = 248 nm, is
operated at 5 Hz (200 ms pulse) and is focused using a system of mirrors.
The laser has an illumination spot of 1 to 2 mm? and is tuned to a fluence of
2J/cm?. In the setup at|Institut de Ciéncia de Materials de Barcelonal
26 laser pulses correspond to 1 nm of film thickness for the range
10-250 nm. The chamber is pressurized with 0.3 mbar of O,. The oxygen
gas serves both for phase stability and to reduce the energy of the plume
particles. A simplified illustration, containing some basic elements of a
system is shown in Fig[2.1]
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2.1.2 Chemical Solution Deposition

Alternative paths to thin film deposition are numerous in both academia and
industry. |chemical solution deposition (CSD)|is a relatively low cost method
that requires no setups and allows great control of composition of the
deposited material, as the constituent elemental materials are deposited on the
substrate from soluble metalo-organic precursors which can be purchased or
synthesized in chemical laboratories. Such precursor mixtures are pyrolized
to remove the organic, leaving the inorganic components in solid state on
the substrate, ready for thermal recrystallization and oxygenation steps. The
method is scalable[216] and versatile and has seen use in semiconductor[217]
and oxide manufacture.[218]

We have used samples prepared by for the work presented in Ch[3|
and Chl4 For their preparation, the chosen route was via a low-F organo-
metallics. These organic compounds, namely acetates (for introducing Ba
and Cu) and trifluoroacetates (for Y) are good chelating agents for a number
of metallic ions, and are easy to pyrolize and to remove from the system.
The low amount of fluorine content also ensures good yields with the Ba-
ions, which tend to otherwise serve as sources of phase impurities. In fact,
the methodology implemented uses a reduced Ba content in the precursor
(Y:Ba:Cu = 1:1.5:3) as it has been shown to give the best results.[219]

It should be noted that a major concern in these methodologies is that the
organic precursor molecules pyrolize to water, among other reaction products,
which can have detrimental effects on the perovskite nucleation. Laboratories
performing these depositions are thus humidity controlled (<10%).

The precursor chemicals used to achieve proper stoichiometry are mixed
in organic methanol with 30% propionic acid at 30 °C, and then dried to
dehydration in a vacuum rotary evaporator at 131 mbar and 70 °C to reduce
the water content below 1%. This produces a gelatinous material that is
dissolved in minimal amounts of methanol and stirred for 24 h before being
diluted to the required concentration for spincoating. The solution is coated
on an appropriate perovskite epitaxial substrate, and baked on a hotplate to
evaporate most of the organic solvents and remnant water.

The coated substrate is then treated in a programmable pyrolisis chamber,
and the reaction speed and film quality obtained depends strongly on the
implemented temperature profile and atmosphere in the chamber. Notably,
after initial heating above 110 °C (above water boiling point) the atmosphere
is humidified to avoid sublimation of copper salts. The temperature is im-
portant to avoid incorporating the water in the nascent metal-oxide crystals.
The pyrolisis reaction is simply the heat driven decomposition of the or-
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ganic agents, mostly to CO, and H,O and other volatiles, and reaches peak
temperatures ~ 300 °C. Commonly the temperature profile also includes a
calcination process to generate a homogeneous and nanocrystaline film of
the separate oxide or fluoride phases CuO, Y,O3; and BaF,.

The nanocrystalline film produced in pyrolisis is taken to a tubular furnace
in which the temperature and atmosphere gas mixture can be controlled. As
for the pyrolisis, the exact temperature profiles are discussed in literature,
but the important part are an initial high temperature (~ 800 °C) growth
and sintering step, performed mostly in wet atmosphere to avoid copper
oxide sublimation (which is replaced with a dry N> and O, atmosphere for
the sintering step). Finally, an oxygenation step is implemented in a pure
O, atmosphere at lower temperature (~ 450 °C) to optimize the doping
levels in the material. In conventional thermal annealing, both of these
temperature/gas regimes are maintained for hours on end and include finely
controlled heating and cooling rates in between, more on which is provided
in references. Recently, there has been work on using faster, so-called "flash
heating" methods to mimic the above procedure in a fraction of the time,
which are discussed in Ref.[197].

Polymer Assisted Deposition

For the LSMO]|samples discussed in Chlf|the thin films were deposited via
a more involved method that replaces the short-chain carbohydrates
with large-chain polymers -|polymer assisted deposition (PAD)![220, 221] The
compounds used (polyethyleneimine of average molecular weight M, =~
25000 gmol ! as the polymer and ethylenediaminetetraacetic acid (EDTA) as
the chelating agent) serve the function of the acetates in the previous section
but only decompose at higher temperatures, temperatures that are in fact
very close to the equilibrium for the formation of the perovskite crystal. Thus,
the pyrolisis and growth phases are combined as the metal oxides are not
dropped from the solid solution until conditions are ready to achieve B-cation
ordering. This simplifies the process in regards of the number of annealing
steps and setups necessary and produces films with excellent epitaxial and
magnetic properties.

2.1.3 Substrate Selection

The principal driver in [PLD] [CSD} [PAD] and other deposition techniques is
achieving epitaxial growth and large grain size. Epitaxiality indicates that the
respective orientation of the unit cells of substrate and thin film are aligned.
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Naturally, substrates of matching cell parameters tend to be found in the
same structural family.

The usual application of epitaxy is to align the substrate and film crystals
along the c crystallographic direction, meaning that substrate choice is usually
dictated by a tendency to reduce the lattice mismatch in terms of a and
b. Several industry standard perovskite materials are commonly used as
substrate platforms for such growth, with and being the most
accessible. Despite the parent compound of the perovskites, BaliO3, being
cubic (2 = b = c) most of the complex derivatives tend to be tetragonal (a =
b # c) or slightly orthorhombic (a # b # c), so the choice of the tetragonal
substrates is not surprising. Single crystal wafers of these oxides are available
for purchase in supplier catalogs (ours being supplied by CrysTec GmbH,
Germany) and are paired with complex oxides for the specific deposition
needs.

The films discussed in Ch[3| @] and [7] are grown on [LAOQ} which
offers epitaxy with little mismatch. For the films studied in ChJ5| the
substrate choice is of special importance, as the terraced MgO film creates
directional strain YBCO that disfavors twinning during deposition of
the perovskite.[177] This is a special interest we pursue to study the effect
of the a/b orientation of our constrictions on the oxygen diffusion, and is
discussed in detail in Ch[5l

The films we study in Chlf are deposited on wafers. This
combination induces slight lattice strain due to mismatch, as shown in Fig[2.2]
In the interest of studying strain effects on diffusion one could compare
films deposited on[LAO|and [(Lag 15510 52)(Alp59Tag 41)O3 (LSAT)] giving us a
wide range of strain situations to compare in regards of effect on the oxygen
diffusion.

2.1.4 Thin Film Patterning

Lift-off and chemical or plasma etching are conventional techniques for
achieving micro- and nanometric film patterning in solid state physics. All
modern patterning techniques begin with a lithography step, where the
desired pattern is written into a sacrificial mask layer coated on the substrate.
While optical lithography is standard in industry-scale applications, smaller
lab-scale lithographies that require ever-changing designs favor modular
techniques and apply electron-beam based techniques alongside them.

The samples deposited in (Ch Bl and [7) were patterned via
optical lithography, by changing the solubility of a photoresist by laser irradi-
ation and subsequently etching the perovskite film in acid or plasma. The
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Figure 2.2: Schematic representation of compressive and tensile strain in-
duced in a perovskite thin film by substrate lattice dimension mismatch.
The axis in the bottom shows approximate values of lattice parameters for

a number of common perovskites. On the example of LSMO, compressive
strain may be induced by growing the film on@and tensile by growing on

while the best match is provided by (LaAlO3)o3(Sr2TaAlOg)o7 (LSAT).

two etching procedures are differentiated by their anisotropicity: chemical
etching is fairly isotropic and can produce more rounded film edges, while
being cheaper and less resource intensive; plasma etching is fairly anisotropic
but requires specific equipment to be employed. A schematic illustration
of the process is shown in the top arm of Fig2.3, The patterns used in
Ch[5} fabricated by our collaborators in [Department of Microtechnology and)
[Nanoscience, Quantum Device Physics Laboratory, Chalmers University of]
[lechnology (QDPL)| were achieved by electron beam lithography and dry ion
beam etching.

Either of the employed methods is based on lithographic patterning.
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Figure 2.3: Schematic representation of thin film patterning and metallization
processes used in this work. Starting sample consists of an unpatterned
perovskite film covered with a photoresist. Using laser photolithography,
the desired pattern is written into the photoresist (a). Areas exposed to the
laser light become more soluble and dissolve in the development step when
exposed proper solvents (2% C4H1oN™ in water), creating the pattern in the
photoresist (b). If the patterning is being performed on the perovskite film
itself, the stack is etched either via chemical (H3POy4) or Ar plasma etching
(c). The photoresist in this setup protects the perovskite film underneath
from the etch and can be freely lifted with organic solvents (like acetone)
revealing the patterned perovskite underneath (d). A procedure without
etching is used for metallization as the metal films are reserved for electrodes
and have a larger thickness and less demand for precision film edges. Here
the developed substrate-film-resist stack is metallized via (e) and the
final metal pattern is remnant after chemical lift-off (f).

The sample design is first written into the photo- or electron-beam resist,
depending on the patterning technology employed. If a positive resist is used
the exposed parts of the resist turn soluble, revealing the substrate/thin film
below in lift-off. Negative photoresists are those where all but the exposed
regions stay soluble to the developer. The choice of depends on the specific
needs of the process.

It should be noted that we use metallized electrodes for ensuring metallic



58 CHAPTER 2. METHODS

contact between bonding wires and thin films, and these are patterned and
deposited with a simplified procedure as the requirements on edge quality is
lowered This procedure is illustrated in the bottom arm of Fig{2.3|

Overall the patterning process starts from a thin film covering all of the
substrate on which a photoresist is patterned to expose the undesired sections
of the perovskite. The film is then etched, and the photoresist is lifted. In
the next step a new resist is applied exposing the parts that are meant to be
metallized. Metal is deposited and liftoff is performed leaving the metallic
electrodes.

2.1.5 Sample Design

The sample design philosophy centers on the idea of simple planar con-
strictions which condense the current flow to a region of elevated current
density j. This, in turn, causes the constriction to act as a nucleation point for
electromigration phenomena, i.e. the current induced flow of oxygen ions in
the crystal.

The implemented designs are shown in Figl2.4] the first one (a) being
a legacy design from previous work reported in Ref.[51] by Baumans et
al. and is a simple geometric constriction in a bow-tie shape. This design
offers a single resistance reading which allowed the authors to inspect the
interplay of electromigration current and superconducting critical current T
in thin films. We use these samples for the initial studies discussed
in Ch[3] Similar, single-resistor designs were used in Ch[5|but were updated
into a Dayem bridge design (b). The simplified electric schematic of these
sample designs is shown in panel (c). For most of our works we utilize a
triple-Dayem bridge design, illustrated in panel (d). This design is a key
feature of our efforts as it allows us to electrically monitor the directional
evolution of the oxygenation profile in the sample - the narrow bridge in
the center guarantees the highest current density and flux divergence and
serves as the triggering point for all electromigrative effects. Resistance (R)
readings from the wider constrictions allow us to electrically infer the oxygen-
V5t counterflow identifiable by their opposite trends. The corresponding
schematics are shown in (e). An illustration of an individual device (f) and
device packaging on a chip (g) is shown in the bottom panels.

2.1.6 Film Characterization

Film quality is confirmed after deposition by our collaborators in charge of
the fabrication. The principal structural analysis technique is [X-ray diftraction|
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a)

75 um 1.5 mm

Figure 2.4: Illustration of the sample designs used in the context of this thesis.
Color code is same as in Fig[2.3/and Fig substrate is orange and thin
film is yellow, metallized sections are dark gray. The important distinction
between the sample designs in a,b) and d) is the number of resistances
individually accessible, as shown in the panels c) and e). We will stick to
the colors indicated on the voltmeters in e) for the remainder of the thesis
to indicate the left-center-right constrictions by red-green-blue, and define
positive current polarity as having the positive arm of the circuit on the right.
A single device will have the source/drain lines (horizontal) connected to
large metallized electrodes and the voltmeter terminals (vertical) to smaller
ones, as shown in f). Single chips are patterned in a matrix of identical
devices, commonly in a 3 x 5 array. Every device is individually accessible
by wire bonding, as shown in g).
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a technique that returns a response spectra to film irradiation with
X-rays as a function of the incident angle. This method is especially important
in [CSD| deposited films where the sample composition needs to be confirmed,
and in the untwinned samples where the degree of twinning can be deduced
from the diffraction patterns. Details of this standard technique are discussed
elsewhere in literature.[[197]

Film thickness was periodically measured to confirm the calibration of
the deposition techniques, commonly using optical profilometry or X-ray
reflectometry. These techniques offer a fast solution to measure height
variations along a line profile. We have additionally performed
microscopy (AFM)| measurements (discussed below) where complementary
thickness characterization was deemed necessary.

Critical temperature and transport characterization was performed af-
ter deposition using a commercial physical property measurement system
(PPMS), and magnetic characterization, was done using a [superconducting|
iquantum interference device (SQUID)|setup.

2.2 Transport and Low-T Measurements

2.21 Electrical Test Equipment and Automation

The cornerstone of our research work is electrical transport measurements,
be that at room temperature or in a cryogenic environment. For this purpose
samples need to be mounted on testing stages, wirebonded using fine wires
and stressed and tested using appropriate equipment.

Received samples are manufactured as described in Sec2.T} an example of
such a chip with 15 devices on is given in Fig[2.5p). The sample
chip is glued to an oxygen-free copper sample base using silver paste. The
silver serves as both electrical and thermal link in cryogenic equipment. The
gold base is then fit and screwed into a collar with its own gold pads
feeding through to standard Mill-Max pin connectors. Using a wirebonding
system, the metallized pads of a single device are connected to the pads of
the with Al-Si wires of 25 ym diameter. An assembled sample-on-gold
base-in{PCB] collar is shown in panel (b). The Mill-Max pin connectors have
receptacles in home-made testing stages (c), accessible by cables that are
used for most electrical testing in the lab, either directly or by being adapted
into from other connectors.

DC electrical measurements are performed using programmable
measure unit (SMU)|and voltmeter systems with suitable operating ranges.
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Figure 2.5: a) Sample under optical microscope. b) Sample chip glued to a
old-plated oxygen-free copper base with silver paste, mounted in a [printed]
Eircuit board iPéBi with vertical metallic connectors. The sample is bonded

to the gold pads of the with fine wire, and the pads themselves feed
through to the vertical connectors. c) Individual sample testing stage (red
square), the sample [PCB]| envelope is visible in the center (blue square), while
the [Bayonet Neill-Concelman (BNC)| coaxial connectors are visible on the
sides. The stage includes a 240 () resistance between the connectors and the
pins of the board and is grounded. d) Probe station for bondless testing,
with low magnification microscope.

Our device-stage or device-cryostat feed-through circuits tend to bear k()
resistances, thus requiring 10-100 V drives for electromigration (mA currents).
For noisier measurements with low drives, like for R(T) measurements, the
more sensitive AC lock-in measurement systems is used. Programmable
current driven signal generators link via trigger cable to the lock-in amplifiers
allowing one to use the voltage readings at trigger time to calculate resistances
in our sample. The lock-in systems allow us to separate the low amplitude
signal from noise contributions, by amplifying the signal component in
interfering constructively with the trigger.

All these controllable instruments are issued commands and queried for
readings using manufacturer specific [application programming interface|
code or the [Standard Commands for Programmable Instruments (SCPI)|
("skippy") protocol. Using these in conjunction with other general purpose
programming languages (python) or more specialized testing/automation
languages (LabVIEW) allows experiment automation. For this purpose the
instruments are connected with each other and a computer using
[purpose interface bus (GPIB)|cables and appropriate adapters.

If room temperature measurements are sufficient, the procedure can be
simplified by directly contacting the on-chip devices via metallic probes in a
probe station (d), omitting the need for wirebonding.
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2.2.2 Electromigration Protocols

Electromigration experiments have been performed at [Experimental Physics|
lof Nanostructured Materials (EPNM)| for about 8 years at the point of writing
of this thesis, which brings with itself significant experience in performing
such testing. While the previous works were mostly focused in elemental
metals and binary alloys, some experience has been gained in perovskite
ceramics before this project took it further.

The main problem in performing electromigration, an intrinsically stochas-
tic phenomenon, is control: sample heating and material diffusion cause
resistance increases which further increase Joule heating and diffusion lead-
ing to a positive-gain feedback loop. In order to avoid sample destruction,
more or less sophisticated protocols need to be employed.

Proportional-Integral-Derivative (PID) protocol

Particular process control is required in applying electromigration for the
fabrication of nanosized gaps or constriction thinning, as previously pre-
sented in Ref.[37, 51]. A [proportional-integral-derivative (PID)| protocol was
thus previously developed and implemented in LabVIEW by Zharinov and
collaborators[28] to optimize process control in electromigration experiments.
We utilize this protocol primarily in the work presented in ChJ3|

designates a standard process optimization method in which the
value of a control variable (in our case applied current or voltage) is adjusted
based on the relationship between a measured process variable e obtained
in comparison with predetermined setpoint value (here conductance change
over time Pgetpoint), in €(t) = P — Psetpoint fOr p = ‘;—?. The algorithm for this
kind of process control is schematically illustrated in Fig[2.6]

The condition e(t) > k- e(t) (with e(t) the root-mean-square noise) is
implemented to stop the algorithm from responding to noise and to identify
rapid, uncontrolled change in the process variable. Exponential change
in the process variable is traditionally hard to control via which is
why the left-hand side of the algorithm is implemented. Here, when the
process variable becomes much larger than the k - €(f) term, the program
activates a non-linear correction to the applied voltage in the form of f,;;(N) =
—6Uy, - aV, for —6Up, and a being constants tuned to the system. The
exponential dependence on check iteration N serves to rapidly counteract
resistance increase. Otherwise, if the process remains well controlled and
within the range of change of the process variable defined by the constant k,
the control variable (voltage U) is adjusted. The adjustment is done using the
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Figure 2.6: algorithm and the resulting R(t) dependence. Red rounded
rectangles are terminators, green parallelograms are inputs/outputs, orange
squares are decisions and blue rectangles are processes. I is starting current,
U is starting voltage, G is the threshold conductance, e(t) is the process
variable, k is a constant, €(f) is the root-mean-square noise, N is an iterator.
The functions f,; and fpp are the non-linear and response, addressed in
the main text body.
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function fp;p which includes the respective proportional, integral and
derivative terms responding to the process variable. These terms can and
should be tuned for different materials and terms. The speed at which all
this can be performed suffers a bottleneck in the minimum time it takes to
communicate with the instrument which depends on the NPLC value and is
usually on the order of ~ ms. Additionally, the protocol is implemented in a
rather complex LabVIEW virtual instrument whose loop time is on the order
of ~s.

Applying this control protocol ideally yields R(t) curves as the one shown
in the lower part of Fig The continuous monitoring of the control variable,
i.e. the applied voltage provides us with a mostly stable value of 2K, which
is very useful for utilizing electromigration for nanofabrication purposes like
constriction thinning and gap manufacturing.

Pulsed-excitation protocol

One important question that is often front and center in electromigration
studies is the value a threshold current density that can trigger the effect
in a given system, even if the definition of such a threshold may seem
arbitrary. We have developed a simple protocol for investigating the value
of this threshold, based on applying a series of pulses of linearly increasing
amplitude, similarly to the results shown in Ref.[222]. The resistance of the
constriction is measured between the pulses with low current to separate the
resistance increase originating from heating, and allowing for more reliable
insight into the persistent system changes. The protocol is illustrated in
Fig2.7]

By distinguishing between the resistance measured under electric stress
(pulse resistance, R;;y) and the resistance value of the sample with low
excitation (probe resistance R,;;,), we can clearly define the threshold elec-
tromigration current Iry;. This is made possible by setting the pulsing time
tpuise ~ 1 s to a value significantly lower than the probing time t,,5. ~ 10's,
in addition to controlling the current density. The current applied during the
pulsing is in the MAcm 2 range, while it is orders of magnitude lower for the
probing (kAcm™2). Importantly, the period between two subsequent pulses
is in the range of 30 s to 1 min, as it also includes the time to take optical
images and a short safety period. This allows us to separate thermal effects
from electrical measurements, and can allow us to limit the destructive nature
of electromigration experiments. The simple protocol can then be further
expanded by doing other characterizations during the probing, beyond the
optical imaging being done. We apply this protocol broadly in Ch{45 and [6]
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Figure 2.7: Pulsed-excitation protocol algorithm and the resulting R(I) de-
pendence. Same illustration convention as in Fig Lprope and tp,0p, are the
current and duration values in the low I part ("probe") of the protocol which
produces Ry, i.e. the resistance isolated from the influence of Joule heating.
Lyuise and t,s, are the current and duration of the high I regime ("pulse"),
where only the starting value of I, is directly controlled by the user and is

then linearly increased for every cycle. R¥" is the threshold resistance which
triggers the algorithm to stop, in order to prevent sample destruction. We
calculate the mean resistance R,,;; measured for positive and negative Lyrobe
during 04, and correlate the value to the previous Ry, i-e. the resistance
measured during the pulse. Additionally, we may employ optical or other
imaging techniques during the probe phase to track the visible changes in
the system. Note that the R,,;, curve is flat until a threshold value of current
is reached. We denote this as the electromigration threshold current Igy.

Continuous switching protocol

For experiments in which the main goal is to reversibly switch the resistance
state of a device, we apply a protocol that periodically switches the polarity
of a current with fixed amplitude. In fact, we apply two distinct but related
protocols for this, as shown in Fig[2.§]

The protocol produces a characteristic, dome shaped, resistance curve in
perovskite samples which is a consequence of the oxygen—V(%+ front passing
through the constriction. The continuous switching protocol is either applied
with a fixed switching period where the user inputs the switching time dt, or
by determining a threshold resistance Ry that triggers the polarity flip. The
two modes show slightly different behaviors - the time-logic paradigm allows
the overall resistance to drift if the given 4t is far from the equilibrium value,
while the resistance-logic one maintains an overall unchanging resistance
trend giving a more reversible effect. Ideally, the resistance-logic method will
equilibriate to a fixed switching time after a sufficient number of switching
cycles. Essentially, by applying the resistance-logic method one may find a
suitable value of Jt to impose on the system for future experiments.

This method was employed in obtaining the reversible switching data
shown in Ch[Z]

2.2.3 Cryogenic Measurements

Characterizing the electric or magnetic response of a device at low tempera-
ture is an essential tool in order to gain further understanding of the different
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Figure 2.8: Continuous switching protocols and the resulting R(t) curve.
Same illustration convention as in Fig[2.6| The left-hand side of the diagram
represents switching with a fixed period for the polarity flips (time-logic)
and the right-hand side is switching at a predetermined threshold resistance
(resistance logic). Both are executed using a fixed current amplitude Iy, but
also take their respective control variables as inputs. The two-step decision
process in the resistance-logic algorithm prevents unwanted polarity switches
due to small fluctuations at the polarity inversion. Note the characteristic
domed resistance curves in the bottom panel, every dome corresponds to one
current polarity, two domes together make a whole period.

microscopic mechanisms at play.

The Montana Instruments
Cryostation housed at[EPNM]
was the main workhorse for
the presented work. Be-
sides the low maintenance
costs and ease of use, the
system has the advantage

Vacuum
Housing Lid

Radiation
Shield Lid

e
SamB%e{ i ! 1;‘ Sample
y i

Assem y m Window:

g 112 L _coldFinger of having the samples opti-

Radiation P /B Thermometer 1 ble duri 1

Shielding 4 Finger Mount cally accessible during cool-

" ing. The system utilizes

Vacuum a Gifford-McMahon refrig-
Housing

eration cycle to maintain a
closed He loop. It offers a
of cooling power ~100 mW
at base temperature, ther-
mal cycling speed of ~2.5
h for a complete cooldown
and minimum temperature
of ~3.7 K. The principal use
of this system is for magneto-
optical imaging but allows
us to also image our sam-

Figure 2.9: Schematic illustration of the table-
top cryogenic chamber of the Montana Instru-
ments Cryostation used at EPNM. The sam-
ple assembly, which consists of the sample on
top of a PCB envelope with a metallic base is
mounted on top of an oxygen-free copper cold

finger. The finger is mounted on the platform
from which the heat extraction is performed.
The chamber has two layers of shielding, an
outer vacuum housing and a radiation shield.
The key feature of this assembly is the optical

access and the configurable electrical access
via wiring.

ples during low-T electromi-
gration experiments. Sam-
ples fit into the en-
velopes (see Sec2.2.1) are
neatly mounted on a cold fin-
ger centered under the opti-



2.3. IMAGING 69

cal access window and con-
nected with wiring, allowing for a great range of customizable experiment
designs. The instrument is responsible for all cryogenic measurements dis-
cussed in the text barring the Hall effect and some of the R(T) measurements
in Ch[3) which were acquired using the Quantum Design [physical property]
measurement system (PPMS)| housed by
systems are one-stop solutions for a number of electric and magnetic
measurement problems in solid state physics. They offer much higher cooling
power and are fit with multiplexed voltmeters and powerful magnets with
maximum fields of up to 18 T. The system has a lower minimum temperature
(~1.5 K) and a much faster thermal cycling speed (~10 min), which allows
for more measurements to be done in sequence.

2.3 Imaging

In this work we utilize numerous imaging techniques for characterizing
our samples and for revealing some of the phenomena under investigation.
The images produced through the various microscopies discussed here are
processed using both commonly available applications and home-made pro-
grams and scripts. Raw tiff images such as those from optical microscopes or
systems are loaded into Image] for length measurements and alignment
in multi-image series. Gwyddion was used for processing images.
Automated image processing is mainly done in python, images are loaded
using the pillow package while the numpy and scipy packages are used for
mathematical image treatment (image subtraction, convolution and filtering).
Image presentation (like most data presentation) is done using the matplotlib
package, as is animation frame generation, later rendered using Kdenlive.
Further raster processing is done in GIMP and vector graphics are worked
with in Inkscape. 3D representations of the techniques are generated in
Blender.

Optical Microscopy

Throughout this text we will be discussing results relying on the changing
reflectivity of perovskite thin films as a function of their oxygenation. In
effect, this means that we may utilize simple optical imaging to gather the
oxygen distribution maps of our samples. Such results are discussed in
Ch[4)5| and [6}

For these purposes we utilize a modular Olympus BXFM microscope,
whose kit includes a polarizer-analyzer pair, a Bertrand lens and a bright
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Figure 2.10: Schematic illustration of the Olympus BXFM modular micro-
scope assembly at The light from the source passes through a con-
denser lens to parallelize the light rays, before passing through configurable
apertures. The light is filtered with a green filter and passed through a
polarizer and a quarter-wave plate. Image magnification is controlled by the
objective. After reflection the light passes through an adjustable analyzer.

The analyzer operates like a second polarizer to select the polarization of the
collected light. The analyzer is mounted in a Bertrand lens.

field /dark field switch. The assembly is illustrated in Fig[2.10] We employ
objectives with magnifications up to 50 x (numerical aperture 0.5 and polar
angle 30° for a working distance of 10.6 mm). A Qimaging Retiga 4000R
icharge coupled device (CCD)|is mounted on the microscope and used to
produce 16 bit grayscale images (usually in the tiff format). The [CCD|can be
controlled via LabVIEW or python.

Magneto-Optical Imaging (MOI)

Magneto-optical imaging (MOI) is a family of visualization techniques that
draw contrast from the local magnetic field generated in a sample being
studied. The toolkit includes both Faraday-effect based as well as
Kerr-effect based techniques. Such imaging can be immensely useful in
studying materials with magnetic functionalities, such as our superconductors
and ferromagnetic materials. As magneto-optical techniques see limited
application in the text, we will limit our discussion to a brief overview of
Faraday-effect based [magneto-optical imaging (MOI)| which was used in
ChBland Chlél
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Figure 2.11: Cryostat cold finger - sample - indicator stack for Faraday-effect
based magneto optical imaging. The change in the light polarization is
illustrated on the right hand side.

The polarization of light can be affected by magnetic fields. If the po-
larization of light is changed in transmission through a medium by a field
parallel to the direction of incidence, we denote this the Faraday effect. In
practice, this means that linearly polarized light traveling through certain
crystals will experience rotation of its polarization plane as a function of the
local magnetization. A related but distinct phenomenon is dubbed the Kerr
effect, where polarization changes on reflection from a material and can be
influenced by magnetic fields both perpendicular and parallel to the angle
of incidence. makes use of these effects to generate contrast images
based on the local magnetization in a sample. For Faraday based techniques,
an optically active indicator stack is placed on top of a studied sample to
facilitate the necessary rotation, as illustrated in Fig

As most effects of interest (superconductivity, intense ferromagnetism, etc.)
occur at low temperatures, the sample is usually placed in an optical cryostat
as the one shown in Fig2.9] The indicator stack consists of a gadolinium-
gallium garnet (GGG) as the substrate, a Bi-doped yttrium-iron garnet as the
optically active material and an Al-mirror. The stack is placed directly on
the sample (mirror towards the sample). The indicator has in-plane magnetic
domains. Polarized light travels through the stack, rotates at the indicator as
a function of the local out of plane magnetic field of the sample below, and
reflects off the mirror. Since the rotation of polarization is proportional to the
local magnetic field component B, normal to the sample plane, the use of
an analyzer oriented perpendicularly to the initial direction of polarization
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results in images where the intensity is proportional to B,. Our polarized
light microscope is illustrated in Fig[2.10] The images are acquired with
a CCD camera and have a pixel size of 1.468 x 1.468 ym?. Post-image
processing was done to remove the inhomogeneous illumination and field-
independent background, using the Image] software. More information
about the setup can be found in Ref. [223]]. By adjusting exposure times and
analyzer angle, and performing a calibration at elevated temperatures (above
T. for superconductors) one can then obtain quantitative images of the local
magnetic field in the sample.

The optical images were obtained in cryogenic conditions with up to 50x
magnification objective followed by a x2 magnification lens and collected
in bright field mode with a continuous green illumination filtered from a
Hg lamp. The objective has a numerical aperture NA=0.50 and working
distance of 10.6 mm, which corresponds to a polar angle of f=arcsin(0.5) ~
30°, meaning that the largest component of the electric field is in the plane of
the film (i.e. the ab-plane in YBCO films).

uRaman spectroscopy

uRaman spectroscopy is, as the name suggests, a combination of optical
imaging and Raman spectroscopy, that is spectroscopic measurements in
the range of Raman-active phonon modes in a crystal. This can allow for
chemical mapping in materials where appropriate phonon modes can be
found, such as in YBCO|where a single phonon mode may persist across a
range of J values. yRaman microscopes can sometimes acquire full rasters of
Raman spectra, or may be limited to single points in an otherwise common
optical microscopic image, such as the results presented in ChJ3|

Raman scattering experiments were performed at room temperature in the
backscattering geometry using an Xplora Horiba Jobin-Yvon micro-Raman
spectrometer equipped with a high sensitivity air cooled CCD (charge-
coupled device) as the detector. The 532 nm laser line was used for the
measurements. The incident laser beam was focused to a 1 ym spot using an
%100 microscope objective on the sample. The laser power was kept below
1.0 mW to avoid laser-induced heating. The spectrometer resolution was 2
cm~ L. The polarization of the electric field of the incident and scattered light
was kept parallel to the crystallographic ab-axis of the layer.
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Scanning Electron Microscopy (SEM)

By sweeping a focused beam of keV electrons impinging on a conductive
material and detecting electrons ejected from the interaction volume, we can
resolve 2D images of our sample surface. The technique based on this,
is used for its nanometric resolution allowing one to distinguish single grains
of epitaxial films. We utilize a combined [SEM}electron-beam lithography]|
Pioneer TWO system commercially offered by the German company
Raith GmbH, and the working principle is illustrated in Fig

The interaction of the impinging electrons with the sample volume and
the resulting signal sources are illustrated on the side of Fig[2.12] The elec-
trons in have energies up to 30 keV. Auger electrons can be useful for
learning the surface atomic composition but are used more rarely. Secondary
electrons (<50 eV energy) are generated by inelastic scattering. They provide
topographical information while backscattered electrons, coming from elastic
scattering deeper in the sample, show contrast based on atomic number
and phase differences. The produced X-ray radiation includes character-
istic X-rays of the elements in the volume. The presented work will use
two detectors for secondary electrons, the InLens detector located within
the objective lens collects secondary electrons of higher energy, while the
Everhart-Thornley detector in the sample chamber collects most lower energy
secondary electrons.

The choice of detector can alter the nature of the generated images. Images
resolved with the InLens detector are generated by electrons which originate
from a region close to the beam focus point (secondary electrons of first gen-
eration - SE1) and their contrast reflects the surface topography, with phases
of a lower work function appearing brighter. Another detector (Everhart-
Thornley) collects secondary electrons that originate in a more extended
region around the beam focus point defined by backscattered electrons (SE
of second generation - SE2), giving a contrast more strictly dependent on the
surface topography.

Scanning Transmission Electron Microscope (STEM)

is another electronic imaging technique based on electron-matter
interaction, but focused on electron transmission through a thin sample
wedge. The instrument operates similarly to a with the caveat of
using a much more energetic electron beams, in the 100 - 300 keV range.
The electron beam-sample volume interaction is similar to Fig2.12]
generates transmitted and backscattered electrons, secondary electrons and
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Figure 2.12: Schematic illustration of working principle of a The electron
beam originates from a hot tungsten filament of the electron gun, by means
of hot field effect. The extractor anode is mounted below it. A part of
the emitted electrons passes the aperture and enter the acceleration column
where condenser lenses form the beam and provide acceleration set by the
operator. The beam passes through an electrostatic lens and a set of deflection
coils for scanning the sample surface before entering the sample chamber.
The sample is mounted on a stage with very fine mechanical controls for
positioning. The InLens detector is positioned in the objective lens, and the
Everhart-Thornley detector is mounted on the side of the sample chamber.
The interaction of the impinging electrons and the sample volume is shown
on the right. Electrons are only transmitted in very thin samples by very
energetic electrons, usually in @ setups.

characteristic X-rays. Appropriate detectors can then collect these signals,
with the most interesting ones for our application being the ones collecting
transmitted and scattered electrons that give a contrast based on the height of
the atomic stack they pass through and the mass of the atoms. When acquired
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in high-angle annular dark-field imaging mode (HAADF), the STEM images
show the so-called Z-contrast, where the intensity of the atomic columns
scales with the atomic number Z.

Additionally, other detectors can be used, including an electron energy
loss spectroscopy (EELS) detector which characterizes the energy lost by the
electrons in transmission which provides chemical and electronic information.

offers truly atomic resolution, where single atoms can indeed be
resolved, such as in the examples given in Chlf] The technique requires
destructive ion-beam milling techniques to cut out a lamella of the sample,
but is uniquely useful in obtaining images of crystal defects in the sample
cross-section.

Samples were characterized using a JEOL JEM ARM200cF operated at
200 kV, equipped with a CEOS aberration corrector and GIF Quantum ER
spectrometer, at the Universidad Complutense de Madrid, Spain. The STEM
specimens were prepared using a FEI Helios nanolab 650, at SEM-FIB mi-
croscopy service of the Universidad de Mélaga.

Atomic Force Microscopy (AFM)

AFM]| and its derivative techniques like conductive (cAFM), Kelvin-
probe (KPFM) and others, all are based on the principle of interactions
between the sample surface and a probe on an oscillating cantilever brought
into close proximity (or direct contact) with the sample.

In an microscope, the cantilever is mounted with a piezoelectric
element. Using the contraction of the piezoelectric, the cantilever is oscillated
at a given frequency measured by shining a laser into the cantilever tip and
measuring its deflection with a photodiode. The extremely sharp tip at the
end of the cantilever is brought close to the sample surface and can then act
as a probe for numerous interactions, as illustrated in Fig[2.13] Alternatively,
the tip is brought in contact with the surface and the signal is measured
directly, like conductance in cAFM.

The oscillation frequency of the cantilever is directly responsive to the
measured interaction - in the case of standard this is the Van der Waals
force, for cAFM it is conductance and for Kelvin-probe AFM it is the local
work function at the surface. Derivative techniques are usually coupled with
standard techniques, and one usually obtains a topographic image with
nanometric resolution in the z-scale and a slightly weaker resolution in plane.
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\/m detector
§ — 4

Figure 2.13: Simplified view of |[AFM| The deflection of the oscillating tip
changes as a function of an unspecitied interaction as it is driven across the
surface. The measured response is produced on the right.

2.4 Modeling

We utilize to investigate the oxygen concentration and temperature
profile of our samples during the experiment. We employ the proprietary
software suite COMSOL, with or without a dedicated MATLAB controller, to
make a 2D model of the perovskite film as a continuous, isotropic material
whose oxygen concentration may vary between c,,;, = 3.41 x 10?8 and ¢y =
4.01 x 10?®ionsm~3. We introduce a more convenient derived parameter
x = (¢ — cmin) / (Cmax — Cmin) representing the doping.

The temporal evolution of x depends on the electric field as well as on the
temperature as described in Ch[Tjand in Eq[2.4|below. We omit terms relating
to thermomigration and stress-induced migration as these are not pertinent
for our studies.

?;tc = V.(DVx + zuFxVV) (2.1)
with D the temperature-dependent diffusion constant that is governed by the
Arrhenius expression D = Dyexp (—E,/kgT). We consider E, the activation
energy (in eV) and kp the Boltzmann constant, while z is the charge number
of the oxygen ions, u the Nernst-Einstein ratio (1 = Il:,%’ with u the mobility)
and F the Faraday number. The charge number of oxygen z = —2 is an
approximation of Z* (see Box[L.T). Setting it to a negative value determines
the direction of the mass transfer in respect to the field.

The first term on the right-hand side of Eq2.1] describes thermally ac-
tivated diffusion along concentration gradients, whereas the second one
addresses diffusion due to potential gradients and carrier momentum trans-
fer. The resolution of these equations with interdependent parameters is
implemented in an iterative segregated algorithm, either using MATLAB to
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mediate between iterations in COMSOL, or directly as a segregated solver in

COMSOL.[224]

First, the heat equation
is solved accounting for
Joule heating using an x-
dependent resistivity and
considering heat evacuation
through the substrate, to ob-
tain the temperature distri-
bution in the system. Then,
the Poisson equation is
solved to determine the elec-
tric potential distribution in
the sample alongside with
the diffusion of oxygen ac-
cording to Eq. An ex-
ample of a 2D finite element
mesh representing the de-
vice is illustrated in Fig[2.14}

Figure 2.14: Representation of a finite element
mesh, S used for modeling the electrically
driven oxygen diffusion. S and dSg are do-
main boundaries used to define the electrical
control, with Sy usually being the ground.
Both are given fixed values for oxygen content.
05y is the model edge. The mesh geometry is
taken from SEM images of a real device.
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Based on: S. Marinkovi¢, A. Ferndndez-Rodriguez, S. Collienne, S. B.
Alvarez, S. Melinte, B. Maiorov, G. Rius, X. Granados, N. Mestres, A.
Palau, and A. V. Silhanek, “Direct visualization of current-stimulated
oxygen migration in YBa,CuzOy_; thin films”, ACS Nano 14, 11765~
11774 (2020) 10.1021/acsnano.0c04492

Main Contributions: experiment design, electromigration experiments,
photoexcitation measurements, cryogenic transport measurements, optical,
and imaging, data interpretation and presentation and writing

Auxiliary Contributions: Hall effect measurements and finite element
modeling
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CHAPTER 3. DIRECT VISUALIZATION OF CURRENT-INDUCED OXYGEN
BCO:

ELECTROMIGRATION IN

Layman’s Overview: Reflectivity as a Proxy for Oxygenation

Optical reflectivity is one of the prop-
erties modulated in perovskite oxides
when changing oxygenation under electri-
cal stress. It can be defined as the amount
of light reflected off the material sur-
face under illumination. Effectively, this
means that deoxygenated (larger &)
is brighter.

In this chapter, we take advantage
of optical reflectivity to map the move-
ment of oxygen in and out of a constric-
tion under stress, by combining spectro-

scopic and electrical characterization tech-
niques. We confirm that this is indeed
the oxygen moving through the bulk, and
demonstrate how it correlates to chang-
ing resistance R and superconducting crit-
ical temperature T.. Our findings demon-
strate beyond doubt that the directional
movement of oxygen in the material is a
consequence of the applied electrical stim-
uli, and provide a solid basis to under-
stand the phenomenon of selective oxy-
gen electromigration in perovskite oxides.

In this chapter, we focus on the visualization of changing oxygen dop-
ing in an extended region through current-stimulated oxygen migration in
YBayCuzO7_; superconducting bridges. For this, we use samples as described
in Sec[2.1.5/and apply the methodology described in Sec2.2.2] The emerging,
propagating front of current-dependent doping ¢ is probed in situ by optical
microscopy and scanning electron microscopy. The resulting images, together
with photo-induced conductivity and Raman scattering investigations reveal
an inhomogeneous oxygen vacancy distribution with a controllable propaga-
tion speed permitting us to estimate the oxygen diffusivity. These findings
provide direct evidence that the microscopic mechanism at play in electrical
doping of cuprates involves diffusion of oxygen atoms with the applied
current.

3.1 Introduction

As discussed in Chll} the physics of copper oxide superconductors continues
to be one the most fascinating scientific topics since their discovery in the
late 80’s.[3] This notoriety can be arguably attributed to a superconducting
transition temperature greatly exceeding those of any known superconductor
at room pressure, the plethora of unconventional electronic phases and the
yet unsettled origin of the pairing mechanism.[42] It is not uncommon that
slight changes in the stoichiometry of complex oxides lead to large variations
of its properties. The interplay between various electronic orders can account
for the reported sensitivity of these materials to parameters like composition,
temperature, magnetic field, and pressure.

In particular, it has proven to be a challenge to precisely control the oxygen
stoichiometry and consequently to establish an accurate phase diagram.[57]
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More specifically, it has been difficult to attain particular critical chemical
compositions separating two distinct quantum ground states, which are
important for the studies of quantum critical points in condensed matter. In
addition, traditional methods consisting in synthesizing and characterizing
samples one composition at a time may become an inefficient workload
with questionable results when comparing different samples. Therefore,
developing new technologies with high efficiency and accurate synthesis are
becoming a leading priority in superconductor science.[56]]

In this chapter, we explore the possibility to tune the oxygen content
in YBayCuzO7_; by mass-selective migration of oxygen atoms in-
duced by large electrical current densities. The material choice is primarily
motivated by the fact that lies among the most investigated high-T,
superconductors and for which it is well documented that oxygen stoichiom-
etry has a dramatic effect on its properties.[121] For instance, the crystalline
structure of changes from orthorhombic to tetragonal, while the c-axis
lattice parameter increases by lowering the oxygen content.

3.2 Results and Discussion

3.2.1 Electromigration process

The investigated superconducting samples are thin films, patterned to
form narrow bridges with two different designs as shown in Figure .1[a,b).
In all cases the narrowest section of the transport bridges was ~ 1-2 ym wide.
Figure [3.1(c) shows an optical microscopy image of an entire device and
Figure [3.1(d) shows the associated magneto-optical image for the same device
obtained at T = 4.5 K and ygH = 0.95 mT. This image evidences the magnetic
flux expulsion from the superconducting parts of the sample with bright blue
areas corresponding to high magnetic fields and dark regions representing
low magnetic fields. The homogeneity of the magnetic flux expulsion is
a strong indication of the high quality of the film, confirming its
excellent superconducting behavior and absence of macroscopic defects.
The electromigration (EM) process in the constrictions was induced by
ramping up the voltage bias while simultaneously monitoring the change in
conductance dG/dt (see Sec. A typical resistance-current curve, R(I),
obtained at T = 105 K > T for the sample of Figure 3.1(a) is shown in Figure
B.2(a). At low currents, ie. within the range between point pristine and
point A, the R(I) exhibits a smooth nearly reversible increase mainly due to
Joule heating effects. At about 12 mA, corresponding to a current density
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Figure 3.1: Scanning electron microscopy images of a single con-
striction (a) and a symmetric three-bridges structure (b). Electromigration
takes place in between voltage contacts where the current density reaches
its maximum value. In (a) the narrowest point of the bow-tie structure is 1
pum wide. In (b) the central bridge is 0.8 ym wide and the two symmetrical
arranged side bridges are 3 ym wide. Panel (c) shows an optical microscopy
image of the entire device. Inset: cross-section at the voltage pad showing
the epitaxial YBa,CuzOy7_; film grown on a LaAlOs single crystal substrate
and Ag electrodes. In panel (d) a magneto-optical image obtained at T = 4.5
Kand poH = 0.95 mT for the device in panel (c) is shown.

J ~ 8 MAcm 2, a change of sign in the slope indicates that electromigration
has been launched, as suggested by the fact that less current is needed to
increase the resistance. The inset in Figure 3.2(a) shows the time evolution of
the circulating current through the sample which takes place on the scale of
several hours.

Note that although these measurements have been done at constant bath
temperature, the local temperature at the constriction can be substantially
higher. Using finite element simulations we can estimate the local temperature
at point A as T, ~ 525 K (see Annex . This value represents an
estimation reliable only for currents lower than point A. Above this point the
stoichiometry of the sample changes and a new calibration would be needed
for each data point. For the sake of comparison, decomposition
temperature, i.e. the onset of melting, takes place around 1273 K,
recrystallization is observed ca. 1073 K,[216, oxygen loss starts at around
673 K while oxygen movement and ordering is present at even lower
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temperatures.[228] Therefore, the combination of high temperature and high
current density is expected to induce directed diffusion of oxygen atoms.

Using neutron diffraction on samples with varying ¢, Jorgensen et al.[121]
and others [128] have shown that the vacancies in the orthorhombic supercon-
ducting YBa,CuzOy7_; system clearly prefer the O(1) position in the copper
chains, thereby tuning the Cu(1)-O(4)-Cu(1) bond lengths and the doping
levels in the CuO, planes (see Box. This means that YBa,CuzO;_; can be
described as two lattices, one hosting all the truly periodic atomic positions
(Y, Ba, Cu(l, 2), O(2, 3, 4)) and another one hosting the O(1)-VZOJr lattice,
where Vé+ are the vacancies at the O(1) site position. It is known that vacant
sites, rather than interstitials, are involved in the diffusion of oxygen atoms
most likely following a O(1)-V3'-O(1) hopping path. More details on the
vacancy mechanism of oxygen diffusion in the CuO chains can be found in
Ref.[229]

3.2.2 Direct visualization of oxygen migration

In order to unveil the directed migration of oxygen atoms, we resort to optical
imaging at cryogenic conditions. Figure [3.2(b) shows false colored differential
optical microscopy images obtained at 105 K, revealing the evolution of the
area affected by the electromigration (darker region). The labels correspond to
the points indicated in Figure a). The superposed white curve delineates
the borders of the transport bridge. The electromigrated region can also be
evidenced in bright-field optical images since the creation of oxygen deficient
zones in films results in increased reflectivity (see text below).[199, 230]
Note that the change of optical response is directional towards the cathode
side, and therefore cannot be attributed to the symmetrically spread Joule
heating. The majority charge carriers (holes) flow from right to left in the same
direction as oxygen vacancies (i.e. towards the cathode). A close inspection
of the optical intensity from the affected area actually shows a mixture of
high intensity and low intensity spots indicating a rather inhomogeneous
redistribution of oxygen vacancies.

In order to confirm that oxygen atoms are displaced out of the constricted
region and correlate optical images with electrical measurements, we have
redesigned the device geometry as presented in Figure 8.I(b). This structure
consists of a narrow central bridge symmetrically surrounded by wider
bridges, each bridge individually addressable by corresponding voltage
contacts. In Figure [3.3(a) we plot the normalized resistance R(T)/R(200 K)
as a function of temperature for the three bridges when the sample is in its
pristine state. For the sake of clarity, we have indicated with red color the
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Figure 3.2: (a) Resistance of a device similar to the one in Figure
B.1(a) as a function of the circulating current during an electromigration
process. The time evolution of the measurement is indicated by the black
arrows. The initial temperature in the pristine state is 105 K and increases
up to ~ 525 K at point A. Controlled feedback operates from point A on
avoiding thermal runaway. Inset: current circulating through the sample as a
function of time during the electromigration process shown in the main panel.
(b) Differential images showing the evolution of the front of the affected
region for an applied current running from right to left as indicated in panel
(a). Positively charged oxygen vacancies move towards the cathode (-) and
negatively charged oxygen atoms move towards the anode (+). The labels
correspond to the points indicated in panel (a). The superposed white curve
delineates the borders of the transport bridge and the vertical black arrows
indicate the mean position of the propagating front.

left bridge, green for the central bridge, and blue for the right bridge. The
normalized resistance allows us a direct comparison between the central and
side bridges, being the absolute resistance of the central bridge a factor 3.25
higher than the side bridges as expected from geometrical considerations.
The perfect overlap of the normalized resistance curves demonstrates that
the lateral structuring of the film has no effect on the superconducting
transition and the resistivity of the film. In other words, the pristine sample
behaves as a monolithic structure with uniform composition and electrical
response. In the rest of the manuscript we will keep R(200 K) of the pristine
sample as the normalization factor.

A strikingly different electrical response is observed after electromigrating
the sample as shown in Figure [3.3(b). Similarly as for the device in Figure
the polarity of the voltage bias during electromigration corresponds to
cathode (-) on the left side and anode (+) on the right side. In order to
facilitate the observation of the induced relative change, in Figure [3.3(b)
we replot the universal R(T)/R(200 K) for the pristine sample with black
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Figure 3.3: Normalized resistance R(T)/R(200 K) as a function of tempera-
ture for the central bridge (green), left bridge (red), and right bridge (blue) for
the sample in the pristine state (a) and after electromigration (b). The inset in
panel (a) shows a scanning electron microscopy image of the three bridges
connected in series, indicating the color code of the voltage signal acquired
and the polarity of the current source. In panel (b), the universal response
for the pristine sample is replotted with black open circles. Inset in panel
(b): optical microscopy image obtained after electromigration process. The
affected area on the cathode side is clearly visible as a bright region starting
from the central bridge and extending deep into the current leads to the left.
Evolution of the critical temperature T, (c) and the carrier density, n (d) at
different regions of the Constriction. The color code of the data points
corresponds to the signal picked up at the colored regions in the insets. For
the sake of clarity the numbering indicates the voltage contacts addressed in
each measurement.

data points. The left and central bridges exhibit a radically different trend
after electromigration. The left bridge shows a substantial increase of the
normal state resistance and a clear decrease of the superconducting critical
temperature as well as a broadening of the transition width. Interestingly,
the central bridge still exhibits a superconducting transition at ~ 30 K with
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a low temperature phase corresponding to a dissipative state and a higher
normal state resistance with respect to the initial state. The right bridge
remains nearly unaffected with respect to the initial state. Further electromi-
gration (See Annex[A.2]) leads to a full suppression of the superconducting
condensate in the left bridge and, more interestingly, to a decrease of the
normal state resistance in the right bridge without affecting T,. Note that
the superconducting transitions at the left and central bridges exhibit broad
distributions 6T, ~ 20 K reinforcing the idea of a highly inhomogeneous
state, as proposed in Ref. [198] In addition, a clear transition at 90 K remains
visible for the affected bridges, indicating that part of the bridge has not been
modified by the electromigration process.

An optical microscopy image taken at the end of an extended electromi-
gration process is shown as an inset in Figure [3.3(b). This image was taken at
105 K in bright field with the analyzer adjusted to optimize the contrast. The
affected area on the cathode side is clearly visible as a bright region starting
from the middle bridge and extending deep into the current leads to the left.
The optical properties of have been investigated in Ref. [[199, 230-233].
Kircher et al. [230] reported a decrease of reflectance with increasing oxygen
content for the electric field parallel to the crystallographic a-axis, whereas
an increase in reflectance occurs for the electric field parallel to the c-axis.
In addition, far field measurements of c-axis normal films show an increase
of reflectivity where oxygen content has been depleted.[199] According to
this interpretation, higher reflectivity on the cathode side is indicative of an
increase in oxygen vacancies, in agreement with the scenario proposed above.

Precise tuning of the oxygen diffusion through the sample may be achieved
by applying subsequent electromigration runs in order to progressively in-
crease the oxygen vacancies concentration on the central and left bridges.
Figure [3.3{c) shows the evolution of the critical temperature obtained with a
low voltage criterion of 100 nV for the three bridges (right, left and central
with data points colored according the sketch in the inset) and after four
sequential electromigration runs. In addition, Figure [3.3(d) shows the evo-
lution of the carrier density, n, obtained from Hall measurements at 105 K
using transverse voltage contacts located at the edges of the central bridge as
illustrated in the inset.

The observed dependence of both T. and carrier density is fully consistent
with the interpretation corresponding to oxygen atoms diffusing towards the
anode and oxygen vacancies flow towards the cathode during the EM process.
In other words, the doping level § increases on the cathode side and decreases
on the anode side. This scenario naturally accounts for the suppression of T
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and reduction of the carrier density on the cathode side. Note that the carrier
density exhibits a slight increase on the anode side (blue points) consistent
with the scenario where oxygen atoms replenish some vacancies and with
the observation of a decrease of normal state resistance on the anode side
after several EM steps.

It is interesting to use the informa-
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Compelling evidence that EM selectively displaces oxygen atoms can
be obtained from y-Raman spectrometry. This technique enables the local
quantification of oxygen content along the constriction after different
electromigration runs.[234] Green points in Figure [3.5(a) show the spots
where the micro-Raman signal has been collected. The Raman shift in the
500 cm~! mode accounts for the c-axis motion of the apical oxygen atoms
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[O4)] bridging the CuO chains and CuO; planes [235| [236] (see Annex .
This relationship originates from the
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Figure 3.5: O(4) phonon mode fre- value of 502 cm ™! is observed, consis-
quency measured along the linear tent with an optimal doped homoge-
scan displayed in panel (a), for the neous track with an oxygen content
pristine state and after reaching two of x=6.95.

different EM states (applied current

16 mA), together with the extracted

oxygen content. The center of the con-

striction is marked with a dotted line. Aft ‘ . trolled el
The error bar in the phonon frequency cr pertorming controfled elec-

is 2 cm~! and displayed only for the fromigration up to 16 mA (EM-1
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shift of the apical oxygen mode fre-

quency from 502 cm™! to 490 em ™},

at the central and part of the left side
of the bridge. This shift is consistent with a region of depleted oxygen content,
x ~ 6.65 towards the cathode. A slight increase in the O(4) phonon frequency
is observed at the right side of the bridge confirming a reduction in the
amount of mobile oxygen vacancies and consequently, a possible enhance-
ment in the oxygen doping. After subsequent electromigration process with
the same current amplitude (EM-2 state), the Raman scan (orange squares),
indicates an enlargement of the oxygen depleted region towards the left side
of the bridge, consistent with an enlargement of the region where oxygen
vacancies are created.
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3.2.3 Photoexcitation

An elegant way to probe the induced inhomogeneous oxygen distribution can
be achieved through photoexcitation effects. Indeed, it has been previously
shown that illuminating oxygen deficient[YBCO|films, (i) decreases the normal
state resistivity and increases T, and (ii) changes the carrier density as well as
the carrier mobility. In addition, a long relaxation time, of the order of days at
room temperature, is observed once the illumination is turned off.[237] There
is a clear correlation between the oxygen content and the relative change in
the resistivity produced by the photoexcitation. More precisely, the lower
the T, of the sample, the larger the relative change in the resistivity.[97] The
essential mechanism behind this effect implies the photodoping of the CuO,
planes by electron-hole pair excitation involving two possible scenarios for
the electron trapping mechanism, namely photoassisted oxygen ordering[157]
and trapping at oxygen vacancies.[158]

Figure [3.6(a-c) summarizes our findings after continuous illumination
with 550 nm wavelength on an already electromigrated sample (similar to
the state shown in the inset of Figure [3.3(b)). A direct comparison with the
response of the sample without illumination shows that during continuous
photoexcitation the transitions at ~ 90 K remain unchanged while the broad
transitions at lower temperatures are enhanced. Indeed, photoexcitation leads
to a slight increase of T, (the white curve shifts to the right) and to a reduction
of the normal state resistivity at the left and central bridges, consistent with
the premise of oxygen depletion in these zones. In contrast to that, for the
oxygen rich side (right bridge), the critical temperature remains unchanged
whereas the normal state resistivity increases. Note that sample heating
due to the illumination process cannot explain a decrease of resistance as
observed in the central and left bridges.

Let us now investigate the time evolution of the photo-induced changes in
conductivity in the central bridge before and after electromigration. Figure
B.6(d) shows the percentage change of the central bridge resistance with
respect to the initial value Ry as a function of time. Note that the pristine
sample exhibits no resistance change during illumination at 200 K (yellow
squares) whereas after creating an oxygen-deficient region by electromigra-
tion, a clear photodoping is observed (green circles). At this temperature,
the induced photoconductivity is persistent and no relaxation is observed.
By increasing the temperature to room temperature (inset Figure 3.6(d)) and
turning off the illumination, the photo-enhanced state undergoes a very slow
relaxation process. All these findings are in agreement with the investigations
performed in oxygen-deficient samples by Markowitsch et al.[159] and
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Figure 3.6: Normalized resistance R(T)/R(200 K) for the left (a), central (b),
and right (c) bridges before (black) and after (white) illumination. Note the
different vertical scale range in each panel. Panel (d) shows the percentage
change of the central bridge resistance with respect to the initial value as a
function of time. The pristine sample exhibits no resistance change during
illumination at 200 K (empty squares) whereas after electromigration clear
photodoping is observed (green circles). Inset: At room temperature and
switching off the illumination, the photoexcited sample can relax back to the
original state in a much longer time scale.

others.[98] [160]

3.2.4 Anti-electromigration

One particularly appealing aspect that could situate voltage-controlled elec-
tromigration as a privileged tool of choice for tuning the oxygen content, is
the possibility to heal a previously electromigrated sample, by simply in-
verting the direction of the electrical drive (anti-electromigration). Although
this technique seems to work fairly well for elemental materials,[35, 36, 50,
52|, 210, 238] its success in has shown to be rather limited.[29] In
order to illustrate this effect, starting from the EM sample (inset of Figure
B.3(b)) we invert the polarity of the voltage in such a way that now the right
bridge corresponds to the cathode side and the left bridge to the anode
side. Subsequently, we run an anti-electromigration while simultaneously
acquiring optical images. A selected set of these images is presented in
Figure B.7(a-f) while panel (g) shows the evolution of R(I) during the EM
process. A complete video can be found in Annex |Al At first sight, these
images confirm that the previously affected areas due to the EM are not
recovered by the anti-EM process. Instead, a new affected region of depleted
oxygen extends toward the right (cathode) side. A closer look into the data
actually reveals some partial healing effect. By taking differential images, i.e.
subtracting consecutive images (Figure [3.7(h-1)), one can clearly see a pair of
dark (oxygen rich) and bright (oxygen depleted) zones. In other words, the
initial affected area caused by the EM shows partial healing during anti-EM.
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The fact that this healing effect takes place in a restricted zone might indicate
loss of oxygen from the sample.
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Figure 3.7: (a-f) Optical microscopy images showing the progression of the
oxygen depleted zones (bright) during the anti-electromigration process. The
time elapsed between consecutive images is about 15 minutes. (g) Resistance
of the central bridge of a device as a function of the circulating current
during the anti-electromigration process. The labels (R, I) in panels (a-f)
correspond to the coordinates along the R(I) curve shown in panel (g). (h-i)
Differential images illustrating the partial healing (black spots) due to anti-
electromigration on a previously affected area by electromigration. The gray
curve is a guide to the eye delineating the transport bridge. Panel (j) shows
simulation images of the evolution of the oxygen concentration starting from
the pristine state, as the voltage is ramped up with time.

Experimental measurement of oxygen tracer diffusion in the a — b plane of
single-crystal YBCO| suggests an activation energy Eg = 0.97£0.03 eV for
the oxygen atoms whereas the in-plane oxygen diffusion constant has been
measured to be D = 1.4 x 10* exp(-Eo/kgT) um?s~! with kp the Boltzmann
constant. Finite element simulations of the heat transport indicate that the
local temperature during the EM can be as high as 700 K for which D ~ 1.45
x 1073 ym?s~1. For the images in Figure @I the sample was exposed to
electrical stress during T = 5000 s, thus giving a diffusion length L = /Dt ~
2.6 ym whereas the actual experimental progression in the time scale of the
experiment is about 30 ym. Several effects can be invoked to justify this
discrepancy. Firstly, complementary measurements have indicated that
the diffusion constant Dj, for oxygen motion along the crystallographic b-axis
is at least 100 times larger than the diffusion constant in the a direction which
could account for the observed rapid diffusion. Secondly, a higher diffusion
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has been reported in Ref. [71] resulting from an applied electric field. Thirdly,
oxygen motion is accelerated by defects such as twin boundaries and/or
grain boundaries.

Figure [3.7)j) shows [FEM|results of the evolution of the oxygen concentra-
tion as the voltage is ramped up with time on the left contact whereas the
right one remains grounded. A complete video of the process is published
online.[72] As experimentally observed, oxygen vacancies flow from left to
right thus generating an oxygen depleted region spreading from right part of
the current leads to the middle bridge.

3.3 Samples

Epitaxial 100 nm thick YBa,CuzO7_; films were grown with the c-axis aligned
perpendicular to the film plane, either by chemical solution deposition[219]
or by pulsed laser deposition on LaAlOj3 single crystal substrates. For both
type of deposition methods, similar results were observed and therefore no
distinction have been made here. For ensuring ohmic electrical contacts,
200 nm thick Ag electrodes were sputtered and annealed by heating in an
oxygen-rich environment. Films were patterned to form narrow bridges with
a 4-point geometry, for both resistivity and Hall-measurements, by photo-
lithography followed and dry ion-beam etching. More than 20 samples with
sharp superconducting transitions at T. ~ 90 K, were analyzed for the work
in this chapter.

3.4 Modeling

Simulation of the oxygen diffusion process has been modeled by using the
partial differential equation solver developed by COMSOL Multiphysics®
modeling software, as discussed in Sec We used a 2D domain with a
three-bridge structure, mimicking the experimental geometry considered
in the experimental pattern shown in Figure 3.I(b). Two top contacts were
located at both ends of the simulated domain in order to electrically polarize
the sample. The right contact (anode) was grounded while a step function
from zero bias voltage was applied to the left contact (cathode).

In the oxygen diffusion framework we are considering two driving forces,
a first one associated to the gradient of the chemical potential depending
on the concentration of diffusing oxygen ions (DV¢, with D the diffusion
coefficient and c¢ the oxygen concentration) and a second one associated to the
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electrical field (-VV). Note that in this iteration we employ a simpler model
without the variable x:

¢ =V -(DVc+zuFcVV), (3.1)

with z=-2 the oxidation state of oxygen ions, u the Nernst-Einstein ratio (u
= D/RT with R the gas constant), and F the Faraday constant. We assume
a diffusive regime in a continuous medium approximation with oxygen
redistribution within the closed system but without external exchange. The
effective diffusion coefficient has been considered isotropic although varying
in space through the dependence of the temperature induced during the
electromigration process. We assume a typical thermally activated process
D=Dgexp(-Eo/kpT), with D= 1.4 - 104 ymZS*1 and Ey = 0.97 eV.]|]170] The
temperature distribution along the bridge has been evaluated according to
the values obtained during the electromigration process as shown in Annex
The oxygen concentration limits have been established according to the
maximum (6=0) and minimum (6=1) oxygen doping, considering the volume
of the limiting structures, being 66910 mol m~3 and 56616 mol m~3, for
the orthorhombic and tetragonal phases, respectively. We have started the
simulations with an initial underdoped homogeneous oxygen concentration
of co = 60734 mol/m? to better visualize the effect of oxygen diffusion through
the channel. The electric potential is determined from the constitutive relation
E = —VV = ]J/0 and the charge conservation equations V] = g, with J the
electric current density, ¢ the electric conductivity and g the electronic charge
density. The electric conductivity has been directly correlated with the local
oxygen concentration, using a linear function ¢(c) = 10> Sm~! if ¢ < c¢*
and o(c) = 10? + 632(c — ¢*) Sm~! otherwise, which phenomenologically
describes the change between the optimally doped and underdoped states.
Here c* = 61614 mol m 3.

3.5 Summary

To summarize, we have demonstrated the possibility to locally deoxygenate
YBa,CuzO7_; by applying high current densities in the normal state. The pro-
posed approach complements the widely investigated gate-induced electric
field effect in this material. Progressive current-stimulated oxygen diffusion
is shown to enable tuning of 6(]) resulting in rather inhomogeneous distribu-
tions of oxygen vacancies. We provide experimental evidence through Hall
measurements, micro-Raman and photoconductivity investigations, that the
electromigration process allows a selective placement of oxygen atoms. The
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induced stoichiometry modulations become more stable (i.e. irreversible) as
the excess current with respect to the onset of electromigration, increases. The
affected areas can be directly visualized by optical and electronic microscopy.
This method represents a powerful alternative to locally fine tune the charge
carrier density in cuprates.
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CHAPTER 4. ELECTRICALLY-DRIVEN OXYGEN VACANCY AGGREGATION AND
DISPLACEMENT IN [YBCO| FILMS

Layman’s Overview: Modeling Oxygen Diffusion

Having demonstrated the link be-
tween the reflectivity of a film and
its oxygenation in Ch[3] in this chapter
we focus on testing the reversibility of
the process and refining and validating a
phenomenological finite element model.
The interest here lies in the straightfor-
ward comparison between experimentally
obtained optical images and the oxygen
concentration distribution obtained from

In this chapter we will debut the
pulsed excitation protocol (See Ch[2),
where we stress our thin films by applying
a current stress in short pulses. This con-
trasts with the previous approach where
the stress was applied continuously. By
allowing the sample to cool before charac-
terization, we can avoid biases stemming
from Joule heating seen in the continuous
PID protocol of Ch[3]

our model.

Combining direct visualization of current-induced oxygen migration
through optical microscopy and finite element modeling of driven oxygen
diffusion, in the previous chapter, we were able to estimate the average ac-
tivation energy of oxygen motion in the crystallographic ab-plane of c-axis
oriented polycrystalline YBa,CuzO7_; films. In this chapter, experiments
and modeling are compared side-by-side for the case of constant current
electromigration as well as for a train of current pulses of varying amplitude
(see FigP.7). The simulations reproduce the induced resistance changes after
electromigration and confirm a high degree of spatial inhomogeneity in the
stoichiometry. Assuming a temperature and oxygen concentration dependent
resistivity, we are able to capture the change of superconducting critical
temperature, normal state resistance, and the development of multistep tran-
sitions as a function of the electromigration history. The simulations are then
applied to scrutinize the influence of activation energy, disorder in oxygen
content and initial oxygen concentration on the electromigration process.

4.1 Introduction

The variation of oxygen concentration in mostly occurs in the O(1) sites
of the CuO chains along the crystallographic b-axis. In the superconducting
orthorhombic phase (§ ~ 0), if the O(1) atom migrates to a neighboring vacant
O(5) site, it will find a channel along the b-axis direction with essentially no
diffusion barrier. [174] It is expected that the associated activation energy
E, will depend strongly on the amount of oxygen atoms per unit cell, with
E, lowering as the number of available sites (i.e. ) increases. This has been
indeed experimentally confirmed in crystals for which it was reported
E,=13¢eVford =0and E, = 0.5 eV for 6 = 0.38.[229] Concomitant isotopic



4.1. INTRODUCTION 99

180 tracer diffusion measurements by Rothman et al.[170] indicated a value
of E;, = 0.97 eV in the ab-plane of bulk pellets. Similar value was
reported for single crystals with stoichiometry § = 0.5 by Veal et
al. [228] through thermal annealing process. Soon after, Choi et al. [239]
calculated the oxygen tracer diffusion coefficients using the cluster variation
method in conjunction with the path probability method for a perfect lattice
and showed that activation energies are significantly dependent on the oxygen
density and the degree of long-range order, with E, = 0.8 eV in the tetragonal
phase and E; = 1.2 eV in the orthorhombic phase. The fact that the activation
energies for the oxygen diffusion decrease with decreasing oxygen content
was also confirmed in laser ablated thin films by Krauns and Krebs.[240] In
Ref.[241] a migration energy as low as 0.3 eV has been calculated for oxygen
ions in the ab-plane using a shell model for the orthorhombic phase. A
more in-depth investigation of oxygen tracer diffusion in untwinned single-
crystalline showed that the diffusion along the b direction can be at
least 100 times faster than diffusion along the a direction.[173] In all cases,
diffusion along c axis was reported to be substantially slower than within the
ab plane.

The dispersion observed in the reported values of the activation energy can
be partially accounted for by the fact that a distribution of activation energies
depending on the local environment is to be expected.[198] More importantly,
several paths of oxygen diffusion may coexist with diffusion along the surface,
the grain boundaries, and twin boundaries dominating over lattice diffusion
as demonstrated by comparing single crystals to polycrystalline YBCO}[155]
This has been recently demonstrated via molecular dynamics simulations by
Wang et al. [242] where it was shown that oxygen diffusion in can
be enhanced in grain boundaries with an activation energy exponentially
decreasing with the grain boundary angle.

In general, the experimental investigations presented above rely on diffu-
sive processes induced by thermal annealing under controlled environmental
conditions. The current driven diffusion presented in Ch[3|allows doping
modulation in in situ.[72]] This technique has been implemented to scan
the entire temperature-hole concentration phase diagram one and the same
sample. [59] In this case, the agglomeration of oxygen vacancies manifests
itself as a zone of higher reflectivity thus permitting to track the temporal
evolution of the affected area by optical microscopy.

In this chapter, we provide optical microscopy inspection of oxygen va-
cancy migration stimulated by high current densities and complement this
study with finite elements modeling in order to quantitatively assess the
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effect of effective activation energy for oxygen diffusion. We demonstrate
that the oxygen disorder induced by electromigration can take place simul-
taneously in several spots along the transport bridge. Low frequency AC
electromigration illustrates a limited reversibility process which is accen-
tuated if a concentration-dependent activation energy is introduced. The
modeling is able to capture the evolution of the superconducting transition
after electromigration as well as the oxygen vacancy mapping.

4.2 Results and Discussion

The investigated superconducting
samples are thin films pat-
terned into a multiterminal bridge
shape as shown in Figure Eight
voltage probes are used to individu-
ally assess the electrical response of
the three bridges connected in series.
The length x width of the two side
bridges is 5 ym x 3 ym, whereas for
the inner bridge the dimensions are 3
pm X 1 ym. All films exhibited super-
conducting critical temperatures T, ~
Figure 4.1: Optical microscopy im- g5 K consistent with § ~ 0.2 4 0.05
age of the entire device after electro- j . 4 -¢ the maximum slope of the

migration. The inset shows a scan- st ture R(T
ning electron microscopy image of Tesistance vs temperature R(T) curve.

the three central bridges.

4.2.1 Optical and electrical prob-
ing of oxygen vacancy migration

The electromigration process was achieved through two different approaches,
namely (i) constant current measurements and (ii) amplitude-dependent
current pulses as those discussed in Sec2.2.2]

DC electric stress

For the constant current measurements, a DC current is maintained by the
source and the resistance R of each of the three bridges is independently
monitored as a function of the time elapsed t. The inset in the left panel
of Figure [4.2| shows a scheme of the current polarity imposed and the color
code used to indicate the response of each bridge. At 3 mA (corresponding
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Figure 4.2: Experimental evolution of the resistance as a function of time
under continuous electrical stress for the left, central, and right bridges.
The inset in the left panel shows the polarity of the current source and
the color code associated to each bridge. An optical microscopy image of
the electromigrated device is shown as inset of the central panel.
Higher reflectivity (brighter zone) reveals the region with oxygen deficiency.
Measurements performed at room temperature and in ambient conditions.

to 3 MA cm™? in the central bridge), a small increase of the resistance as
a function of time is observed in the three bridges. When the current is
increased to 6 mA the initial resistance increases substantially due to Joule
heating. Surprisingly, while the left and right side bridges exhibit an increase
of resistance with time, the central bridge shows a progressive decrease.
Further increasing the current to 8 mA, shows that all three bridges reached
a regime of decreasing resistance with time. A real time evolution of the
optical microscopy images is published online[74] for a similar device. In
order to understand this behavior, it is necessary to invoke the displacement
of oxygen vacancies from right to left and a simultaneous counterflow of
oxygen ions. Within this scenario, the increase of the resistance with time
corresponds to the propagation of the front consisting of an area of depleted
oxygen in between the corresponding voltage probes. Eventually, the trail of
that front is reoxygenated and leads to a decrease of resistance. An optical
image of the oxygen-poor front (brighter color) obtained few seconds after
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applying 8 mA is shown in the inset of the middle panel. The origin of
the observed increase of reflectance when the oxygen content decreases has
been investigated by Kircher et al.[230] by measuring the dependence of the
dielectric tensor on the oxygen stoichiometry. Additional experiment with
lower, alternating DC polarity are available in Annex/B.2}
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Figure 4.3: Evolution of the resistance as a function of time under continuous

electrical stress for the left, central, and right bridges as obtained by finite-

element modeling with E; = 0.7 eV, xg = 0.76, Xin = 0.5, Xypax = 0.95 and dxg

=5 %. Inset in the middle panel shows a mapping of the oxygen distribution

(yellow / green color indicates the oxygen depleted zone and red color the
oxygen rich zone).

Figure shows the results obtained from numerical simulations for
similar continuous current stress. The initial reduced concentration (see
Secl4.4) xo = 0.76 has been chosen so as to approach the experimentally
determined R(T) of the bridges. In addition, a disorder in oxygen distribution
of dxg = 5 % with respect to the mean value xy, has been assumed. In Ch
it has been shown that after electromigration part of the bridge becomes
deoxygenated down to a certain minimum value x,,;, whereas other zones
are oxygenated up to an upper value x,,x. This can be understood as a
consequence of a concentration-dependent activation energy E,(x). In the
present case, we have taken x,,;, = 0.5 and x, = 0.95.

For 3 and 6 mA the simulations show an initial resistance increase fol-
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lowed by a very stable state. The fact that this stability plateau is reached
in much shorter time-scale than in the experimental measurements, sug-
gests that in the experiments the entire substrate is heated by the current
whereas in the simulations we assume that the bottom of the substrate is
at a fixed temperature. For 8 mA DC current, the simulations reproduce
the observed experimentally trend and confirm that the initial increase of
resistance produces a propagating front of depleted oxygen distribution,
whereas the resistance decrease is caused by an oxygenation process. The
inset in the middle panel of Figure 4.3|shows a mapping of the oxygen dis-
tribution obtained under the same conditions as the snapshot shown in the
inset of Figure The similarities are apparent: a bright arc-shaped front
corresponding to the oxygen depleted zone emerges from the central bridge,
with a counter-propagating red color front indicating excess oxygen. Note
that the optical images clearly reveal the oxygen depleted zone, but are less
sensitive to the zone where oxygen content has increased.

AC current stress

The above described approach consisting of a constant bias current suffers
from uncontrolled modifications to the sample and eventually by thermal
runaway causing permanent damage to the bridges. In addition, it is inconve-
nient for imaging since the oxygen diffusion proceeds during the acquisition
time of the CCD camera. To avoid these drawbacks, we resort to current
pulsed measurements following the protocol shown in Figure f.4(a) and
previously described in Sec[2.2.2} Two consecutive probe current pulses of
constant amplitude (Iy,05. = 10 pA) and opposite polarity of 10 s duration
are averaged to obtain the total resistance of the sample, i.e. in between the
external voltage contacts as shown in Figure [£.4b). The probe pulses are
followed, after 5 s, by 10 s pulsed current of variable amplitude Ip;s. After
each pulse, the current is cut off for 5 s, much longer than the characteris-
tic time of thermal relaxation (~ us),[243, 244] to allow the sample to cool
down to bath temperature. The panel (c) shows the oscillating Ip;s with
a maximum amplitude of 8 mA. In the panel (d) the evolution of the total
resistance of the device resulting from the oscillating train of pulses is shown.
Black circles correspond to the total resistance after the current pulse has
been applied, i.e. remanent resistance (left axis) whereas the white circles
correspond to the total resistance during the current pulse (right axis). The
latter exhibits a parabolic shape resulting from the Joule heating and the
temperature dependent resistance of the device whereas the former remains
unaffected by the Joule heating and represents a more convenient tool for
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Figure 4.4: See next page.
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Figure 4.4: (a) A bipolar I, pulsed current is used to monitor the sample
resistance whereas a Ipps > I Of variable amplitude triggers the electro-
migration process. Optical microscopy images are acquired after each probe
pulse. (b) The total sample resistance picked up by the external electrodes
is monitored before and during the Ip;s excitation. The panel (c) shows
the evolution of Ip;s and the panel (d) the resulting evolution of sample
resistance before (black points, left axis) and during (white points, right
axis) the application of Ip;s. Representative optical microscopy images at
different stages of the electromigration process are shown in (e). Images
labeled A-E acquired at the corresponding yellow points in panel (c), provide
direct optical contrast of the affected areas. Images labeled A’-G” acquired
at the corresponding green points in panel (c), provide differential optical
contrast of the affected areas.

unveiling the irreversible changes induced by the electromigration process.

For current pulses up to Ip; s ~ 6 mA, the remanent resistance of the
device remains invariable, meaning that the sample has not undergone any
modification. For 6 mA < Ip;s < 7 mA, a slight decrease of the sample
resistance is observed. As demonstrated by Moeckly et al.[198] this effect
cannot be solely ascribed to a thermal annealing process resulting from
Joule heating but in addition, a current stimulated redistribution of chain
oxygen vacancies needs to be invoked. This initial healing of the sample is
followed by a rapid increase of the resistance associated to long-range oxygen
migration. Interestingly, when Ip; s starts to decrease, the sample undergoes
a healing process, even though the current flow does not change polarity.
The maximum of resistance recovery is obtained for Ips ~ 0. Note that
the recovery is incomplete, meaning that the sample experiences irreversible
deterioration.[196] Inverting the current polarity does not provide much
further healing but rather leads to another increase of resistance followed by
a plateau. As current amplitude alternates, a similar sequence of resistance
peak-plateau stages develops with the general trend towards an overall
progressive deterioration of the device. This observation suggests that low
frequency AC-excitations may represent an effective way to increase the
resistance of the transport bridge in a controlled fashion.[59, 202

Let us now analyze the induced inhomogeneous oxygen distribution as
revealed by in situ optical microscopy. A selected set of images is presented
in Figure [4.4(e) corresponding to different stages during the electromigration
cycle process. A complete animation is published online in the Supplementary
Information with Ref.[74]. For images A to E taken at the yellow points
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indicated in panel (c), the image corresponding to the initial pristine state has
been subtracted in order to improve the contrast. Point A corresponds to the
onset of electromigration which becomes visible at the central bridge, where
the current density and the local temperature are the largest. Point B, taken
at the plateau of resistance, shows the extent of the oxygen depletion zone
(brighter region) obtained after reaching the maximum current amplitude.
At this point the resistance of the device has decreased as a consequence of
a partial replenishing of oxygen atoms in between the outer voltage probes.
Point C is obtained after inverting the current direction and together with
the image corresponding to point B, demonstrates the directional character
of the electromigration process, with oxygen vacancies moving with hole
carriers. In D and E, the affected area has further expanded outside the
external voltage probes, and therefore it is not captured by the electrical
measurements.

When the current direction is inverted, the change of oxygen content in
already affected areas becomes nearly imperceptible in the bright microscopy
images. A convenient way to unveil these changes is to subtract consecutive
images as shown in frames A’ - G’ of Figure (e). The point A’ is taken at
the first maximum of resistance and shows that modification of the oxygen
content takes place mainly on the left bridge. Point B” corresponds to the
maximum current amplitude and shows that oxygen vacancies are mainly
affecting the cathode side (-) which lies outside the outer voltage probes.
The fact that the resistance has decreases indicates that in turn, oxygen
ions are replenishing the previously oxygen-depleted zone in between the
voltage probes. When inverting the current direction (C” and D’) the oxygen
content changes are rather minor in the already affected areas and more
prominent in the unaffected right bridge zone. Images E’,F’, and G” show
that further oxygen displacement in these previously modified regions does
not happen locally as it would be the case for a single propagating front but
in waves extending throughout the device. The reason for this effect lies on
the multiterminal geometry of the sample which induces an inhomogeneous
current distribution and hot spots of current crowding (see Annex [B.3).

The results of finite element modeling of oxygen diffusion, for the case of
pulsed electromigration are shown in Figure The same train of current
pulses and overall measurement protocol as in the experiment presented in
Figure |4.4| are reproduced in the simulation. The parameters used for these
simulations (E, = 0.4 eV, xg = 0.76, éx9 = 5%, Xuin = 0.5, X;uax = 0.95) have
been chosen so as to approach the experimentally determined initial R(T)
of the device and the extent of affected area. Panels A-E show the oxygen
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concentration mappings and panels A’-G’ indicate differential changes in the
oxygen concentration at selected points during the electromigration process.
The resistance oscillations before (black points) and during (white points)
the pulse, qualitatively capture the features observed experimentally. The
permanent changes in sample resistance start to happen for a current of 6 mA.
The decrease of sample resistance at point A, results from the oxygenation
of an initially less than optimally doped sample (xo = 0.76). Note that this
reoxygenation takes place mainly at the central bridge where the current
density is higher and which contributes the most to the total resistance (i.e. in
the pristine state, ~50 % of the resistance measured at the outer probes comes
from the central bridge). This local minimum is followed by a rapid increase
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Figure 4.5: Finite element modeling of the resistance and oxygen cartography
evolution as a function of an oscillating current pulse Ip;s. For the sake of
convenience, the Ip;s as a function of pulse number already shown in Figure
c) is replotted here. The simulated Ry;ax, Rynin, OXygen concentration, and

differential concentration mappings are to be directly compared with the
experimental data presented in Figure [.4}
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of resistance as the oxygen depleted zone propagates to the left side. At the
maximum of resistance, the local temperature reaches 671 K. Consistent with
the experimental observation, a healing process evidenced by a decrease of
resistance occurs when the pulsed current amplitude decreases. We attribute
this effect to the thermally activated relaxation process. Indeed, even though
the applied current is smaller than that needed to induce electromigration,
Joule heating rises substantially the local temperature and induces a relax-
ation process driven by the pronounced gradient of oxygen concentration that
will partially reoxygenate the central bridge. Below certain current threshold
no further changes are observed (oxygen diffusion is halted) and a resistance
plateau develops. This resistance plateau exceeds the initial resistance of the
sample which, implies irreversibility in the electromigration process. Note
that the modeling produces a lower irreversibility than the one observed
experimentally. This is also visible in the oxygen concentration mapping.
Indeed, when comparing points B and C, one can remark that at point C
the previously deoxygenated region on the left side of the device has been
replenished and reoxygenated. To explain this discrepancy between theory
and experiment, one can invoke a concentration dependent activation energy
(see discussion bellow for more details) or simply oxygen loss to the envi-
ronment due to the high temperatures attained during the electromigration
process. The modeling also shows local satellite maxima just before reaching
the maximum current amplitude. The origin of this satellite peak is that the
high temperature and electric field at the central junction generate a better
oxygen mobility and consequently a higher oxygen flux than the neighboring
junctions. In the case of a current moving oxygen to the right, this creates
an oxygen defect on the left side of the central bridge that cannot be directly
supplied with oxygen coming from the left. This temporarily produces an
oxygen defect in the central bridge and thus gives rise to an increase in
resistance. Interestingly the differential images A’-G’ confirm that changes
in the concentration during the current reversal take place simultaneously
throughout the entire structure instead of in a single propagating front. The
complete simulation showing maps of oxygen content, temperature, current
density and electrical field of the results discussed in this section is available
as an animation in the Supplementary Information of Ref.[74].

Thus far we have investigated the global response of the entire device as
the train of pulses oscillate in amplitude driving oxygen vacancies back and
forth. We can obtain further insights by analyzing the local modifications
operating in each individual bridge. Figure 4.6/ shows the R(T') response at
the left (salmon panel), central (green panel) and right (blue panel) bridges for
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the initial (pristine) state (white dots), after reaching the maximum applied
current (point D, gray dots) and after reversing the polarity of the current
up its maximum value (point F, black dots). Some representative optical
microscopy snapshots for the points indicated as A,B,...,F are shown. As
evidenced by the snapshot D, the maximum applied current (from right to
left) gives rise to a substantial diffusion of oxygen vacancies, way beyond the
outer voltage contact. After this electromigration run, we observe that the
right bridge exhibits a reduction of the normal state resistance and a slight
increase of the superconducting critical temperature. The central bridge also
exhibits a decrease of the normal resistance which is concomitant with a
slight increase of T,, whereas the left bridge shows increased normal state
resistance and a double step transition. By inverting the applied current
polarity, thus replenishing of oxygen at the left bridge and inducing oxygen
vacancy displacement towards the right bridge, a healing of the resistance of
the left bridge and a clear deterioration of the conducting properties at the
right bridge are observed. This is consistent with the optical image shown in
panel E.
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Figure 4.6: (a) Amplitude of the current pulse Ip;s as a function of pulse
number. (b) Optical microscopy images corresponding to the points labeled
in panel (a). The brighter yellowish zones correspond to oxygen depleted
areas. (c) Resistance vs temperature showing the superconducting transition
at the left (salmon panel), central (green panel), and right (blue panel) bridges,
respectively. The response of the pristine sample is shown with white points,
after reaching maximum current amplitude is shown with gray data points,
and after reaching maximum current of opposite polarity is shown with black
points.

As shown in Figure [LE the numerical modeling, assuming similar condi-
tions as in the experiment, is able to qualitatively capture most of the features
and trends observed experimentally. Note that the simulations predict that
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both central and left bridges should be severely affected by the electromigra-
tion process, exhibiting a double-step transition. This is in agreement with
measurements obtained by controlled electromigration as reported in Figure
and Figure Nevertheless, some discrepancies between the experiment
and the model can be pointed out. Namely, (i) the amplitude of the resistance
and critical temperature changes differ and (ii) the observed healing effect
upon current polarity reversal is less pronounced than predicted numerically.
As we have stressed above, these discrepancies might arise from important
ingredients that are not taken into account in the present model, such as the
effect of oxygen chain ordering, oxygen content-dependent activation energy
and loss of oxygen into the environment.
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Figure 4.7: Panel (a) shows the simulated oxygen maps for the same points A
— F as shown in Figure [£.6(a) except for the fourth point (formerly D) which
is now taken after D. The red and yellow colors correspond to oxygen-rich
and oxygen-poor areas respectively. (b) R(T) curves for the left, center and
right bridges. The color convention used is the same as in Figure [4.6(c).
The parameters for these simulations are E, = 0.7 €V, xg = 0.76, x,,;,, = 0.5,
Xpax = 0.9 and dxg = 5 %.

Effect of modeling parameters

Now that we have validated the proposed numerical model through direct
comparison with experiments, it is interesting to further scrutinize the in-
fluence of the different parameters involved in the model on the electric
response of the device and the spatial extent of oxygen diffusion. To that
end, in Figure we monitor the resistance at remanent (i.e. after each
current pulse) R, and during the pulse Ry,x as a function of a pulsed
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current amplitude that increases linearly from zero and reaching a maximum
value of 8 mA at pulse 40 and then decreasing linearly down to zero at pulse
number 80. Panels (a) and (b) along with snapshots A-E show the influence
of the activation energy E,. For E;, > 0.4 eV the electromigration first induces
a small resistance drop before leading to a resistance increase, consistent with
the experimental findings. As expected the larger E, the higher the current
density needed to trigger electromigration. In addition, as E; decreases the
maximum resistance achieved increases and consequently so does the Joule
heating. Therefore, for lower E, the attained highest temperature along the
bridge increases (panel (b)) and the oxygen diffusion further expands into
the leads (snapshots A-E).

Pulse number Pulse number
10 20 30 40 50 60 70 10 20 30 40 50 60 70

e :: 700 A

— 260520

=3 £,
< 240} -0,
g £ -0,
& 220 k=0
|
200 N G
180 AVEAe I

o 220

Figure 4.8: The evolution of R, and R,y for different activation energies
are given in panels (a) and (b) respectively (E, is given in eV). The other
parameters remain unchanged: xo = 0.76, X, = 0.5, Xyax = 0.95 and dxg =
5 %. Panels (c) and (d) show R,,;;, and R, for several x,,;, and constant
activation energy E; = 0.4 eV. The snapshots on the right show the oxygen
distribution for the corresponding points A - I indicated in panels (b) and (d).
The maximum attained temperatures are shown in panels (b) and (d).

Figure (c) and (d) show the resistance change when x,,, is varied
while the rest of the parameters remain constant. As a reminder, limiting the
amplitude of the reduced concentration x is a zeroth-order approximation to
account for a concentration-dependent activation energy. Allowing to access
smaller values of oxygen concentration leads to more pronounced modifica-
tions of the resistance and higher temperatures (panel (d)) although not major
modifications are observed in the spatial extent of the diffusion (snapshots
F-G). Interestingly, we have found that modifications on the parameters max-
imum oxygen concentration x,,,y, the initial oxygen concentration xp, and
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the amplitude variation around the mean value xy have minor impact on
the final state (see Annex [B.5). In brief, the activation energy and the lowest
achievable oxygen concentration are the key parameters ruling the extent of
the oxygen diffusion. This finding suggests that the activation energy should
depend on the actual oxygen concentration.

Oxygen concentration dependent activation energy
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Figure 4.9: Panel (a) shows the tem-
poral evolution of R, for the dif-
ferent E,(x) profiles given in panel
(b). The observed correlation be-
tween the irreversibility parameter
AR = Rfinas — Rinit and the lowest
value of the activation energy is given
as the inset of panel (b). The others
parameters are xo = 0.76, x,,;, = 0.5,
Xmax = 0.95 and dxg = 5 %. The value
of the applied current corresponds to
the first 80 pulses of the Figure

The extended mobility of oxygen in
is, as mentioned above, greatly
due to the presence of vacant sites in
close proximity to the moving atoms,
allowing for a less energetic diffusion
mechanism by interstitials in compar-
ison to substitution mechanisms.[245)
246] This can aid in understanding
why many reports, including those
mentioned in the introduction, show
a smaller diffusivity of O with lesser
oxygen content. A good indicator of
the oxygen ordering in many complex
oxides are the elastic properties, ac-
cessible via acoustic relaxation mea-
surements as shown in the work of
Cannelli et al..[247] The elastic energy
loss of YBCO|with variable 6 is shown
to be distinct and to include separate
structural phase transitions, that occur
at varying temperatures. The same au-
thors show that, as a function of oxy-
gen content, the intensity of the three
identified structural phase transition
peaks shift,[167] with two of them, ap-
pearing at 400-600 K being characteris-
tic of orthogonal YBCO|and tetragonal
having its characteristic peak at
significantly lower temperatures. The
observed elastic energy loss is due to
oxygen diffusion and ordering in the
orthorhombic lattice, and the activa-
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tion energy of this process (~ 1.1 €V) is higher than expected as one must
take into account the restructuring of the whole orthorhombic oxygen chains
to accommodate further oxygen into the lattice. This is in agreement with
the idea that twinning in optimally-doped is a way to relieve strain
from the highly non-stoichiometric structure of the material. Seeing the in-
crease in E, for both lower (as diffusion by substitution is more energetically
demanding) and higher oxygen levels (due to orthorhombic oxygen chain
restructuring), one could make an argument for a parabolic shape of the
oxygen diffusivity in the material, as has been seen for similar perovskite
oxides by Yoo et al. [169] Looking for a good first approximation to model
the experimental data, we will now assume that our mobile oxygen has
a peak diffusivity somewhere in the non-stoichiometric region. Therefore,
we propose in this section to investigate the effect of a parabolic E,(x) by
imposing that the average value over the allowed range of x is constant and
equal to 0.4 eV. The lowest value of the activation energy E, i, allows to label
the different profiles.

Figure a) shows the evolution of R, versus time for the profiles of
E,(x) given in Figure £.9(b). We observe that the final resistance increases as
E, min decreases. This result can be interpreted as follows: in the initial state
the homogeneity of the oxygen concentration also implies homogeneity of
the activation energy (close to the minimum of the parabola). The central
bridge, where the electric field and temperature peak, will quickly generate an
asymmetric distribution of oxygen and consequently increase the activation
energy in the left and right bridges which will have a reduced mobility when
the current changes polarity. This difference in mobility implies different
oxygen concentrations and therefore different resistances between the final
and initial states. We therefore define the parameter AR = Ryjna — Rinit
(see Figure £.9(a)) as an indicator of irreversibility. The evolution of this
parameter as a function of E, i, shown in the inset of Figure b) indicates
that an inhomogeneous activation energy accentuates the irreversibility for
the oxygen transport. This finding suggests that in order to explain the
observed irreversible response of the electromigration process a concentration-
dependent activation energy should be invoked. Nonetheless, other effects
such as oxygen loss could also play an important role.

4.3 Samples

Epitaxial 50 and 100 nm thick YBa,Cu3O;_; films were grown with the
c-axis aligned perpendicular to the film plane, by pulsed laser deposition
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on LaAlO; single crystal substrates. For ensuring ohmic electrical contacts,
200 nm thick Ag electrodes were sputtered and annealed by heating in an
oxygen-rich environment. The films were patterned via photolithography
and dry ion-beam etching into multiterminal triple constrictions.

4.4 Modeling

The oxygen diffusion model is mostly constructed as described previously in
Sec[2.4] The heat equation takes the form:

oT :
onC, = kV2T + p(x, T)j? (4.1)

where p, is the density in kg m™3, C the specific heat capacity in J kg™*
K~1, T the temperature in K, x the thermal conductivity in W K~! m~!. The
second term on the right-hand side of equation represents the Joule
heating and involves the resistivity of the material which depends on both
the concentration and local temperature. The functionality p(x, T) imposed
in the model is taken from experimental values reported in Ref.[156] (see
Figure 4.10(a)). For T > 300K, we assume a linear dependent resistivity
p(x,T) = [1+a(T — Twf)]p(x, Trer) with & = 5 x 107> K~! determined by
R(T) measurements and T,.s = 300 K.
Finally, the Poisson equation is solved to obtain the electric potential
distribution in the sample:
V2V =0 (4.2)

Note that the right-hand term of the equation is set to zero in order to guar-
antee charge neutrality throughout the device. The electric field E = —VV is
related to the current density J by Ohm’s constitutive equation J = E/p(x, T)
and does not take into account the ionic current whose contribution is neg-
ligible.[71] The solution of the system of equations with proper boundary
conditions is obtained for the exact geometry of the real sample, using the
finite element software COMSOL.[224] A top view of the layout and the
mesh used for FEM simulations is shown in Figure 4.10(b). Due to the small
thickness/width aspect ratio, the equations are only solved for 2D for the
layer while only the heat equation is solved for the substrate. The
values of the thermal coefficients are listed in the Table Slightly different
thermal coefficient as reported in refs.[248, 249] lead to similar results.

Having a system of coupled equations combined with logarithmic behavior
of resistivity with concentration makes simultaneous resolution particularly
demanding. In order to speed up the numerical calculations, an iterative
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Figure 4.10: (a) Linear interpolation of p(x, T) data extracted from Ref.[156].
For values of T above 300 K, a single « value is derived from an R(T) curve
for all oxygen concentrations. (b) Top view of the layout and the mesh used
for FEM simulations. The positive (red) terminal is simulated as a current
source while the negative (blue) terminal is connected to ground. The value
of the current injected at each time step of the simulation is dictated by the

experimental values.

om [kg m 3] CcQl] kg*1 K~1] K WK Tm™]
LAO 6520 [250 450 [250 11.7 [250]
64

BCO| 6300 [251, 252 520 [164, 253 10 [1

Table 4.1: Thermal coefficients used as input parameters in COMSOL simula-
tions.

time process with two steps per iteration is used. First, the temperature and
potential profiles are evaluated at iteration i assuming x to be constant as
determined in the previous iteration i — 1. During this step, the temperature
dependence of the resistivity is assumed to be the temperature profile from
previous iteration. Second, the new spatial distribution of the concentration
x is calculated assuming T and V constant. The values T, V and x at the first
iteration are given by the initial conditions of the problem. It is worth noting
that the model is improved from the iteration in Ch[3| by the fact that the
resistivity is temperature and concentration dependent, and that the mesh
matches the sample geometry more closely.

4.5 Summary

To summarize, in this chapter we have performed continuous DC and pulsed
electromigration on [YBCO| while simultaneously recording the electrical sig-
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nal in a multiterminal bridge and monitoring the oxygen displacement by
optical reflectometry . These results are compared to finite element modeling
for which current-induced oxygen diffusion is coupled to heat transport,
including a temperature and concentration dependent resistivity. The simula-
tions are able to qualitatively and to certain extent quantitatively capture the
general trend observed in the experiments (electrical response and oxygen
concentration mapping) and allow to estimate the local temperature during
the electromigration process and the activation energy associated to the dif-
fusion process. In addition, the model permits us to explore the influence
of different parameters such as initial oxygen concentration, oxygen disor-
der, and activation energy, which would require a colossal effort to address
experimentally. These findings might shed light on the recent investigation
of DC and AC electromigration in [YBCOJ59, [202] and could be extended
to explore the memristive properties of this material[191]] or the electrical
doping of BiySr,CaCuyOg_;.[58] The close correlation between experiments
and theory may encourage further research to explore the predictive power
of the modeling to analyze the retention time and endurance of memristive
devices based on oxygen motion and the effect of degassing caused by oxygen
out-diffusion. Even though the proposed modeling substantially outperform
previous attempts,[72] there are nevertheless further refinements that could
be considered at expense of preventing accessible interpretation, such as 3D
simulation structure, thermomigration, and a term in the model accounting
for oxygen loss.
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CHAPTER 5. OXYGEN ORDERING IN UNTWINNED [YBCO| FiLMSs DRIVEN BY
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Layman’s Overview: Direction Dependent Diffusion

Any crystal is defined by the periodic
arrangement of ions in a lattice. We de-
fine the smallest repeating unit of the crys-
tal as its unit cell. Properties that behave
the same way along any cell direction are
called "isotropic", and we expect such be-
havior from symmetric crystals. [YBCOlis
distinctly different in all three of its crys-
tal directions and the diffusion of oxygen
in the material is thus anisotropic.

Using a sophisticated deposition
method we fabricate a film where
the differentiation between the crystal di-
rections is strictly maintained. This is im-
portant because the crystals, usually, tend
to flip orientation along defect planes,
in what is known as twinning. Our "un-

By applying the same electromigra-
tion protocol and model as described in
ChH] we show that the anisotropy in the
crystal is dominated by the Joule heat-
ing effects that originate from the differ-
ent (anisotropic) resistivities. Due to the
much easier diffusion along the channels
in one of the crystal directions we
expect easier electrically-induced diffu-
sion along it. However, the lower resistiv-
ity while stressing samples oriented along
the easy diffusion direction means that
the constriction remains cooler. Hence,
the easy diffusion direction requires more
stress to reach the temperatures needed
for the process to start in any significant
manner. We conclude that electrically-

twinned" films can then be em-
ployed in studying the anisotropy in the
oxygen diffusion under electrical stress.

induced oxygen diffusion in our materials
is thermally controlled.

After having validated our model of electrically driven oxygen diffusion
in in the following chapter we experimentally investigate the dis-
placement of oxygen vacancies at high current densities in highly untwinned
YBa,CuzO7_; films grown on top of MgO substrates. Transport bridges ori-
ented along the YBa,CuzOy_; crystallographic directions [100] (a-axis), [010]
(b-axis), and [110] (45° from principal axes) reveal that the onset of vacancy
migration is mainly determined by the local temperature (or equivalently
by the dissipated power) rather than the associated activation energy. If this
threshold value is exceeded, a clear directional migration proceeds as evi-
denced by optical microscopy. Concomitant electrotransport measurements
show that an intermediate phase, characterized by a decrease of resistivity,
precedes long range migration of vacancies. We numerically demonstrate
that this intermediate phase consists of a homogenization of the oxygen
distribution along the transport bridge, a phenomenon strongly dependent
on the activation energy and the initial degree of disorder. These findings
provide some important clues to determine the level of order/disorder in
YBa;CuzOy_; films based on electric transport measurements.
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5.1 Introduction

Most studies in oxygen diffusion in and related perovskites have been
performed on non-uniform crystallographically oriented samples which are
polluted by twin boundaries regularly exchanging the a and b crystal axes.
This condition masks the fact that oxygen diffusion is expected to be largely
favored along b than along a-axis. In other words, the activation energy E,
associated to oxygen migration should be strongly dependent on the in-plane
direction. Thus far, little is known about the influence of an anisotropic
activation energy on the migration phenomenon.

In this chapter, we address this question by investigating the current-
stimulated oxygen migration process in 80 % untwinned films with electric
current flowing along different in-plane crystallographic orientations. The
preferential alignment of the CuO chains along one of the in-plane directions
of the substrate results from the large mismatch between the MgO substrate
and the layer[177]. There are two competing mechanisms determining
the onset of electromigration. On the one hand, the activation energy is
lower along b, thus favoring oxygen diffusion in that direction. On the other
hand, migration onset is a thermally activated process triggered by Joule
heating first along a direction due to its higher resistivity. We demonstrate
that the latter effect sets the onset of electromigration, whereas clear hints of
an anisotropic activation energy are seen in the propagation of the oxygen
depleted front as well as in the degree of average oxygen ordering induced by
the current. Finite elements modeling provide further insights permitting to
link the electrotransport measurements with real space oxygen distribution
maps.

5.2 Results and Discussion

5.2.1 DC electromigration

Early investigations of oxygen tracer diffusion in untwinned single-crystalline
showed that the oxygen diffusion along the b direction (the direction
of the CuO chains) can be substantially faster than diffusion along the a
direction.[173] This fact suggests the possibility to achieve current-induced
oxygen migration more easily if the transport bridge is oriented along the
b-axis than along the a-axis. (see Ref.[74] and references therein). In order to
address this question, we have fabricated transport bridges oriented along
three crystallographic directions, namely [100] (2 in Fig[5.1(a))), [110] (45°
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off a in Fig5.1[b)), and [010] (b in Figl5.1(c)). The lower row in Fig[5.1]
shows the corresponding resistivity vs temperature response obtained at

zero applied magnetic field. The fact that the resistivity along the b-axis is
the lowest comes from the fact that CuO chains aligned along this direction
provide an extra conductive channel absent along a direction. Friedmann et
al.[163] reported a ratio p,/pp ~ 2.2 £ 0.2 for untwinned single crystals in
a broad temperature range. Assuming a similar value for a perfectly (100
%) untwinned thin film and considering that in our samples p,/p, ~ 1.6
(see inset in the lower rightmost panel), we estimate a 75 4= 5 % untwinning
within a linear approximation. This indirect estimation is consistent with the
more direct XRD measurements but is somewhat less accurate due to the
influence of anisotropic stress imposed to the atomic lattice by the substrate.

MgO
YBCO

400 —
- <
78 o
_ 300} a { | j————l163 L b
£ . . . <
i 200} {1 L125 175 225 1L |
100} L —_— s 1} //
75 125 175 225 75 125 175 225 75 125 175 225
T (K) T (K) T (K)

Figure 5.1: Low magnification and high magnification false-colored scanning
electron microscopy images of transport bridges along the crystallographic
directions a (left), 45° from a (top central panel) and b (rightmost panel). The
lower row shows the associated resistivity vs temperature curves obtained at
zero applied magnetic field. The inset in the lower central panel shows the
ratio p,/pp in the whole temperature range.

The protocol used to achieve electrically-stimulated oxygen migration con-
sists of applying 1 s pulses of DC current with linearly increasing amplitude
(see inset in Fig[5.2(a) or Sec2.2.2). The resistance of the sample is probed
after every driving pulse with a small bipolar pulse of 10 #A (0.001 MAcm2)
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amplitude and 10 s duration. Samples are optically imaged after the resis-
tance measurement is finished, once for every amplitude of the driving pulse.
This experiment is performed under atmospheric conditions. Fig/5.2(a) shows
the resulting evolution of the bridge resistivity as a function of the density
of current during the electric pulse. Pulses of small amplitude lead to no
modification of the sample resistance as manifested by the current indepen-
dent resistivity. Beyond a certain threshold current density, a slight decrease
of resistivity (less than 1 %) is systematically observed. As demonstrated
by Moeckly et al.[198] this effect cannot be solely attributed to a thermal
annealing process resulting from Joule heating but requires in addition, a
current stimulated redistribution of chain oxygen vacancies. Interestingly,
this improvement of the conductive properties is less pronounced when
the current is along the a-axis which is consistent with the fact that oxygen
diffusion (and thus ordering) is hampered along this direction. This initial
improvement of the sample is followed by a rapid increase of the resistivity
associated to long-range oxygen migration. Remarkably, even though the
activation barrier is expected to be substantially lower for oxygen diffusion
along the b-axis, the current density needed to stimulate the diffusion process
is larger along b than along a. The reason for this effect can be traced back
to the fact that for a given current, a higher resistivity along a implies a
more pronounced Joule heating and consequently a higher local temperature.
Since oxygen migration is thermally activated, this effect gives rise to an early
oxygen diffusion along a as current density increases.

A possible way to discern thermally driven from electrically induced
oxygen displacement is to compare the power dissipated at the onset of
migration. Indeed, for an isotropic system for which the diffusivity does
not depend on the in-plane direction, the diffusion should be triggered at
the same temperature (proportional to the power applied) independently
of the direction of the current. In other words, the onset of migration
should take place at a constant power threshold for all in-plane current
orientations. In Figa) we indicate the power density 3 = pJ? at the onset
of resistivity decrease, as well as at the onset of resistivity increase, for the
three investigated current directions. The fact that 3 at the onset of resistivity
decrease is nearly independent of the orientation suggests that the threshold
for electromigration is determined by the local temperature rather than the
activation energy. Indeed, for a given current, in the expression for diffusivity
D o exp(-E;/kpT), the local temperature T « p. Both E, and p are highest
along the a-axis, and these two parameters have competing effects. If the
angular variation of p is more pronounced than that of E,;, a minimum in the
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Figure 5.2: (a) Evolution of the sample resistivity as a function of the applied
pulsed current density for bridges oriented along three crystallographic axes.
The power dissipated in the bridges at the onset of the resistivity decrease
(V) and increase (A), is indicated with black arrows. The inset shows the
measurement protocol using pump-probe current pulses and intercalated
optical microscopy snapshots. (b) Schematic representation of the anisotropic
p(0) following an elliptic angular dependence (upper panel). The lower panel
shows the experimentally determined onset of the sample resistivity decrease
(V) and the increase (A). The gray shadow covers a zone limited by the
fittings to Eq. for the extreme (minimum and maximum) power pg
inferred from the experimental data points.

threshold current density for electromigration is expected along a-axis, as
observed experimentally.

Assuming that the onset of electromigration is defined by a power density
threshold py and considering an anisotropic resistivity p(0) of elliptic shape
as schematically shown in the upper panel of Figl5.2(b), it is possible to
deduce a current density threshold of electromigration,

j(0) = \/PZZ!; \/(pa sin6)? + (pp cos 6)2. (5.1)
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The lower panel of Figl5.2(b) shows the experimentally determined onset
of the sample resistivity decrease (/) and the onset of sample resistivity
increase (A), together with the prediction of Eq.(5.1) with a graded color
intensity representing the error bar on pg. The fair agreement between the
proposed model and the experimental data validates the scenario for which
the electromigration onset is set by the local power density or, equivalently,

by the local temperature.

In Fig[5.2) we have purposely lim-
ited the irreversible increase of re-
sistivity to few percent of the initial
value. After this first electromigration,
no hint of sample modifications were
observed by optical reflectivity. How-
ever, by further increasing the current
density in such a way to induce ~ 30%
increase of resistance, the oxygen de-
ficient regions become visible by op-
tical microscopy([230]. Figl5.3| shows
a selected set of snapshots of the dif-
fusion process in which affected ar-
eas exhibit a higher reflectivity (i.e.
brighter color). These images point
to the existence of oxygen depleted
spots at the sharp corners of the struc-
ture and propagating into the current
leads, suggesting the importance of
current crowding in the triggering pro-
cess. The previous two chapters show
this effect in fully twinned films
on LaAlQOj; substrates.[72,74] No ma-
jor changes are observed on the cen-
tral bridge itself. Note that the diffu-
sion pattern observed along a and b
axes is symmetric whereas the one ob-
served along 45° is asymmetric, sug-
gestive of an influence of the crystallo-
graphic orientation. Nevertheless, the

Figure 5.3: Bright field optical mi-
croscopy images for the bridges ori-
ented along the a, 45°, and b crys-
tallographic directions after (EM1)
mild electromigration with ~ 3% in-
crease in resistance, (EM2) severe
electromigration with ~ 30% increase
in resistance, and (Anti-EM) revers-
ing the current polarity, so called
anti-electromigration. All the images
were acquired on the same sample in
chronological order EM1, EM2, and
finally Anti-EM under ambient con-
ditions. The black arrows indicate
the current direction.

affected area is clearly directional demonstrating the electric current/field
drive on the displacement of atoms. Based on the above considerations, we
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suggests a scenario in which the onset of electromigration is dictated by the
local temperature at the transport bridge and the direction of electromigration
is determined by the applied electric field and/or current density.
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Figure 5.4: (a) Numerical simulation
of the sample resistance for p vary-
ing from 185 to 365 uQcm in steps
of 20 #Qcm. The following parame-
ters have been used for these simu-
lations: E, = 0.55 eV, « = 5 x 1073
Kil, x0 = 0.9, dxg = 5%, x;in = 0.5,
and X = 0.95. (b) Electromigra-
tion current determined using a crite-
rion of 1 % increase on resistance, as
a function of the resistivity extracted
from the numerical simulation (blue)
and the experiments (orange). The
inset shows the power density (left
ordinate) and maximum temperature
(right ordinate) at the onset of elec-
tromigration for samples of different
resistivity.

Attempts to recover the initial resis-
tance of the bridges by reversing the
current polarity have proven unsuc-
cessful unless the resistance changes
are within few percent of the starting
resistance. Transport measurements
show that a minor healing effect takes
place before a new increase in resis-
tance develops. This minor healing
process is also visible in the rightmost
column of Figl5.3| (labeled anti-EM) as
the brightness of the oxygen depleted
area decreases while new white spots
appear on the opposite side of the
bridge.

Let us now investigate the oxygen
diffusion process by following the nu-
merical model introduced above and
considering the same exact geometry
as for the sample investigated exper-
imentally. Our first objective consists
in demonstrating that the onset of elec-
tromigration is entirely determined
by the power density and the local
temperature, rather than the current
density. To that end, we will assume
that the activation energy for oxygen
diffusion E,, = E,, = E, are inde-
pendent of the crystallographic orien-
tation whereas the an homogeneous
resistivity p changing with angle as
shown in Fig[5.2(b) is considered.

Fig. [5.4(a) shows the resistance as
a function of the applied current for

an ensemble of bridges with identical shape but different resistivity. The
simulation parameters have been chosen in such a way to approach the
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experimental data shown in Figl5.2(a). The current threshold for electromi-
gration determined using a 1 % increase of resistance is plotted in Fig[5.4(b)
as a function of the sample’s resistivity. In the same panel the experimental
data has been added and shows a similar trend as for the simulation, i.e.
the current threshold for electromigration decreases as resistivity increases.
Simulations allow us to estimate the maximum temperature T, attained at
the onset of electromigration as shown in the inset of panel (b) for each of
the curves in panel (a). One can observe that the local temperature triggering
the oxygen migration process is rather independent of the sample resistivity
thus confirming that T, is the essential parameter controlling the onset of
the migration process. In the same inset we have plotted the power delivered
at the bridge at the onset of electromigration and, as expected, it shows a
similar trend as Ty. In brief, the experimental trend shown in Figb)
can be simply accounted for by an increase of resistivity without the need to
invoke an angular dependent E,.

Interestingly, as shown by the blue curve in Figa), the proposed numer-
ical model is also able to capture the experimentally observed improvement
of the conductive properties of the bridges in the vicinity of the onset of
electromigration, as seen in Figa). In order to demonstrate that the origin
of this resistance shallow minimum can be linked to the ordering or homog-
enization of the oxygen concentration, we computed the residual r defined

by,
r= Z V (xi = x0)? (5.2)

with 7 indicating each node of the simulation grid, x; the local oxygen concen-
tration, and x the mean value of the concentration throughout the sample.
In other words, dx; = x; — xg and r represent the degree of local and global
oxygen disorder in the sample, respectively. In Fig5.5(a) the red curve shows
r as function of the applied current associated to the sample depicting the
blue curve response. It can be clearly seen that the initial phase of the electro-
migration process consists in a homogenization of the oxygen content before
a severe disorder sets in at higher currents. A more compelling evidence that
the slight improvement of samples” conductivity arises from oxygen concen-
tration ordering comes from Fig[5.5(b). In this panel we plot the normalized
resistance Ry, (1) /Ryin (0) for samples with increasing degree of concentra-
tion inhomogeneity dxg. For small values of dxg (i.e. rather homogeneous
samples), the local minimum is absent, whereas as dx( increases the local
minimum becomes progressively more pronounced. This is an interesting
finding which could be implemented to quantify the degree of disorder in a
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sample by measuring the depth of the shallow minima in R(I). Furthermore,
the process of current stimulated oxygen ordering should be also influenced
by the activation energy barrier to overcome in order to displace the oxygen
atoms. In Figc) we show that as E, increases, the ordering is less effective
and consequently, the local minimum becomes shallower. This result seems
in agreement with the experimental data shown in Fig where a higher E,
expected along a-axis exhibits a less pronounced local minimum.
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Figure 5.5: (a) Zoom in showing the numerically calculated initial change of
resistance with current (blue line) of one of the curves in Figa) together
with the evolution of the residual function r (orange line). (b) Evolution of the
local resistance minima as a function of the degree of oxygen concentration
disorder dxg. (c) Evolution of the local resistance minima as a function of the
activation energy E,.

In an attempt to numerically replicate the oxygen vacancy mappings
revealed in Figl5.3] the model must explicitly account for an anisotropic
activation energy as described in section The resulting map of oxygen
concentration as determined by the numerical simulations with E;, = 0.55
eV and E;, = 0.5 eV, and reproducing the experimental conditions of Fig[5.3
are shown in Fig[5.6] Most of the features observed in the optical images of
Fig[5.3|are also captured by the simulations. In particular, the nucleation of
oxygen depleted zones at the location of maximum current crowding and
the propagation of an arc-shaped front into the current leads. The lowering
of the activation energy along the b direction naturally stimulates oxygen
migration along this direction even if the bias current is along a (first row
of Figl5.6). Since the current streamlines diverge at the bridge’s lower end,
the oxygen vacancies migrate preferentially along the direction of the voltage
pads and little along the bridge direction. The subsequent anti-EM step
further reproduces the experimental findings, namely a reoxygenation of
the previously depleted oxygen vacancy pockets and the formation of new
pockets at the bridge’s upper end. The second row of Figl5.6|describes the
situation for a 45° rotation of the bridge with respect to the a direction.
Although the simulations show stronger effects for the center of the bridge
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than for the current pads, we do find an asymmetric distribution of oxygen
which is explained by an easier diffusion triggered by the current density
component |, with respect to J,. Finally, the simulation along the b axis (third
row of Figl5.6) shows a strong migration almost exclusively along the bridge
axis leaving the voltage pads intact.

EM1 EM?2 Anti-EM

45°

0.5

Figure 5.6: Numerical simulations reproducing the oxygen vacancy distribu-
tion of Fig)5.3|using the anisotropic model of section 5.4/ with E,, = 0.55 eV,
E,, =0.5¢€V.

5.3 Samples

Epitaxial 50 nm thick YBa,CuzOy7_; films were grown by pulsed laser depo-
sition with the c-axis aligned perpendicular to the film plane on MgO(110)
single crystal substrates. For ensuring ohmic electrical contacts, Au electrodes
were sputtered. The films were patterned via electron beam lithography[254}
and dry ion-beam etching into a bridge-type constrictions as shown in
Fig. The length x width of the bridges is 5 ym x 2 ym. All films ex-



CHAPTER 5. OXYGEN ORDERING IN UNTWINNED [YBCO| FiLMSs DRIVEN BY
128 ELECTROTHERMAL STRESS

hibited superconducting critical temperatures T, of ~ 87.5 K (corresponding
to doping p ~ 0.19). The asymmetrical (038)-(308) reflections in 26-w XRD
maps reveal a 80% untwinning degree[177]. The measurements presented in
this work have been tested in 4 full sets of samples (i.e. 12 bridges in total).

The optical microscopy images were obtained under atmospheric condi-
tions with a 50 x magnification objective (NA=0.5) followed by a 2x mag-
nification lens and collected in bright field mode with a continuous green
illumination filtered from a Hg lamp. The optical microscopy imaging is
performed simultaneously with the electrotransport in order to be able to
make a reliable comparison of the electromigration effects.

5.4 Modeling

The model is constructed like the ones in SecR2.4 and the one in Chl4l The
key difference is that the diffusivity and resistivity are expressed as second
order tensors depending on the orientation of the sample.

In this case D = Dy diag [exp (—E,,/kgT),exp (—E,,/kgT)] is the temper-
ature dependent diffusion tensor, Dy = 1.4 x 1078 m?s~! [170], E,, and E,,
the activation energies in eV along directions a and b respectively

The second term on the right-hand side of Eq.(4.1) represents the Joule
heating and involves the resistivity tensor p(x, T) = diag[pa, pp| of the mate-
rial which depends on both the oxygen concentration and local temperature.
The ratio p,(x0, Tref)/06(X0, Trep) = 380/236 at the initial oxygen concentra-
tion xp is determined from measurements at low current (see Fig[5.2). The
functionality p(x, T) imposed in the model is taken from experimental values
reported in Ref.[156]. For T > 300 K, we assume a linear dependent resistivity
p(x,T) = [1+a(T — Tyef)]p(x, Tre) with & = 5 x 1073K™! determined by
R(T) measurements and T,.s = 300 K.

We will first consider an isotropic version of the equations that satis-
factorily explains the electrotransport properties and later on add a slight
anisotropy of the oxygen diffusion in order to better account for the observed
oxygen vacancy mappings. The values of the thermal coefficients are listed
in the Table Slightly different thermal coefficient as reported in Refs.[70,
248]| lead to similar results.

Having a system of coupled equations combined with logarithmic behavior
of resistivity with concentration makes simultaneous resolution particularly
demanding. In order to speed up the numerical calculations, an iterative time
process with two steps per iteration is used as in Ch/4] First, the temperature
and potential profiles are evaluated at iteration i assuming x to be constant as
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om [kg m 3] cl kg_1 K-1] Kk WK Tm]

MeO 3600 [256] 930 [256] 50 [256]
[YBCO| 6300 [251,252] 520 [164]253] 10 [164]

Table 5.1: Thermal coefficients for the MgO substrate and the superconduct-
ing film used as input parameters in COMSOL simulations.

determined in the previous iteration i — 1. During this step, the temperature
dependence of the resistivity is assumed to be the temperature profile from
previous iteration. Second, the new spatial distribution of the concentration
x is calculated assuming T and V constant. The values T, V and x at the first
iteration are given by the initial conditions of the problem.

5.5 Summary

In conclusion, we investigated the electromigration process on highly un-
twinned YBayCuzOy_s films grown on MgO substrates. We demonstrate
that the onset of oxygen migration is determined by the local temperature
rather the activation energy associated to the atomic migration. Prior to long
range electromigration, a current range for which the resistivity of the sample
decreases is observed. Finite elements modeling suggests that this behavior
is caused by a current-stimulated oxygen ordering. The maximum degree of
oxygen homogenization being ruled by the initial level of oxygen disorder
and the migration activation energy. The numerical model is able to repro-
duce the observed oxygen vacancy mapping provided that an anisotropic
activation energy is taken into account. The proposed model could be fur-
ther improved by incorporating some degree of twinning, implementing a
three-dimensional representation of the YBa,CuzO;_s sample, and including
a thermomigration term in the modeling. These findings provide further
understanding on the non-monotonous change of resistivity systematically
observed in oxides samples before severe electromigration.
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Layman’s Overview: Electrical Oxygen Diffusion in Related Per-

ovskite Materials

is by far not the only per-
ovskite oxide with a very mobile oxygen
atom. In fact, literature reports indicate
that this feature is very common in the
perovskite oxide material family, and it
is thus expected that we can demonstrate
electrical oxygen diffusion in these ma-
terials as well. We use the well studied
ferroic material as an illustrative
example.

In this chapter we apply the pulsed-
excitation protocol (See Ch[2) to demon-
strate electrically driven oxygen diffusion
in The results show many simi-

larities with including the possi-
bility to use optical reflectivity to map
oxygen diffusion. Some differences we
find include a smaller necessary current
amplitude for electromigration and more
stringent conditions for obtaining in opti-
cal detection of the changes.

Notably, the electrothermal stress in-
duced in the films are shown to
be capable of creating defects in the
substrate. These defects are shown to be
insulating, and thus distinct from previ-
ously reported electroformed channels in
the substrate material.

Motivated by the results in we turn to manganites to study elec-
trically driven oxygen diffusion in related perovskites. Simultaneous optical
microscopy and electric transport measurements on Lag 7Srg3MnO3
nanobridges, grown on SrTiO3 , show direct evidence of directional
oxygen vacancy migration under large voltage bias. Comparative study on
discontinuous structures, with voltages applied across a micron-scale gap,
demonstrates that high electric fields induce electrolytic modifications con-
fined to the anode. Additionally, extensive electromigration is shown to
induce the formation of linear surface scars on the substrate, following
well defined crystallographic directions. We demonstrate the reproducible
triggering of these surface dislocations, unveil their thermal rather than
electrical origin and show that they do not represent electroformed conduc-
tion channels. High-resolution Scanning Transmission Electron Microscopy
imaging reveals that the scars correspond to nanometer scale steps
caused by (101) gliding planes in the caused by the proliferation of edge
dislocations and local lattice expansion.

6.1 Introduction

Amidst all perovskite-type oxides, Laj_SryMnO;_ occupies a privi-
leged place as the most studied manganite, greatly due to its magnetoresistive
and resistance-switching behavior (see Ch, as well as the close relationship
of its conductive and magnetic response to crystal structure. Substituting
La’* by Sr** oxidizes Mn3* into Mn**, resulting in a mixed valence of Mn
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ions in the unit cell[139] and the material’s non-stoichiometry. As x increases,
a double exchange interaction between Mn ions bridged by oxygen[125] dic-
tates the electronic distribution leading to the development of a ferromagnetic
phase at low temperatures. This phase has a Curie temperature reaching a
maximum of Tc ~ 370 K for x ~ 0.33. In this system, magnetism and con-
duction are intimately coupled: when the magnetic moments are misaligned
(i.e. the material is in the paramagnetic state), electrons cannot be transferred
by means of a double exchange mechanism, and hence a decrease of resistiv-
ity is associated with spin-alignment (see Box|1.3). With increasing oxygen
deficiency 4, the average Mn oxidation state decreases and thus the average
Mn ionic size increases. As a result, the lattice parameter of manganese oxide
increases and both the Curie temperature and the magnetization decrease
whereas the resistivity increases.[140]

After recognizing the importance of the oxygen distribution in the mate-
rial and its anisotropic atomic mobility characteristic of perovskites, there
were several attempts at demonstrating the thermoelectrically induced migra-
tion of vacancies in LSMO| on [STO] Balcells et al.[205] showed that at high
current densities (> 10° Acm2), the depletion of oxygen content promotes
irreversible changes in the samples with a remarkable increase of resistance
and a reduction of the ferromagnetic transition temperature. Recently, fur-
ther evidence suggesting the displacement of oxygen vacancies under the
combined effect of electric field and Joule heating has been reported.[204, 207,
257, 258] Even though voltage induced phase changes were observed at the
microscopic level by means of Scanning Transmission Electron Microscopy
by Yao et al.,[259] unambiguous macroscopic evidence of electrically
stimulated oxygen vacancy migration has not been provided as of yet.

In this chapter, we use concurrent optical microscopy and electrical
transport measurements to asses the oxygen vacancy distribution in
nanobridges, epitaxially grown on substrates, under controlled elec-
trical stress in ambient and cryogenic conditions. Evidence is provided of
directional oxygen flow under large voltage bias, which is then compared
to the behaviors of discontinuous (gapped) structures. For the latter, a dis-
tinctly electrolytic behavior is observed. Strikingly, a peculiar structural
feature suddenly emerges upon extended electromigration: superficial scars
as linear defects spreading from the nanobridge outwards along the
crystallographic directions of the substrate. Electrical characterization, scan-
ning electron microscopy (SEM), atomic force microscopy (AFM), conductive
(c{AFM), as well as [STEM] are used to assess the effects of electro-
thermally driven oxygen migration on the structural stability of the system.
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Our findings demonstrate the possibility to achieve all-electrical and targeted
generation of dislocations in post-synthesized on-chip structures in the path
towards new ionic functional devices.

6.2 Results and discussion

6.2.1 Directional migration of oxygen in [LSMO

The 20 nm-thick films investigated in this work exhibit a metal-
insulator transition and a Curie temperature above room temperature evi-
denced by the temperature dependent magnetization M(T) and the resistance
R(T) shown in Figl6.1{a,b). The presence of the low-temperature ferromag-
netic phase is directly confirmed by the magneto-optical image shown in
the inset of panel (a) obtained at 5 K with an in-plane field of 3 mT. Similar
magnetic field landscape is obtained at room temperature. Two different
geometrical sample designs have been measured: (i) a continuous, multi-
probe structure consisting of a narrow central [LSMO|bridge symmetrically
surrounded by wider bridges, each bridge individually addressable by cor-
responding voltage contacts as shown in Figl6.T(c), and (ii) a discontinuous,
mirror symmetric structure, as shown in Figl6.1(d), separated by a gap of 3,
7,or 15 ym.

The multiterminal bridge shown in Figl6.T(c) permits us to electrically
unveil the directional displacement of oxygen. To that end, current pulses of
1 s duration at ambient conditions are applied across the entire device with
the polarity as indicated by the sketch in Figl6.2(b). Figl6.2(a-c) show the
relative resistance change AR at each junction with respect to the resistance
of the pristine state, as a function of temperature. These panels are color-
coded as indicated in the sketch in Figl6.2(b). The first three pulses are of
same amplitude, i.e. 0.5 mA, whereas the last one is doubled to 1 mA. The
resistance as a function of temperature R(T) is measured after every pulse for
all junctions simultaneously with a current of 100 nA RMS, using a lock-in
amplifier.

Although optical images taken before and after the pulses do not exhibit
any hint of modification on the constrictions, the gathered electrical data
shows evidence of directional mass transport. Electro-pulsing induces an
increase of resistance on the left bridge and a corresponding decrease on
the right one. This behavior is consistent with oxygen vacancies displacing
from anode (+) to cathode (-) since increasing oxygen deficiency ¢ leads to
an increase in resistivity.[140] Note that the central bridge remains mostly
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Figure 6.1: Normalized magnetization (a) and resistance (b) as a function
of temperature for a 20 nm thick plain film of [LSMO] The ferromagnetic-
paramagnetic transition takes place at a Curie temperature T¢ ~ 370 K and
is accompanied by a metal-insulator transition. The inset in panel (a) shows
a 5 K magneto-optical image of the stray field generated by the sample
shown in panel (c) with an in-plane magnetic field H = 3 mT. The inset in
panel (b) corresponds to the X-ray diffraction spectra of a plain film
deposited on |§i%| substrate. images of the two investigated sample
layouts (continuous and discontinuous) are shown in panels (c) and (d),
respectively. The zoom-in in panel (c) with a magnifying glass shows an
optical microscopy image of the three bridges, the central one being 1x3 ym?.
In panel (d) the gap separating the two mirror symmetric structures is 3 ym.

invariant after the pulses and that for all three bridges the resistance changes
are almost imperceptible below 50 K.

The previous chapters show that oxygen deficient YBap,CuzO;_; offers the
possibility to visualize vacancy distribution as they diffuse under electrical
stress.[72] A similar phenomena could be expected in considering
the fact that both materials are perovskite-like structured ceramic oxides.
In order to induce longer range oxygen vacancy displacements and image
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Figure 6.2: Relative change of resistance AR = R; — Ro, with R; obtained after
i-th current pulse and Ry the resistance in the pristine state, as a function of
temperature. The first three pulses are of same amplitude 0.5 mA whereas
the fourth and last pulse increases to 1 mA. The background color of each
panel indicates the corresponding transport bridge as illustrated in the sketch
of panel (b).

the diffusion process in situ at 110 K, we submitted the sample to a series
of voltage pulses of linearly growing amplitude as schematically shown
in Figl6.3(a). Before and after each pulse, the resistance of the sample is
monitored and optical images are acquired. The voltage amplitude and the
current circulating through the device in response to the voltage pulses, as a
function of pulse number (or time) are plotted in Figl6.3|(b).

The current Iprs initially increases linearly as a consequence of a nearly
invariant resistance. For higher amplitude of voltage pulses the current
seems to saturate in a plateau value of ~ 4 mA indicating a resistance
growing roughly linearly with the applied voltage. The resistance of each
bridge as a function of pulse number is shown in panels (c-e) with an
excitation respecting the same polarity as shown by the sketch in Figl6.2(b).
Consistent with the previous observation, the resistance of the individual
bridges remains constant up to pulse number 12 and undergo modification
for higher pulse numbers. A selected set of optical images is shown in
the lower two rows of Fig6.3|in which the corresponding pulse number is
indicated. Up to pulse number 14 no apparent changes in reflectivity are
discerned. However, starting from pulse number 20, a clear progressing
front of increased reflectivity advances towards the cathode. To the best
of our knowledge, this is the first direct visualization of electrically-driven
macroscopic migration of oxygen vacancies in
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Figure 6.3: (a) A bipolar I, pulsed current is used to monitor the sample
resistance whereas a Ipps > I, Of variable amplitude resulting from
linearly increasing voltage pulses (b) triggers the oxygen migration process.
Resistance of the left (c), central (d), and right (e) bridges after the voltage
pulse as a function of the pulse number. The lower two rows show optical
microscopy images acquired after the pulse number indicated in the frame.
Electric transport and microscopy imaging are acquired at a bath temperature
of 110 K.

6.2.2 Generation of Crystallographic Defects in the [LSMO
System

The resistance of the measured device increases abruptly around pulse num-
ber 37, as is shown in Fig6.3(c-e). A close inspection of the optical images
before (Figa)) and after (Figb)) this transition reveals the formation of
lines extending across both the substrate and the nanobridges, notably
along well defined crystallographic directions [100] and [010] of the [STO} This
effect has been observed in all samples under significant electro-pulsing stress.
The pristine sample shown in Fig/6.4(a) is absent of lines, whereas for the
electrically stressed sample in panel (b), two vertical lines and an horizontal
line are indicated with white arrows. Inspection of the sample by scanning
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electron microscopy shown in Figl6.4(c) reveals further details. Indeed, this
image has been acquired with a Everhart-Thornley secondary-electron detec-
tor, giving mostly topographic contrast. The fact that the vertical line at the
left appears dark whereas the line at the right side appears bright, suggests
that the left line is a step down and the right line is a step up. Step heights
can be quantified with higher z-resolution by as shown in Figl6.4(d-h).
Panels (d) and (e) show two scan areas of 8 x 8 um?, and the line profiles A-A’
and B-B’ are shown in panels (f) and (g), respectively. The measurements in-
dicate that the whole structure undergoes a decrease in height of about 15 nm
in between the the vertical streaks shown in panel (b). The profile B-B” taken
at the substrate shows that indeed this structural defect propagates and likely
originates on the substrate. Panel (h) presents a tilted three-dimensional
view of panel (e) for better visualization of the trench produced in the sample.
The steps seemingly align well-defined crystallographic orientations of the

substrate.

Electric-field triggered structural transformation in has been reported
by Hanzig et al.,[260] who showed that the out-of-plane lattice parameter
increases by increasing the electric field up to few MVm~!. High electric
field combined with high temperature induces migration of oxygen vacancies
along the local chemical and electric potential [55] which in turn causes a
cation (Sr, Ti) counterflow maintaining charge neutrality. This redistribution
of mobile species reduces the stability of the crystal structure. A reversible
electric field-induced structural change in the near-surface region of [STO| has
also been reported through X-ray absorption measurements by Leisegang
et al.[188] using calculated Ti valence as a proxy for the oxygen vacancy
distribution. More recently, Bobeth et al.,[187] Szot et al.,[44] Waser et al., [45]
and Rodenbucher et al.[189] have shown via X-ray scattering measurements
that well-oriented streaks along the [100] axis of the crystal, 1to 10 ym in
diameter, emerge from the cathode and propagate towards the anode during
what is known as the electroformation process. These authors demonstrate
that these streaks do not propagate on the surface, but are situated within
a skin region 100 ym below the surface. Upon connecting the electrodes by
these streaks, the resistance suddenly drops suggesting the development of a
pipe diffusion conduction mechanism. In contrast to this, crystallographic
edge dislocations in have shown no evidence of pipe diffusion and the
consequent improvement of ionic transport.[136, (137]

The fact that the observed lines are crystallographically oriented superficial
scars on the rapidly developing irrespective of the voltage polarity,
points to a different phenomena than the streaks reported in Ref.[44] Further
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evidence can be obtained by using two separate electrodes (i.e. a well-defined
anode-cathode system) and attempting to trigger streaks by increasing the
electric potential difference between them. The sample layout shown in
Figl6.1(d) was used and exposed to a linearly increasing voltage bias regime
as schematically shown in the top left panel of Figl6.5 and discussed in
Sec2.2.2} while optical images were taken at each voltage step. A selected
set of images for which the pristine state has been subtracted to improve
the contrast, is shown in Fig[6.5] From zero up to a potential difference of
152 V no effect is observed in the structure. At 154 V, the sample changes
its reflectivity (darkens) on the anode side (+) and remains unchanged on
the cathode side (-). The affected area keeps growing as voltage increases
until 172 V and by exceeding 172 V another zone of the anode starts to

0 nm

Figure 6.4: Bright-field optical microscopy images of the @@ sample
in the pristine state (a) and after applying a high electro-thermic stress (b)

at bath temperature of 110 K. In (b) the appearance of dark vertical and
horizontal lines in the substrate are indicated with white and black arrows,
respectively. In (c) a scanning electron microscopy image of the central and
left bridges is shown. Atomic force microscopy images of the same sample are
shown in panels (d), (e) and (h). The line profiles indicated by the segments
A-A’ and B-B’ are shown in panel (f) and (g), respectively.
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Figure 6.5: Upper left panel: Optical microscopy image of the measured
device and the polarity of the sweeping voltage ranging from 0 to 200 V at
ambient conditions. The narrowest gap between the two electrodes is 3 ym.
Yellowish background panels show differential images for which the image
of the pristine sample has been subtracted to that of the indicated voltage.
An area of electrolyzed [LSMOQ]| can be observed developing above 154 V.

become affected and grows as voltage difference increases. The spread of the
discolored area is roughly radial from the biasing voltage contact linking it to
the field spreading across the dielectric substrate. Note that no streaks were
generated in this experiment.

For the structure in Figl6.5, the gap between the anode and cathode is
3 um, for which a voltage of 152 V corresponds to an electric field of ~ 50
MVm™1L. This value is an underestimation ignoring the shape of the electrodes
and is close the reported dielectric breakdown of [STO}[77] Scanning electron
microscopy images of the affected area clearly reveal evidence of gas bubbles
developing under the anode, suggesting a solid-state electrolytic processes
as reported by Szot et al.[44] More importantly, the absence of streaks as
those reported in Ref.[44] confirms that the lines observed in Figl6.4 have a
different origin.

By changing the circuit configuration to that shown in Fig6.6]in such a
way to induce a circulating current in the right side of the sample, we can
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Figure 6.6: Upper left panel: Optical microscopy image of the measured
device and the connection circuit used to sweep the voltage ranging from 0 to
200 V at ambient conditions. The narrowest gap between the two electrodes
is 3 ym. Yellowish background panels show differential images for which
the image of the pristine sample has been subtracted to that of the indicated
voltage. A singular linear crystallographic defect develops and grows in the
system above 138 V, before the device is electrically damaged at 158 V.

reproducibly confirm the triggering of the linear structural defects at high
applied voltages. A selected set of differential images acquired at the voltage
labeled in each panel, shows that little happens to the sample up to 136 V
and then from 138 V a linear structural defect develops and subsequently
grows until 158 V, where the sample is locally damaged. Concomitant
electric transport measurements along the current path show that the sudden
appearance of the linear structural defect leads to a resistance jump. This is
expected considering that the thickness of the is similar to the depth
of the linear trench created in the substrate.

We have also simultaneously measured the leakage current through the
gap by applying 1 V between the left and right side of the structure. Interest-
ingly, within the noise level of the measurement, a nearly constant leakage
current of 10 nA remains unaffected by the formation of the linear defect.
This is yet another distinctive feature differing from the streaks reported
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in Ref.[44] Furthermore, by performing conducting{AFM]in the structural
steps and plateaus we confirm that these defects do not represent conducting
channels. It is also worth mentioning that we were unable to trigger the linear
defects in a similar device made of 100 nm-thick Ag (instead of LSMO). In
this case, the electromigration of Ag happens at high currents (~ 41 mA),
but overall low dissipated power (about 50 times lower than in thus
unable to reach the high temperature gradients needed to induce the linear
fractures (see Annex[C).

The optical images shown in Figl6.6 show that the imprinted signature
of the linear defects fades away as the distance from the nucleation point
increases. In order to unveil the underlying mechanism of this effect, we
resort to complementary ex situ and[AFM]investigations of a comparable
device as the one shown in Figl6.6] These results are summarized in Figl6.7]
In panel (a), a image of the region of interest reveals the presence
of additional lines not resolved by the optical microscopy. The extent of
two notable trenches on this sample were measured by The lines
correspond to height steps measured along the directions x; and x; indicated
in panel (a). The resulting step-height profiles are shown in panel (b) for
the direction x; and in panel (c) for the direction x;. These profiles show
that the step-height decreases as the distance from the nucleation point
(the nanoconstriction) increases, explaining the progressive fading
of the lines observed optically in Figl6.6] Another sample that underwent
crystallographic deformation under electric bias was analyzed by and
is presented in panel (d). A zoom-in of the images at a crossing point of
several lines is shown in panel (e). These images evidence several step levels

occurring on the substrate.

Considering the origin of the observed streaks, it is important to note that
both [LSMO] and [STO) as well as their interface are known to exhibit vacancy
ordering driven phase transformations. Indeed, subjected to either
heating, electric bias or epitaxial strain effects close to the substrate interface,
shows vacancy ordering which leads to the formation of a new phase with a
reduced unit cell[259] (brownmillerite[143] - Lag 7Srg3MnQO, 5), while in
oxidizing conditions and electric bias are known to induce the formation
of interwoven Ruddlesden-Popper phases (usually denoted SrO(SrTiOs),
or SrTiO;5).[135, 187] All of these phase changes lead to alterations in the
unit cell parameter of the material. Oxygen vacancy ordering can also
occur between these two materials, mostly due to their shared, large oxygen
mobility and similar unit cell constants,[141, 261] with some arguing for a
limited oxygen exchange across the interface.[259] These previous results
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0 nm

Figure 6.7: (a) Scanning electron microscopy of a[LSMO] device evidenc-
ing several steps after severe electrothermal stress. Step-height along the x;
(b) and along the x; (c) directions indicated in panel (a). Note that the profile
along x1 crosses two [LSMO]bridges, the one shown in (a) and one opposing
it across the gap as shown in Fig (d) Atomic force microscopy image of a
device comparable to the one in (a) after triggering surface scars by applying
electro-thermal stress. A zoom-in of the ﬁimages of the device in (b) at a
crossing point of several lines is shown in panel (e). The rectangular box in

anel (a) indicates the lamella cut-out by focused ion beam for subsequent

investigation presented in Figl6.8|and Figl6.9]

are, admittedly, hard to compare due to broadly varying sample history
and methodologies, but it seems abundantly clear that both materials in our
system can accommodate variable amounts of oxygen vacancies by making
structural concessions. The importance of the epitaxial strain between the
thin film and the substrate can not be ignored, as it can affect the phase
composition close to the interface and has been shown to increase vacancy
mobility in perovskites.[176] Investigating the heat diffusion and electric
field distribution on the proposed system with specific regard to vacancy
distribution and sample geometry might give more clues on the species
mobility in the case under study and allow us to gain insight into the
thermodynamics of the effect at hand (see Annex [C).

In order to gain further insights on the crystallographic modifications
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Figure 6.8: (a) Low magnification Z-contrast image of the FIB-cut lamella
obtained from the zone indicated in Figl6.7(a) around the step labeled 1. (b)
Higher-magnification Z-contrast image of the red framed region marked in
panel (a). (c) Atomic resolution image image of the yellow framed region
marked in panel (b).

induced both by electrically stimulated oxygen migration as well as by the
formation of the superficial scarring, we have carried out[STEM|investigations.
To that end, a lamella was cut out using a focused Ga-ion beam (FIB) in
the region indicated in Figl6.7(a). This region of interest includes two steps
triggered by the electro-thermal effect indicated with the labels 1 and 2. Figl6.§]
and Figl6.9 summarize the most salient features observed in the vicinity of
the surface scars 1 and 2, respectively. In Figl6.8(a) a low-magnification
Z-contrast image evidences the presence of a Pt top layer used to protect the
during FIB cutting process. The appears brighter than
the substrate because it contains a heavier cation (La). Fig}6.§(b) shows
a higher-magnification Z-contrast image of the red-framed region marked in
panel (a) where the step 1 takes place. Note that in this region the LSMO}/|STO|
interface exhibits several defects and the nearby planes are highly
tilted. Interestingly, dark spots running along the (101) crystallographic
direction, and likely arising from dislocations, are embedded within the
The darkish contrast of these defects suggests an increase of the
unit cell around them (i.e. Sr-Sr distance) and therefore a contrast decrease.
The proliferation of edge dislocation at the LSMO/[STO] interface is more
apparent in panel (c) corresponding to the yellow framed region in panel (b).
It is worth mentioning that the proliferation of these defects resulting from
the electro-thermal stress is not visible away from the linear scars, where the
layer shows a cube-on-cube epitaxial relationship with [STO|substrate
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and a coherent and sharp interface absent of defects.

Figure 6.9: (a) Low magnification Z-contrast image of the FIB-cut lamella
obtained from the zone indicated in Figl6.7(a) around the step labeled 2 .(b,c)
Higher-magnification Z-contrast image of the red and blue framed regions
marked in panel (a), respectively. Inset in (b) shows an enlarged image at the
surface of the bare Scale bar is 2 nm long.

In Fig}6.9(a) a low-magnification Z-contrast image of the step 2 is shown,
along with a higher-magnification image taken at the red-framed region
(Fig[6.9(b)) and blue-framed region (Fig6.9(c)). Note that at this step there is
no[LSMO]layer on top. The presence of dislocations embedded in the[STO]and
emerging from the surface step is confirmed in Fig}6.9(b). In this panel, the
Z-contrast image shows clear atomic scale steps at the surface. Faint contrast
along the (101) plane likely related to a distortion of the matrix become
apparent in Fig}6.9(c). The defects found within the substrate shown in
Figl6.§/and [6.9) run parallel to the (101) planes, which might correspond to the
gliding planes, see FiglC.4 Simultaneously acquired Electron Energy Loss
Spectroscopy (EELS) reveals no significant changes in the fine structure of the
Ti and Mn L-edges and the O K-edges of both the layer and the
substrate when comparing regions at the steps/defects and far from them
(see Annex [O). This finding suggests that the scars do not involve oxygen
vacancies far from the nucleation point.

We speculate that the pair of scars and the consequent proliferation of
defects favor gliding planes along the (101) direction because of the shorter
atomic distance along these planes (corresponding to lower activation energy
for atomic diffusion). The fact that no correlated defects are observed in the
manganite layer is consistent with a high temperature during the electro-
thermal formation and the consequent plastic deformation of this layer.
Nevertheless, the highest reached temperature does not seem to be enough
to promote large diffusion of oxygen across the LSMO)/STQ|interface. This
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interpretation is consistent with the early report by Jiang et al.[78] on the
thermo-mechanical plastic deformation in resistive switching devices made
of vertical structures with Pt electrodes on oxygen depleted samples.

6.3 Samples

The Lag 7Srp3MnQO3 thin films studied here were epitaxially grown by polymer-
assisted deposition (PAD) on (001)-SrTiO3 single-crystal substrates.[221] In-
dividual solutions of the different metal ions were prepared by dissolving
the corresponding La, Sr and Mn nitrates in water with ethylenediaminete-
traacetic acid (EDTA, 1:1 molar ratio) and polyethyleneimine (PEI), Sigma
Aldrich Ref. 408727, with an average molecular weight of 25.000 (1:1 mass
ratio to EDTA). Each individual solution was filtrated using Amicon filtration
units (10 kDa), and retained portions were analyzed by Inductively Coupled
Plasma (ICP) Spectrometry (Optima 4300 DV ICP-OES Perkin-Elmer). Solu-
tions were mixed according to the desired stoichiometry (La:Sr:Mn=0.7:0.3:1)
and spin-coated on top of 5 x 5 mm? (001) substrates purchased from
CrysTec GmbH, Germany. After the polymeric layer has been deposited,
it is annealed in a horizontal tube furnace in oxygen flow at 950 °C for 90
min. The thickness of the grown [LSMO]epitaxial thin films was 12—20 nm as
determined by X-ray reflectometry. The thin films were subsequently
patterned by photolithography and dry ion-beam etching. The etching pro-
cess etches away the uncovered film and a few tenths of nm of the
substrate. For ensuring ohmic electrical contacts, 50-100 nm thick Ag
electrodes were sputtered and annealed by heating in an oxygen-rich envi-
ronment.

6.4 Summary

The main findings of this work is twofold. Firstly, we demonstrate, by means
of concurrent optical imaging and electrical characterization, the directional
nature of electrically stimulated oxygen displacement in Evidence
for this is found in the directional resistive switching noted around the
nucleation point of electromigration and in real-time optical images which
reveal a vacancy-rich propagating front spreading on the cathode side of
a nanoconstriction. This observation goes along with the wealth
of evidence for enhanced oxygen mobility in perovskite-like solid systems
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and speaks for the potential electromigration holds to tailor the material
properties.

Secondly, we show that at higher applied voltages, an interplay of vacancy
ordering, electromigration and thermal effects causes extended changes
in both the studied thin film and the substrate. This manifests as
crystallographically aligned steps in the topography of the observed samples,
originating at the conductive strip and extending along the
wafer axes up to ~30 ym away. HRSTEM imaging provides valuable hints
to elucidate the origin of this superficial scarring and suggests a scenario
where local electro-thermal stress generated under the narrowest section
of the sample, is released by the generation of edge dislocations
running along the crystallographic (101) direction of the substrate. We
demonstrate that the observed linear steps are reproducible and precede
dielectric breakdown of the system and do not correspond to electroformed
conduction channels as reported in previous works.[44]

Controlled defect introduction into a material, separated or coupled with
atomic migration effects could allow to surpass bulk doping limits when
properly controlled, as shown in recent literature.[190, 262] In this sense, fur-
ther study and mastery over the above reported defect generation procedure
seems invaluable to attain further progress in device functionalization.
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CHAPTER 7. ELECTROMIGRATION-DRIVEN WEAK RESISTANCE SWITCHING IN
HIGH-TEMPERATURE SUPERCONDUCTING DEVICES

Layman’s Overview: Continuous Low-Amplitude Switching

The ability to change the resistivity
of any material with electrical control is
limited in usefulness if we can only do
it once and are constricted in our abil-
ity to reverse the effect on demand. In
this chapter we demonstrate that using
low amplitude electrical stimulation, it
is possible to keep the changes in the re-
sistivity of the material limited to a few
percent. This gentle electromigration al-
lows us to recover the original resistivity
of the material. Interestingly, we observe

no change of the superconducting prop-
erties of indicating that whatever
change we are affecting in the film occurs
in a separate region of the crystal from
the bulk, leaving a percolative supercon-
ducting circuit throughout.

The oxygen diffusion through the ma-
terial is validated via a phenomenolog-
ical numerical model, and we observe
clear evidence of a back-and-forth move-
ment of the oxygen, evidenced by electro-
transport measurements.

The preliminary results in reversible, current driven switching shown
in Sec[B.2| illustrate that current driven memristive behavior in is
achievable. In this chapter, we investigate the two-terminal resistive switching
properties of YBCO|when the system is driven by electric current. We perform
all-electrical switching to characterize and control low-amplitude resistance
changes, and we implement finite element modeling to explain how these
effects can be properly accounted for by oxygen-vacancy counterflow induced
by electric bias.

Introduction

This chapter aims to investigate low-amplitude resistance switching in YBCO.
Most importantly, the method only relies on electrical current flowing directly
through the material to modulate the oxygen doping, all via the phenomenon
of selective electromigration. We explore the possibility of inducing a small
resistance increase (~ 1 %) followed by a recovery to the initial resistance by
applying a bipolar bias current of constant amplitude. We unambiguously
demonstrate that the resistance changes are associated with back-and-forth
oxygen displacement over long distances (~ 10 ym) driven by a current-
stimulated diffusive mechanism. This slow switching process (~ 1 — 20
s) can be repeated 10* times with high fidelity and little variation of the
overall resistance of the device. This fact seems to point to a negligible
oxygen loss from the device. Low-temperature measurements show that the
procedure also works at 100 K but requires higher drives. The induced small
resistance changes have no impact on the superconducting transition. The
periodic albeit non-monotonous pattern displayed by the time evolution of
the resistance can be properly captured by finite element modeling taking
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into consideration the interplay between oxygen diffusion, heat equation, a
resistivity which depends on the oxygen content, and the specific sample
geometry.

7.1 Results and Discussion

In order to investigate the degree of control, reversibility, retention, and en-
durance of the resistive switching caused by selective current-induced oxygen
vacancy (V3") electromigration, the following protocol was implemented (see
Sec{2.2.2):

First, a constant amplitude current
of Lpp =+5.8 mA is applied across
the constrictions while the resistances
of each individual bridge are moni-
tored simultaneously. After an ini-
tial training phase dominated by ther-
malization (see Annex I), we set a
predefined base resistance Ry as 1%
above the low-current resistance of the

Figure 7.1: Sample layout in the form

central bridge. After that, the cen-
tral resistance Rc starts exhibiting a
dome-shape evolution (see green back-
ground panels in Fig. [7.2). The cur-
rent polarity is reversed upon reach-
ing Ry on the falling slope of the
dome-shaped curve of Rc.

of a triple-constriction where each of
the three bridge resistances can be
accessed using two of the perpendic-
ular terminals. The color code asso-
ciated with the three bridges will be
respected throughout the manuscript.
The battery indicates what is defined
as a positive voltage configuration.

The zooms on the middle column
of Fig. show the resistive response of the three bridges for one period
of the square-wave excitation (highlighted with a darker background in Fig.
[7.2(a-d)). The observed response is a direct manifestation of an oxygen-
vacancy counterflow swaying from left to right and vice-versa. In the positive
half-period (Iopp = +5.8 mA), the dome-shaped curves of the resistance in
the central junction (Fig. b)) reveal a deoxygenation front passing through
it. The left bridge exhibits a nearly linear increase of resistance as this
region becomes progressively populated with oxygen vacancies (Fig. [7.2{(a)).
Concomitantly, oxygen atoms migrate towards the symmetrically opposite
bridge on the right, which naturally explains its decrease in resistance (Fig.
[7.2(c)). Upon inverting the current polarity (Fig. [7.2(d)) on the second half-
period (Iapp = —5.8 mA), the outer bridges reverse roles, and the central
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Figure 7.2: Reversible resistive switching in a micropatterned YBCO film via
square wave current of 5.8 mA amplitude and varying period. The red, green
and blue panels correspond to the negative electrode (left), center and positive
electrode (right constriction) resistance vs time measurements, while the gray
panel shows the applied current. The switching resistance criterion (Ro) is
set manually after a short initialization phase and is shown with the dashed
horizontal line. This criterion is only checked in the middle constriction and
determines the position at which the current polarity is switched. Note that
the resistances of the left and right constrictions follow opposing trends, while
the central constriction has a dome-shaped R(t) curve. This is explained
by an oxygen-vacancy counterflow following the current direction where
the deoxygenation front repeatedly passes through the central constriction
during switching. The insets are zooms on the highlighted sections of the
data set. Experiments are performed in ambient conditions. (e) Evolution
of the half-period 4t (see definition in panel (d)) for a sample switching in
a bipolar square wave current bias for ~ 7000 switching cycles. Polarity is
switched whenever Rc returns to a preset Ry, corresponding to 1% increase
of resistance from pristine state. (f) Evolution of Jt for three different current
amplitudes performed on the same sample, the corresponding Rmax evolution
is shown in (g). These measurements were performed in the same device
in chronological order starting from the lowest current and progressively
increasing the current.

bridge exhibits a new dome as the deoxygenated phase expands in the
opposite direction. Note, however, that the resistance dome on the central
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bridge reaches a different local maximum amplitude Rmax depending on the
current polarity and that the Rc domes have a generally slanted shape with
the rising side being steeper (positive skewness). This periodic resistance
cycling can be repeated without any observed structural damage for a large
number of cycles. The maximum number of switching iterations we have
tested is ~ 10%.
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Figure 7.3: Finite element modeling of the experimentally observed switching
behavior in YBCO thin film constrictions. The numerical model captures both
the regular dome shape of R¢ (b) and the opposite trends in Ry, (a) and Rg
(c), as well as the decreasing values of 6t (e) and R;ax (f).

It is worth noting that the amplitude of the resistance oscillations in the left
and right bridges are unequal, even though the number of vacancies/atoms
swaying from one side to the other remains the same. This difference reflects
an asymmetry in the affected volume between the respective left and right
voltage contacts which could arise from uncontrollable inaccuracies in the
patterning process or simply be imposed by the initial current polarity.

We should stress the fact that the criterion implemented for switching
current polarity is not a fixed period but rather the condition that R¢ returns
to Ro. In other words, neither the period of the square-wave nor the ampli-
tude of the resistance modulations are controlled parameters. This is better
illustrated by tracking the evolution of the half-period ¢t as a function of the
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switching number, as is shown in Fig[7.2e). Note that 6t exhibits an initial
sharp decrease before reaching a stable value. We speculate that this behavior
may be caused by the formation of oxygen diffusion channels which, once
established, are repeatedly reused during subsequent cycling, somewhat sim-
ilar to the forming phase in filamentary memristive devices.[10] Eventually,
after several thousand switches, irreversible modifications seem to clog the
channels and 6t tends to slowly rise.

Figf,g) show the evolution of ét and Rpmax as a function of switch num-
ber for several current amplitudes. These measurements were sequentially
performed on a single sample. For the highest current amplitude (7.25 mA) a
rise in 0t occurs after ~ 25 switches, whereas for lower currents the initial
decrease in dt and Rmax are much more pronounced and a subsequent rise
is expected to occur later (i.e. at higher switch numbers). This is consistent
with the interpretation, that higher drives induce more defects and thus lead
to a premature failure of devices.[191]

Attempts to reproduce reversible resistance switching at low temperature
(T = 110 K) show successful results, although the current needed to produce
similar resistance change roughly doubles the one at room temperature. In
all cases, the weak modifications induced in the normal state resistance by
the switching process have no impact on the superconducting transition,
confirming that the maximum induced displacement of oxygen atoms in
these experiments represents a minor perturbation, which in turn ensures
reversibility.

7.1.1 Numerical results

Let us now apply finite element modeling (FEM) of electrically driven oxygen
diffusion in order to gain further understanding on the link between micro-
scopic mechanisms and electro-transport measurements. To that end, we set
up a simulation that mimics the experimental protocol presented above and
implemented it to reproduce the data of Fig[7.2l As in the experiment, the
two control parameters are the base resistance R, corresponding to the R¢
value at which the polarity switch is triggered, and the applied current I,pp.

The resulting resistance evolution for the three bridges obtained from
the FEM is presented in Figl[7.3] They clearly capture the most significant
experimental features of the device shown in Figl7.2] hence supporting the
interpretation of oxygen-V3" counterflow as the main mechanism at the
origin of resistive switching. Panels (e,f) also reproduce the settling of the
value of R;;ax~242 () and 6t~100 s after 200 switching events, in accordance
with the initial trend reported in Fig[7.2(e-g).
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Figure 7.4: Close up of the evolution of a single dome R(t) from the finite
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row, oxygen distribution differential maps (dx) are depicted to the right and
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current polarity pulse.
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Let us now dig further into the time evolution of the oxygenation and
temperature during the switching process, as described by the numerical
modeling. To that end, in Fig[7.4 we display a single Rc(t) dome obtained
for Ipp = +5.8 mA and Ro = 240 (), after ~1.5 h of periodic switching. The
top row shows snapshots of the oxygen content as described by the variable
x for specific times labeled (i-vi). Panel (i) indicates the polarity during the
highlighted dome. This polarity is inverted upon reaching panel (vi). The
right panels show dx (or similarly dx/dt), the local change of x between a
given time-step and the previous one obtained 100 ms before. The bottom
row shows the temperature maps for the same instances (i-vi).

The initial distribution of oxygen concentration x shown in panel (i),
reveals a large zone of rich oxygen content (blue) at the central constriction
coexisting with a small (white) stripe of slight oxygen depletion, naturally
explaining the low resistance value. Note that the right bridge exhibits
depletion of oxygen (brown) whereas the left bridge is oxygenated but less
than the central bridge. The polarity indicated in panel (i) pushes the V3" to
the left and the oxygen ions to the right. This causes the white stripe at the
central constriction to move towards the left, whereas the blue zone will tend
to displace towards the right side, as shown in panels (ii-iv). At point (iv) the
central bridge is more uniformly depleted in oxygen, which accounts for the
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high resistance value. At point (v) the situation is nearly mirror symmetric
to that of picture (i). In other words, in the rising branch of the dome (i-iii)
the center constriction is mostly a vacancy sink, then it becomes relatively
equally distributed in (iv) and finally an oxygen sink in (v). These features
become more compelling by plotting the differential of x, that is the change
in oxygenation level from one simulation step to the next.

The dx maps show the rate of change of the oxygen concentration, with
yellowish color when the rate is negative (oxygen content decreases) and
darker color when the rate of change is positive (oxygen content increases).
Since the polarity is kept constant for the considered dome, this rate of
change remains roughly the same for (i-v). Note, however, that changes
operate along the central bridge, averaging to negative rate of change for
(i-iii) and positive for (iv,v). When the polarity of the current changes in
the next dome (vi), the rate of change changes accordingly. Note that the
dome is perfectly symmetric indicating that the initial current polarity does
not introduce any asymmetry in the migration process. Detailed animations
showing the time evolution of the oxygenation and temperature are presented
in the Supplementary Information (Annex II).

Figl7.4|also reveals the presence of
wave-like deoxygenation fronts in the
x and dx images, similar to those pre-
viously reported in Ch/] The wave
nucleates at points of large flux diver-
gence, that is, at the junctions of the
constrictions and at the voltage lines.
The bottom row shows that the tem-
perature profile of the sample remains
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Figure 7.5: Section of a finite element
modeling simulation on a symmet-
ric (upper panel) and an asymmetric
(lower panel) mesh where the right
constriction is 1 ym wider than the
left one (see inset). The asymmetry
induces an alternating trend in the
evolution of R¢ where positive polar-
ity periods show higher Rpmax. The
low observed amplitude results from
the relatively long time needed for
the system to settle.

roughly homogeneous, with peak tem-
peratures of ~90 K above room tem-
perature, replicating the experimental
observation elaborated upon in Annex
I. As expected, close to the peak of the
dome at point (iv) a higher resistance
implies more Joule heating and conse-
quently higher temperature.

Although the proposed model sat-
isfactorily accounts for the experimen-
tally observed behavior of the sample,

the simulations do not seem to replicate all details such as the alternating
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Rmax values. In order to explain the origin of the varying dome height for
positive and negative bias, as shown in Fig[7.2] we ran FEM simulations on
an intentionally asymmetric device and compared it to a symmetric one,
as depicted in Figl[7.5 In the asymmetric structure (lower panel), the right
constriction is 1 ym wider than the left one. Under this circumstance, the
right constriction starts in a lower resistance state and never reaches the same
peak oxygenation state as the left one, which is well illustrated in Annex II.
During positive polarity, oxygen flows left to right, but the flow is limited
due to reduced current density and lower temperature in the wider (right)
constriction. On reversal, the wider constriction, which is colder and is com-
parably deoxygenated, traps vacancies and in this way extends the oxygen
flow in the left constriction, leading to a larger reduction of R¢c during nega-
tive pulses. Thus, the experimentally observed alternating Ry, values could
be explained by invoking geometrical asymmetries or likely other sources of
asymmetries in the microstructure.

7.2 Samples

Samples consist of 50-nm-thick films of c-axis oriented YBCO, epitaxially
grown on LaAl,O3 (LAO) substrates and patterned into a triple-constriction
design shown in Fig[7.1] The samples were grown by chemical solution
deposition (CSD) and exhibited sharp superconducting transitions at 90 K
(corresponding to 6=0.05). The inner constriction (green) is 1 x5 ym and the
outer ones (left-red and right-blue) are 3x5 ym. The samples were subjected
to high current densities (up to 14 MAcm2) corresponding to colossal power
densities (P ~ 5 GW/cm?).

7.3 Modeling

The model was constructed like discussed in Sec[2.4} The crystal orien-
tation dependent diffusivity and resistivity do not make a comeback, and
the model is streamlined to calculate continuous change in the system. This
iteration of the model is operated only by COMSOL, without a MATLAB
intermediary script.

74 Summary

We investigated the reversible (low on-off amplitude) resistive switching by
selective electromigration of oxygen in YBCO through a simple electrical
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protocol. The methodology can be easily replicated and applied to a broad
family of oxide materials.[73} 171] We study the resilience of these devices
to cyclic stress and the evolution of the resistance of multiple constrictions
in series. The observed oxygen-vacancy counterflow is validated via finite
element modeling. The presented results provide insights into the nature of
the wavelike movement of the deoxygenation front and local temperature
under low-frequency AC current stress.

The presented research supports the interpretation of electrical oxygen-
V3" redistribution as the driving mechanism for switching. It has been
demonstrated that electric field-induced transition to high resistance states
occurs through the generation of YBa,CuyO7 (Y124) intergrowths with a large
number of oxygen vacancies.[197] Although we expect that a similar mecha-
nism applies when electromigration leads to large on-off amplitudes[72], it
remains unclear in the present case if clusters of Y124 phase develop or a more
uniform redistribution of oxygen takes place. Judging by the insensitivity of
superconducting transitions to the actual normal state resistance, we believe
that disconnected clusters or filaments of depleted oxygen concentration coex-
ist with optimally doped regions. FEM simulations were able to qualitatively,
and to a certain extent, quantitatively reproduce the experimental findings.
In the present report, the period of the dome 6t ~ 20 s and the propagation
distance of the deoxygenated front ~ 5 ym points to a very slow diffusion
process. It remains to be explored the maximum switching speed either
by electric gating or electromigration. The phenomena of electromigration
at ns time scale is expected to generate little Joule heating thus requiring
substantially higher current pulses to achieve similar resistances changes as
the one explored in this work. As a last remark, it is instructive to point
out that the trade-off between large amplitude switching and reversibility
suggests that electromigration in YBCO may, at the ym scale investigated
here, not represent a competitive alternative to memristive effect based on
electric-field gating. The latter permitting much larger amplitude variations
than the ones here reported and yet within a reversible regime. [192] Current-
driven switching still offers advantages in ease of implementation through
simpler fabrication and a lower number of terminals, as well as the possibility
to more comfortably access a higher number of resistive states in the devices,
which still may make them appealing for neuromorphic applications.
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General Conclusions

The results presented over the course of this text provide ample evidence
for the feasability of electrical control as a methodology by which we may
tune the oxygenation (and consequently the doping) of functional perovskite
oxides. To this end, we demonstrate that a simple planar sample design, with
appropriate electrical controls, is sufficient.

In Part Il we study the mechanisms behind current driven oxygen diffu-
sion in the chosen model material. The key property that allows us to
reveal the displacement of oxygen vacancies is the oxygenation-dependent
reflectivity observed in[YBCO} The initial findings discussed in Ch[3|in simple
bowtie constrictions informs us of the neccesarry current densities needed
to achieve the effect and provide justification for the study, motivating us
to move onto a triple constriction design to study the directionality of the
driven diffusion effect. The more intricate sample design shows that the
oxygen-V3" counterflow is dependent on polarity of the current, allowing
for localized modulation of both the resistivity p and superconducting crit-
ical temperature T.. The oxygen diffusion is confirmed beyond doubt by
carrier density measurement, yRaman spectroscopy and photoconductivity
experiments, all of which nicely fit previously reported behaviors. Subse-
quently, a phenomenological description based on is developed and
validated in Chf4l The proposed model captures all macroscopic features of
the phenomenon of selective oxygen electromigration in the perovskite oxide,
including both the changes of the transport and superconducting properties
and the modulation of the oxygen levels. The theoretical results are readily
compared with optical images captured during the experiment. The ques-
tion of anisotropic oxygen diffusion in is addressed in ChJ5, where
the importance and dominance of thermal effects is illustrated. Despite the
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faster diffusion of oxygen along the b axis we have shown that the
more resistive transport along a lends itself to lower electromigration current
amplitudes due to the dominant Joule heating.

Part [T (ChJ6) unveils similar behavior in thin films, indicating
a general trend. Transport measurements and optical imaging indicate a
consistent directional, driven diffusion behavior, limited only by the more
resistive nature of thin films. Interestingly, we find that the electrother-
mal stress in the films causes defect formation in the substrate.
These defects are strictly distinct from previously reported electroformed
conduction channels in and we characterize them as originating from
edge dislocations. The reproducibility of this kind of defect formation is
illustrated on a large number of samples and their orientation along known
crystallographic directions offers interesting potentialities for nanofabrication
and structuring.

Building on the finding of Part [, in Part [[V] (Ch[7) we show that by
limiting the amplitude of the resistance change by only weakly modifying
the oxygenation state of our film we may reversible switch the resistance
state of the devices up to ~10* times. The highly reversible behavior is easily
implemented and controlled and may offer possible applications in analog
and neuromorphic computing, while maintaining the pristine T of our films.
Additionally, these findings mark the maturation of our phenomenological
model, as we implement it in a streamlined and optimized manner that
allows us to simulate thousands of individual switching events.

Throughout this thesis the electrically driven oxygen diffusion in per-
ovskite thin films has been studied and applied in devices. The findings seem
to be general to the perovskite oxide family and beyond, based on known
behaviors in other oxides. While the amplitude of the resistance change we
demonstrate in our devices is not competitive with reported binary oxide
switches, the special functionalities offered by complex perovskites make
them interesting for other applications like sensing and analog computing.
Additionally, downsizing and alternative sample designs might still show
them to be viable candidates in other applications. The conclusions we make
also allow for implementations of diffusion based devices built from earth-
abundant materials that can contribute to solving the technological challenges
of the coming years. Finally, the phenomenological model validated through-
out the studies collated in the text is now mature enough to be a offered for
predicting behaviors of other materials.
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8.1 Perspectives

Open questions remain on the nature of the driven, selective diffusion process
that has been studied in the course of this PhD thesis. For one, the temporal
limitations of the diffusion process are not well understood, and one is to
assume that there is a lower limit to how quickly the oxygen—Vé+ exchange
may be induced. For this purpose, very short pulse measurements are being
executed with collaborators at the time of writing of this thesis. The current
expectation, supported by preliminary findings, is that with decreasing
pulse duration the necessary current density for electromigration should be
increasing. It remains to be seen what the functionality of this relationship is
and whether at short enough pulses (~ns) a new athermal regime develops.

Furthermore, while oxygen is by all indications the most diffusive species
in most, if not all, perovskite oxides, the diffusion of the cations in the
structure is ill understood. The contribution of this kind of diffusion and the
possibility to change the nature of the diffusing species might have interesting
technological implications, and would allow for very fine control in the phase
composition of thin films.

Weather the selective nature of driven oxygen diffusion is truly a general
property of perovskite oxides and other complex oxides is an interesting sub-
ject worthy of study both for its technological implications and fundamental
interest. Preliminary results performed in cobaltates show that the same
protocols discussed throughout this thesis are applicable at least in that class
of materials, with similar behavior being expected in other oxide crystals.

The effect of substrate induced strain on perovskite thin films under
electrothermal stress has been touched upon in Part[[I] but remains an open
topic. Preliminary results on manganite perovskites grown on a number of
substrates show that electromigration current density indeed depends on the
nature of the substrate-induced strain, but no conclusions can be made until
further experimental measurements are in.

Recent reports in novel, multiterminal sample architectures have been
demonstrated as being able to direct the effects of electromigration in a
significantly more targeted manner, in metals.[264] Transitioning to a multi-
terminal layout could thus prove to be a way to localize the effects of selective
electromigration in perovskite oxides for better phase change control or more
reliable switching.

With the current characterization it remains unclear whether the oxygen
redistribution and the associated phase change occurs in filaments or through
a moving phase interface. The filamentary mechanism,[23]] is common in
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many oxides including those of titanium and vanadium,[45] which would jus-
tify a more microscopic characterization of the effect observed in the complex
oxides studied here. Following this, one may question weather the switch-
ing mechanism might be influenced by sample geometry or environmental
conditions.

Finally, it remains difficult to distinguish the effects of current | and elec-
tric field E have on the diffusion ions in studied crystals. The oxides we
present here are worse conductors than metals making it even harder to claim
separation between these two effects. Even with this limited understanding,
electrical drives have been utilized in studying the phase diagrams of per-
ovskites.[58, 59] Full understanding of electrically driven doping modulation
in perovskite oxides would be a leap forward in material science allowing
unprecedented levels of phase control in single devices.
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Appendix to Ch[3|

A.1 Inhomogeneous temperature distribution along the
bridge before electromigration

The nearly parabolic increase of resistance as current increases R(I) shown
in Fig 2a is caused by Joule heating. This interval of the R(I) curve is
reproduced as a continuous blue line in Fig{A.T| By performing finite element
simulations of the heat transport equation using the commercial software
COMSOL[224] we are able to fit the R(I) dependence and thus estimate
the maximum temperature at the constriction. The layout of the modeled
system consists of a transport bridge with the exact same geometry as the
real sample and lying on top of a substrate at T = 105 K. The resistance
temperature coefficient a = 8.962:1073 K~! and the sample resistivity p = 237
uQ) cm at T = 105 K have been experimentally determined, whereas the
thermal conductivity of the sample and the substrate have been taken from
Ref.[265] and Ref.[250], respectively. The results of the simulations shown by
square symbols in Fig[A 1| nicely reproduce the R(I) dependence followed by
the experimental data. Figure S1b shows the inhomogeneous temperature
distribution for an applied current I = 12 mA.

A.2 Resistance changes after irreversible electromigra-
tion

Fig[3.3]shows the change in resistance for the three bridges connected in series
after a quasi-reversible electromigration process. When the electromigration

171



172 APPENDIX A. APPENDIX TO CHE'

500
450
400
350

™
300 X,
250 I~
200
150

Figure A.1: (a) Non-monotonous resistance rise as a function of current
during the first electromigration process. The continuous blue line represent
the experimental data and square 1symbols connected by a dashed line corre-
spond to finite element simulations. (b) Simulated temperature distribution
of the bridge for an applied current of 12 mA.
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is continued further, more radical changes are observed with respect to the
pristine sample. Fig[A.2 shows the normalized resistance obtained in the
left, central, and right bridges after irreversible electromigration. The inset
shows an optical image of the final state after this electromigration process.
Note that the resistivity of the right bridge has substantially decreased with
respect to the pristine sample.
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Figure A.2: Resistance R(T) for the left (red), central (green), and right (blue)
bridges, normalized by the R(200 K) of the pristine sample. For the sake of
comparison, the universal response for the pristine sample (shown in Fig.3.3)
is replotted here with a black line. The inset shows an optical image of the
final state after the electromigration process.
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A.3 Raman Spectra

Fig[A.3] shows some representative Raman spectra, obtained for different
oxygen doping levels. It is clearly observed that the O(4) phonon mode
is shifted to lower frequencies as the oxygen content is reduced. The in-
phase O(2,3) mode at 435 cm™! is not easily observed in optimally doped
spectra due to its temperature dependence, which makes it weak at room
temperature.[266] However, its intensity increases in the oxygen deficient
regions which allow disorder induced q # 0 scattering to be observed in the
Raman experiments.[235]
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Figure A.3: (a-d) Typical room temperature yRaman spectra obtained at
different spots along the transport bridge as indicated by the colored circles
in panel (e). Panels (a’-d’) show a zoom in the data presented in panels (a-d).
The spectrum in panel (a) corresponds to the pristine sample whereas those
in panels (b-d) correspond to the electromigrated sample. (f) Optically active
Raman modes along the crystallographic c-axis for YBCO. The apical O(4)
Ag phonon mode occurs at 500 cm ™.

A.4 Scanning Electron Microscopy Imaging

In order to further assess the changes produced by the electromigration
process, we carried out ex situ optical and electron microscopy imaging.
Fig shows dark field (a) and bright field (b) optical microscopy images
without analyzer and illuminated with polarized light. Dark field imaging
permits to collect scattered light and thus reveals the surface roughness. The
fact that the modification of the material is not evidenced by this method
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seems to indicate that no morphological changes have occurred to the sample.
In contrast to that, bright field imaging which is related to the reflectivity of
the sample clearly unveils the change of conductivity of the affected regions.

Scanning electron microscopy images collected by InLens secondary elec-
tron (SE) and Everhart- Thornley (ET) detectors, are shown in panel (c) and
(d), respectively. The InLens detector collects mainly secondary electrons
which are generated near the upper region of the beam-sample interaction
volume and therefore provide direct information on the sample’s surface.
No morphological changes are seen in these images. However, the region
affected by EM is clearly revealed with bright contrast.[267, It is worth
emphasizing that the changes observed in the InLens SEM images cannot
be ascribed to thermal effects due to Joule heating otherwise the voltage
leads should have been also affected, which is not the case. More precisely,
clear filamentary and highly inhomogeneous modifications of the material
are observed in the InLens SEM images. The ET detector collects electrons
which are also produced by backscattered electrons as they exit the spec-
imen and therefore its inherent lower resolution make less prominent the
inhomogeneity, as shown in Figure S4d.

DARK FIELD BRIGHT FIELD

Figure A.4: Dark field (a) and bright field (b) optical microscopy images.
Scanning electron microscopy images collected by InLens secondary electron
detector (c) and Everhart-Thornley detector (d). For the SEM images an
acceleration voltage 5 kV, aperture size 30 pm, and working distance 6 mm
has been used.
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A.5 Realtime tracking of the electromigration process

The video published with Ref.[72] shows the time evolution of the electro-
migration process as evidenced by a bright field optical microscopy imaging
(upper panel), while monitoring the central bridge resistance (lower left
panel) and the current flowing through the device (lower right panel). These
measurements have been acquired at 105 K.
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Appendix to Ch/4]

B.1 Realtime tracking of the DC electromigration pro-
cess

The animation available in the supplementary information published with
Ref.[74] shows the time evolution of the DC electromigration process as
evidenced by a bright field optical microscopy imaging (upper left panel) and
differential imaging (upper right panel), while monitoring the left, central
and right bridge resistances (lower row). These measurements have been
acquired at ambient conditions and constant current of 8 mA.

B.2 DC electrical stress under switching polarity

As a complement to the experiment of DC stress described in the Figli.2) we
investigated the effect DC stress of opposite polarities on the oxygen diffusion.
To that end, a device identical to the one used in unidirectional DC stress,
is biased with a current of 5.8 mA which polarity changes every ~ 450 s as
shown in Fig[B.T| where red, green, blue background indicates left, central
and right bridge, respectively. The polarity + corresponds to current and
oxygen vacancies flowing from right to left. The observed opposite behavior
between left and right bridges can be naturally explained by the counterflow
of oxygen vacancies and oxygen atoms. The central bridge exhibits local
maxima related to an oxygen vacancy front propagating back and forth.
Indeed, the rising part corresponds to an oxygen depleted zone entering the
central bridge while getting re-oxygenated at its tail. When this train reaches
the central bridge then the resistance starts dropping. The global tendency
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observed in the red and blue panels compared to the green one indicates a
progressive accumulation of oxygen in the central part coming from nearby
bridges.

74 5.8 mA -5.8 mA 5.8 mA -5.8 mA 5.8 mA -5.8 mA 5.8 mA -5.8 mA
70 1 1 1 1 1 1 1
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Figure B.1: Experimental evolution of the resistance as a function of time
under DC stress of 5.8 mA of periodically switching polarity. The inset shows
the polarity of the positive current and the color code associated to each
bridge. These measurements were performed at room temperature and under
ambient conditions.

B.3 Realtime tracking of the AC electromigration pro-
cess

This animation, available in the supplementary information published with
Ref.[74], shows the time evolution of the AC electromigration process as
evidenced by a bright field optical microscopy imaging (upper panel right
column) and differential imaging (middle and lower panels right column),
while monitoring the current fed through the bridges (upper panel left
column), the total resistance picked up at the outer voltage contacts after
the pulse (central panel left column) and the total resistance during the
pulses (lower panel left column). These measurements have been acquired at
ambient conditions.
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B.4 Oxygen concentration, temperature, current density
and electric field maps during AC electromigration
process

These videos (available with Ref.[74]) show the numerically modeled oxygen
concentration (upper left), temperature (upper right), current density (lower
left) and electric field (lower right) maps during AC electromigration process
corresponding to Figt.5 using a fixed and an adaptive color scales.

B.5 Influence of x,,,,, xo and dx; on the oxygen diffusion

Additional simulations were undertaken to investigate the effect of the pa-
rameters X, Xo and dxg. To that end, in Fig we plotted the resistance
at remanence (i.e. after each current pulse) R,,;;, and during the pulse Ry
as a function of a pulsed current amplitude that increases linearly from zero
and reaching a maximum value of 8 mA at pulse 40 and then decreasing
linearly down to zero at pulse number 80. The results for x;,,, are shown in
panels (a) and (b). As expected, a high value of x,,, allows to reach higher
oxygen concentrations and thus lower resistances (panel (a)). The Joule effect
is therefore reduced as shown by the lower maximum temperatures reached
for high values of x;,,x (panel (b)). Panels (c-f) show no differences in the
final state reached and indicate that the influence of the parameters xo and
dxg is minor in our model.
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Figure B.2: Panels (a) and (b), (c) and (d), (e) and (f) show the evolution of
Ryin and Ryqx for different values of x4y, Xo and dxg respectively. Unless
otherwise stated, the values of the parameters are given by : E; = 0.4 €V, xg =

0.76, Xpmin = 0.5, Xmax = 0.95 and dxg = 5



Appendix to Ch[0]

C.1 Finite Element Modeling

The Poisson equation is solved to obtain the electric potential distribution in
the sample:

V2V =0. (C.1)

Note that the right-hand side of equation is set to zero in order to
guarantee charge neutrality throughout the device. The electric field E =
—VV is related to the current density J] by Ohm’s constitutive equation J =
E/p(T) and does not take into account the ionic current whose contribution
is negligible.

In addition, the heat equation (C.2):

oTf

ponCoy = kV2T + o(T)J?, (C2)

is solved in order to obtain the spatial distribution of temperature T(x,y, z),
where p,, is the density in kg/m?, C the specific heat capacity in Jkg 'K,
T the temperature in K, « the thermal conductivity in WK-!m~1. The right-
most term on the equation represents the Joule heating and involves the
resistivity of the material which depends on the local temperature. The p(T)
dependence used in our model is taken from experimental values reported
in Ref.[205, 269]]. For T > 400K, we assume a constant resistivity.

The solution of the system of equations and is obtained using
the finite element software COMSOL for a geometry reproducing the exact
shape of the measured sample as extracted from the analysis of SEM images.
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Figure C.1: (a) Sketch of simulation geometry with dimension details. The
thickness of the STO substrate is set to 50 ym in order to minimize computa-
tion time. The LSMO layer is shaped based on a SEM picture. (b) Cut view
of the modeled device consisting of a 13 nm-thick layer of LSMO on a 40
nm-thick layer of STO representing the step in the substrate generated by
the etching process. (c) Current density distribution in the LSMO layer for
a voltage bias of 100 V. A complete mapping is displayed on the sketch of
panel (a).

A tilted view of the layout used for FEM simulations is shown in Fig{C.T(a)
and a side-view is shown in FiglC.I[b). We assume perfect transparent
LSMO/STO interface for the phonon flow. The bottom surface of the STO
substrate is set to a constant temperature of 110 K, as in the experiments. The
values of the thermal coefficients are listed in Table

om [kg/m°]  C[J/(kg K)] x [W/(Km)] €/lep
STO 5170 [270] 544 [270] 12 [270] 300 [271]
LSMO 6600 [270] 568 [270] 246 [270] 210 [272]

Table C.1: Thermal and dielectric coefficients used as input parameters in
FEM simulations.

Fig|C.Tc) shows the current density map for the case when a bias voltage
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Figure C.2: (a) Cross-section of the temperature distribution in the plane
indicated in the inset. (b) Zoom in the vicinity of the LSMO constriction where
Joule heating occurs. The black dashed lines correspond to isothermal curves.
The vertical scale indicates the spatial dimensions in ym. (c) Exponential
decrease of the temperature with the depth penetration in the STO substrate
along the vertical white dashed line shown in panel (a) for a 13 nm-thick
LSMO sample (blue dots) and a 100 nm-thick Ag sample (red dots).

of 100 V is applied as indicated in Fig|C.T(a). As expected, this map reveals
a higher current density along the narrowest bridges, precisely where the
surface scars are initiated (see Fig. 6 of the main text). The resulting temper-
ature map in the plane containing the A-A’ line indicated in Fig{C.T|c) and
perpendicular to the LSMO film, is presented in FigC.2(a). Temperatures as
high as 800 K can be reached at the LSMO sample, although still far from the
melting point at 2353 K. This local temperature rise spreads into the STO sub-
strate as shown in the zoomed region presented in panel (b) in which some
isothermal lines have been indicated. Note that the temperature decreases
exponentially with distance as shown in FiglC.2(c) with a characteristic length
of few micrometers. It is interesting to point out that the (101) structural
defects penetrate into the STO substrate down to a depth of about 3 um,
similar to the thermal healing length. It is hence possible that the substantial
temperature gradient imposed on the substrate induces stress due to the
thermal expansion giving rise to the proliferation of structural defects as a
natural way to relieve such stress. As a consequence, some atoms may find
their way to the surface simply by edge dislocation glide thus producing the
observed surface steps. Panel (c) also shows the spatial decay of temperature
obtained for a Ag sample with the same layout as for LSMO at a circulating
current of 44 mA, corresponding to the electromigration regime. In this case,
the local temperature rise is minor thus likely explaining the fact that no
surface scars are triggered in Ag bridges on STO.

Although the above scenario implying thermally induced strain is plausi-
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ble, we cannot ignore the role played by the electric field as demonstrated
in Ref.[190]. To that end, we have calculated the electric field generated
around the narrow constriction submitted to a 100 V bias. The results are
summarized in FiglC.3| In panel (a) a map of the magnitude of the electric
field in logarithmic scale in shown for the red plane indicated in the inset.
Panel (b) shows a blow up around the region of interest with dark-dotted
lines corresponding to a constant electric field magnitude. The electric field
points mainly out of the plane along these lines. In panel (c) the decrease of
electric field along the vertical white dotted line in (a), is shown. It is worth
noting that the electric field remains moderate in all cases, with maximum
values around 8 MV /m, five times smaller than the threshold for dielectric
breakdown. We are inclined to believe that these low values of electric field
support the scenario described above in which thermal stress is dominant.
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Figure C.3: (a) Cross-section of the electric field distribution in the same plane
as in Fig/C.2(a). The color bar represents the logarithm of the magnitude of the
electric field. (b) Zoom in the vicinity of the LSMO constriction with electric
field indicated in linear scale. Dashed lines correspond to constant electric
field curves. (c) Variation of the electric field with the depth penetration in
the STO substrate along the white dashed line shown in panel (a).

C.2 Realtime tracking of the electromigration process

An animation of the LSMO| oxygen electromigration experiment is available
with Ref.[73]. It shows the time evolution of the pulsed electromigration
process at the current indicated in the top panel, evidenced by bright field op-
tical microscopy imaging (right vertical panels, image subtractions indicated
on screen), while monitoring the individual bridge resistances (left vertical
panels, measurement terminals indicated in indices). These measurements
have been acquired at 110 K.
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C.3 STEM images

Scanning Transmission Electron Microscopy investigation has been carried
out in a JEOL-200-ARM at 200 kV acceleration voltage in a lamella cut out
via Focused Ion Beam which location includes two surface scars as indicated
in Fig.7(a) of the main text. FiglC.4shows a low magnification image of the

Figure C.4: Low magnification Scanning Transmission Electron Microscopy
in a region including two surface scars as indicated in Fig.7(a) of the main
text. The yellow arrows mark three steps. The arrows labeled #1 and #3 mark
14 nm-thick steps corresponding to the triggered surface scars. The LSMO is
indicated with an horizontal white arrow, and runs from left to right till the
yellow arrow #3. Extended defects indicated with blue arrows are observed
within the STO substrate in the vicinity of the blue dashed lines. The inset
shows a sketch illustrating the upward shifting of a region with triangular
cross section resulting from the thermal stress.

cross section of the lamella. In this image the intensity scales with Z2, being
Z the atomic number. Thus, regions with heavier atoms or more densely
packed are seen brighter. Before FIB cutting, the LSMO/STO sample has been
capped for protection with two Pt layers deposited by different evaporation
techniques and therefore having different mean density (with the thicker
Pt top layer being more dense). In this Z-contrast image, the LSMO layer
appears brighter than the STO substrate because it contains a heavier cation
(La). The yellow arrows mark three steps. The arrow labeled 1 marks a step
up of 14 nm in height corresponding to one of the triggered surface scars.
The LSMO is indicated with an horizontal white arrow, and runs from left to
right till the yellow arrow #3. From that point to the right, there is only bare
substrate. The yellow arrow #2 marks a step down in the STO substrate of
the same height as in point #1 and corresponds to another surface scar. The
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distance between arrow #1 and #2 is 5.7 ym. Extended defects indicated with
blue arrows are observed within the STO substrate in the vicinity of the blue
dashed lines. The inset shows a sketch illustrating the upward shifting of a
region with triangular cross section resulting from the thermal stress.

Figure C.5: High-magnification Z-contrast images of the regions marked in
the upper low-magnification STEM image. The red framed image corresponds
to the unaffected region. The yellow frame includes step #1. Region #3 (green
frame) shows an edge of the LSMO layer resulting from the ion milling
process. The step #2 (blue frame) at the bare STO substrate results from the
thermal stress.

Fig|C.5| shows higher-magnification Z-contrast images of the regions
marked in the upper low-magnification image. The red-framed image in the
unaffected region shows that the LSMO layer exhibits a cube-on-cube epitax-
ial relationship with STO substrate with a coherent and sharp interface, i.e.
no defects are observed at the interface. However, in step #1 (yellow frame)
the interface exhibits defects and the nearby LSMO planes are highly tilted.
Region #3 (green frame) shows an edge of the LSMO layer resulting from the
ion milling process. The darkish contrast is suggestive of amorphisation due
to the nanofabrication (likely oxygen vacancies generation) with an affected
distance of 20 nm from the etched edge. The step #2 (blue frame) at the bare
STO substrate shows atomic-scale steps at the surface.

Thanks to the particular geometry of the STEM, it is possible to character-
ize the electronic structure of a compound with sub-nanometer resolution
using electron energy loss (EEL) spectroscopy, which gives information about
the energy that the transmitted electrons lose when they interact with the
core electrons of the atoms, providing information of the electronic energy
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states that remain empty, being above the Fermi energy. Fig. shows
electron energy loss spectra of the Ti L-edge in STO (a), O K-edge in STO (b),
Mn L-edge in LSMO (c) and O K-edge in LSMO (d). In perovskites, the O
2p- and transition metal 3d-states are strongly hybridized and have similar
energy close to the Fermi level, which helps to probe the metal-oxygen bond.
The O K-near-edge structure arises from the excitations of the O 1s-electrons
to the O 2p-states, whereas the metal L-edge results from the excitation of
the 2p-electrons into the empty 3d-states. Thus, any change in the electronic
structure can be probed by studying the variations in the fine structure of
both edges. In our particular case, no changes in the fine structure of the Ti
and Mn L-edges and the O K-edges of both the LSMO layer and the STO
substrate are observed when comparing regions at the steps and far from
them. This finding suggests no substantial proliferation of oxygen vacancies
in the structure. In particular, the two satellite peaks observed in (a) are
characteristic of Ti** whereas in oxygen vacancy-rich zones these satellite
peaks should be less pronounced, due to the presence of Ti>*.
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Figure C.6: (a,b) EEL spectra after background subtraction of of Ti L-edge
and O K-edge from the STO substrate, respectively. (c,d) EEL spectra after
background subtraction of Mn L-edge and O K-edge from the LSMO, re-
spectively. All the spectra were acquired in the step #1 region. The energy
dispersion used for the EEL spectra acquisition was 0.25 eV.



Annex to Ch[7l

D.1 Initial Thermalization Phase

The micrometric constrictions investigated in Ch[7]are exposed to high current
densities during extended periods of time and, therefore, undergo substan-
tial Joule heating. In the initial phase, the sample takes some time before
stabilizing at the final temperature. The data presented in ChJ7] corresponds
to the measurements acquired at thermal equilibrium (i.e. under isothermal
conditions) whereas the initial thermalization phase is removed. In order
to estimate the characteristic time-scale necessary to achieve the thermal
equilibrium, we wired a second device 3.5 mm away from the sample under
high bias (7.5 mA) and used this second device as a thermometer, i.e. its re-
sistance is monitored with a low DC current (10 #A). The sketch in Fig[D.T|d)
shows the sample-thermometer in gray colour and the high-biased device
with RGB colour code associated with each of the three bridges in series. The
corresponding resistance evolution as a function of time is displayed using
the same colour code in panels (a-c). These experiments suggest that for the
utilized 5x5 mm? LAO substrates, the thermalization occurs on the order of
minutes after turning on the high-current bias.

The resistance of the bridges (Figa-c)) and that of the thermometer
(Fige)) asymptotically approach their final values Ry roughly following
an exponential dependence as demonstrated by the semi-log plots shown in
the insets of these panels. A fit to this data using the equation,

R(t) = R(0) + (Rf — Ro)(1 —e™*/7), (D.1)
allow us to extract a relaxation time T ~ 2 min. In addition, by extracting the
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Figure D.1: Demonstration of the heating power effected by a device under
experiment conditions. The three plots in the left column (red-green-blue)
a)-c) show the measured 4-point resistance of a triple constriction device
conducting 7.5 mA of DC current, with the panels representing the left, center
and right constrictions, respectively. The measured resistances increased in
all three bridges before settling to stable values at around 6 min after starting,
implying that Joule-heating caused the thermalization of the chip. To confirm
this heating effect, another device on the opposite side of the chip is wired,
and its central constrictions” 4-point resistance is recorded with a low DC
current (10 #A) simultaneously with the high-current measurement in the
device under test. The resulting measurement is shown in panel e) with a
grey background. The two devices are positioned as shown in the illustration
in panel d), the devices being colored as in the other panels. The central
constrictions of the devices are ~3.5 mm apart. The identical shape of the
resistance curves serves well to illustrate that the heating of the high-current
device is enough to affect the whole chip. Measurement of the heating of the
cryostat cold finger due to Joule heating in a YBCO microconstriction passing
7.5 mA DC current at 110 K are shown in panels f) and g). f) shows the
resistance evolution of the central constriction R¢ with the characteristic dome
shape discussed in the main text, while panel g) shows the temperature read
at the cryostat cold finger with a copper thermometer. Note the temperature
increase of ~500 mK due to the heat generated in the sample. The inset in
the grey panel shows a rendition of the mounted sample on the gold base
of the cold finger, illustrating the distance from a working device to the
thermometer.
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temperature coefficient of resistance a from fits to R(T) = Ro(1 — a(T — Tp)),
we can estimate the temperature of the sample once the thermal equilibrium
is reached (T ~ 390 K) and the temperature of the substrate 3.5 mm away
from that hot spot, which rises to about 11 K above the room temperature.
The fact that the temperature of the constriction during the switching process
remains relatively low, is consistent with the observation of no loss of oxygen
out of the sample. An additional manifestation of the thermalization process
has been obtained directly from the thermometer attached to the bulky cold
finger of the cryostat as schematically shown in the inset of Figure [D.1(g).
Panel (f) of this figure shows the evolution of the resistance of the central
constriction at 110 K and panel (g) shows the evolution of the temperature
simultaneously picked up by the thermometer in the cold finger.

D.2 Simulated Time Evolution of the Resistance, Dop-
ing and Temperature

Two animated overviews are presented to the reader to illustrate the time-
dependent parameter change during the measurement. Resistance values
are measured as voltages between points on the bottom ends of the vertical
terminals, and the square-wave current of 5.8 mA amplitude is applied from
the left and right mesh edges with the ground being on the left side. Current
polarity reversal is executed upon reaching the preset value of Ry = 240 (O
on the downward section of the R dome.

The animations are available on request and will be published with the
article.

D.21 Symmetric Mesh

The animation applied to the symmetric mesh reproduces all major features
of the experimental data. A stable section of this simulation is highlighted in
Figl7.3]and discussed in the main text. Data from this simulation was used to
generate Fig[7.4 presenting an in-depth look at the parameter profiles in a
single Rc dome during switching.

While the amplitude of the observed changes varies with time, they settle
at an intermediate value for both 6t and R (90 s and 242 () respectively).
The oscillations in both T and x remain spatially symmetrical between left
and right constrictions.
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D.2.2 Asymmetric Mesh

In order to elucidate the origin of the alternating R,;;x values in the steady
section of the experiment as seen in Fig[7.2] we have applied the finite element
model to an asymmetric mesh where the right constriction is 1 ym wider
than the left one. The applied model is otherwise the same as the one applied
in the symmetric mesh.

The animated time evolution of the parameters of interest shows a peri-
odicity of 24t in the value of R, which evolves to the state discussed in
Fig[7.5]. We observe that the narrower constriction experiences persistently
higher temperatures and accumulates higher amounts of oxygen. The right
(wider) constriction, in turn, is persistently deoxygenated compared to the
left, which is explained by the lower resistance and better heat evacuation
experienced on this side making it into a vacancy trap.

One should note that the observed double periodicity only fits the exper-
imental data after settling, as the early part of the simulation shows Rpax
stay fixed for positive polarity sections and decrease for negative ones. The
experiment had a polarity-dependent alternation of Ry, from very early in
the process. Upon settling, we recreate the experimental behavior leading us
to the conclusion that imperfections in sample geometry are the culprits in
the alternating dome heights.
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(I Comic by Kris Wilson, taken from https://explosm.net/comics /kris-|
................................. 8
[I.1  Characteristic IV behavior in devices displaying resistive switch-

ing. Bipolar resistive switching (a) is shown in devices where

the polarity of the electrical stimulation is important, while

devices where the effect is primarily thermally driven show

unipolar resistive switching (b). Both of these cases (a,b) are

shown as having an initial forming step in which the given

switching mechanism is set (gray dash-dotted line), e.g. the

initial crystallization of phase-change material or the formation

| the I ] 51 et T oo l

are binary switches that only have one ON and one OFF state

accessible in operation. (c) An idealized switching oxide[20

23] 1V, where the positively charged oxygen vacancies V"

move in response to an electric field and control the resistance

in the material. The dark-to-bright shadings show the eftect

of sweeping rate or temperature on the [V.[24] 25] The va-

cancy diffusion switching mechanism allows for multi-state

memory in these devices, presumably allowing one to select

different states as a function of electrical control, as shown by

the various dashed lines in the VI curve in (d).[26] . . . . . .
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[L.2  TIllustration of common switching mechanisms. a) Phase-change |

| materials undergo a glassy transition between an ordered (ON) |
|

|

| and a disordered (OFF) state. b) Metallization cell systems
| tunction by intercalating metal ions in an insulating matrix, the
| e 5 the ON Tron the 7 : T Mora] |
ions can come from an active electrode (olive green) or from
impurities/dopants (as in doped oxide switches). c) Metal
oxides switch as their doping is controlled by oxygen vacancy
distribution in the film - the device is ON when doped, i.e.
hen nci nn h electr . Shar lor :
| Magenta spheres are passive electrodes, yellow is phase-change |
| material, green is active metal electrode, bronze is an insula- |
| tor matrix, green and gold are the oxide. d) Schematic radar |
| graph showing important characteristics for switching devices |
| in computing. The lines and circles indicate the characteristics |
| tor the four main computing applications being studied - RAM |
I |
I |
I |
I |
I

memory, long term storage, neuromorphic (analog) comput-
ing and logic circuits. The shaded areas represent the current
standards of the three families of switching materials in a-c).
Radar graph and device demands based on Ref.[19], switch
behavior adapted from Ref[[38]]. . . . . ... .......... 25

(1.3 Illustration of the relative thermal and /or electrical intluences |
| on the free energy of diffusion G. x is the position of an ion. |
[ [T9070] - - - o o e 30

[I.4  Generic oxide phase diagram in terms of atomic percentage of
oxygen. The phase diagram includes an eutectic point and a
melting line is indicated. The Me-O segment with the gradual
coloring represents the metal-oxygen solid solution. Recreated
from Ref.J19].) . .. ... ... . ... 33

[L.5 Switching oxides distributed across the periodic system. Al- |
kaline metals and non-metals of little relevance are grayed |
out. Metals that have binary switching oxides are indicated |
by red vertical lines. A-site cations in perovskite oxides are |
indicated by the green horizontal zig-zag lines, while B-site |

|
|
|
|

cations are shown with golden waves. Additional symbols
indicate the functionalities present in a any given family of per-
ovskites based on their B-site cations.[80] The parent structure
of the perovskite family is shown in the bottom left, the sizes
representionicradii.| . . . . ... ... L 35
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6

Generic perovskite oxide phase diagrams. a) LSMO phase

diagram as shown in Ref.[139] as a function of x, indicative of

hole doping in the material. Pl is paramagnetic insulator, PM

1s paramagnetic metal, CNI marks the spin-canted insulator

phase, FI the ferromagnetic insulator and FM the ferromag-

netic metal. b) Idealized [YBCO| phase diagram, as presented

in Ref.[42], as a function of hole doping, a function of the

deoxygenation 0. AF is antiferromagnetic insulator, PG is the

pseudogap phase, SM is the strange metal phase, FL represents

Fermi liquid and SC is the superconducting phase. The insets

represent the respective crystal structures.| . . . ... ... ..

p1

Simplified working principle of thin film deposition by pulsed

laser. The chamber is vacuum sealed and pumped to low pres-

sure, and the oxide film properties are controlled by substrate

heater temperature and oxygen partial pressure. Deposition

thickness is calibrated in laser pulses per nm. A piezoelectric

scale (not shown) is used to measure the real film thickness.| .

52

P2

Schematic representation of compressive and tensile strain

induced in a perovskite thin film by substrate lattice dimension

mismatch. The axis in the bottom shows approximate values

of lattice parameters for a number of common perovskites. On

the example of LSMO, compressive strain may be induced

by growing the film on|LAO[and tensile by growing on [STO|

while the best match is provided by (LaAlO3)q3(Sr2TaAlOg)o 7

N

56
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2.3 Schematic representation of thin film patterning and metalliza-
tion processes used in this work. Starting sample consists of an
unpatterned perovskite film covered with a photoresist. Using
laser photolithography, the desired pattern is written into the
photoresist (a). Areas exposed to the laser light become more
soluble and dissolve in the development step when exposed
proper solvents (2% C4H1oN™ in water), creating the pattern in
the photoresist (b). If the patterning is being performed on the
perovskite film itself, the stack is etched either via chemical
(H3POy4) or Ar plasma etching (c). The photoresist in this setup
protects the perovskite film underneath from the etch and can
be freely lifted with organic solvents (like acetone) revealing
the patterned perovskite underneath (d). A procedure without
etching is used for metallization as the metal films are reserved
tor electrodes and have a larger thickness and less demand for
precision film edges. Here the developed substrate-film-resist
stack is metallized via |[PLD] (e) and the final metal pattern is
remnant after chemical lift-ott (f).|. . . . . ... ... ... ... 57

2.4 Illustration of the sample designs used in the context of this
thesis. Color code is same as in Fig[2.3[and Fig[2.2} substrate
1s orange and thin film is yellow, metallized sections are dark
gray. The important distinction between the sample designs in
a,b) and d) is the number of resistances individually accessible,
as shown in the panels c) and e). We will stick to the colors
indicated on the voltmeters in e) for the remainder of the thesis
to indicate the left-center-right constrictions by red-green-blue,
and define positive current polarity as having the positive
arm of the circuit on the right. A single device will have the
source/drain lines (horizontal) connected to large metallized
electrodes and the voltmeter terminals (vertical) to smaller
ones, as shown 1n f). Single chips are patterned in a matrix of
1dentical devices, commonly in a 3 x 5 array. Every device is
individually accessible by wire bonding, as showning).| . .. 59
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2.5 a) Sample under optical microscope. b) Sample chip glued |

| to a gold-plated oxygen-free copper base with silver paste, |
mounted in a[PCBlwith vertical metallic connectors. The sam-

| ple is bonded to the gold pads of the |[PCB|with fine wire, and |
| the pads themselves feed through to the vertical connectors. c) |
| Individual sample testing stage (red square), the sample [PCB| |
| envelope is visible in the center (blue square), while the |[BNC| |
I |
I |
I |
I

coaxial connectors are visible on the sides. The stage includes
a 240 () resistance between the connectors and the pins of the
[PCB| board and is grounded. d) Probe station for bondless
testing, with low magnification microscope.| . . ... ... .. 61

2.6 |PID|algorithm and the resulting R(#) dependence. Red rounded [
| rectangles are terminators, green parallelograms are input- |
s/outputs, orange squares are decisions and blue rectangles
are processes. [ is starting current, U is starting voltage, G"
is the threshold conductance, e(t) is the process variable, k is a
constant, €(t) is the root-mean-square noise, N is an iterator.
| The functions f,; and fprp are the non-linear and |[PID|response, |
| addressed in the main textbody, . . . .. ... .. ... . ... 63

7 e 65

2.7 Pulsed-excitation protocol algorithm and the resulting R(I) |
dependence. Same illustration convention as in Figl2.6| I,,pe
and f,,p, are the current and duration values in the low |
part ("probe") of the protocol which produces R,;,, i.e. the
resistance isolated from the influence of Joule heating. I,s.
and t,,;s, are the current and duration of the high I regime
("pulse”), where only the starting value of I,,s, is directly con-
trolled by the user and is then linearly increased for every cycle.
R™" is the threshold resistance which triggers the algorithm to
stop, in order to prevent sample destruction. We calculate the
mean resistance R,,;, measured for positive and negative I,
during Eprobes and correlate the value to the previous Ry, 1.€.
the resistance measured during the pulse. Additionally, we
may employ optical or other imaging techniques during the |
probe phase to track the visible changes in the system. Note [

|
|

that the R,,;,, curve is flat until a threshold value of current
is reached. We denote this as the electromigration threshold
current Iy - . o o o e 66
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2.8 Continuous switching protocols and the resulting R(f) curve.
| Same illustration convention as in Fig2.6, The left-hand side
| of the diagram represents switching with a fixed period for the
| polarity flips (time-logic) and the right-hand side is switching
| at a predetermined threshold resistance (resistance logic). Both
are executed using a fixed current amplitude I, but also
take their respective control variables as inputs. The two-step
decision process in the resistance-logic algorithm prevents
unwanted polarity switches due to small fluctuations at the
polarity inversion. Note the characteristic domed resistance
curves in the bottom panel, every dome corresponds to one
current polarity, two domes together make a whole period,| . 68

2.9 Schematic illustration of the tabletop cryogenic chamber of |
| the Montana Instruments Cryostation used at EPNM. The |
| sample assembly, which consists of the sample on top of a |
| PCB envelope with a metallic base is mounted on top of an |
| oxygen-tree copper cold finger. The finger is mounted on the |
| plattorm from which the heat extraction is performed. The |
I |
I |
I

chamber has two layers of shielding, an outer vacuum housing
and a radiation shield. The key tfeature of this assembly is the
optical access and the configurable electrical access via wiring| 68

[2.10 Schematic illustration of the Olympus BXFM modular micro-
scope assembly at [EPNM| The light from the source passes
through a condenser lens to parallelize the light rays, before
passing through configurable apertures. The light is filtered
with a green filter and passed through a polarizer and a quarter-
wave plate. Image magnification is controlled by the objective.
Atter retlection the light passes through an adjustable analyzer.
The analyzer operates like a second polarizer to select the po-
larization of the collected light. The analyzer is mounted in a

| Bertrand lens. . . . . . . ... ... 70

[2.11 Cryostat cold finger - sample - indicator stack for Faraday- |
| effect based magneto optical imaging. The change in the light |
| polarization is illustrated on the right hand side,|. . . . . . .. 71
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P12

Schematic illustration of working principle of a [SEM| The

electron beam originates from a hot tungsten filament of the

electron gun, by means of hot tield effect. The extractor anode

1s mounted below it. A part of the emitted electrons passes the

aperture and enter the acceleration column where condenser

lenses form the beam and provide acceleration set by the op-

erator. The beam passes through an electrostatic lens and a

set of deflection coils for scanning the sample surface before

entering the sample chamber. The sample is mounted on a

stage with very fine mechanical controls for positioning. The

InLens detector is positioned in the objective lens, and the

Everhart-Thornley detector is mounted on the side of the sam-

ple chamber. The interaction of the impinging electrons and

the sample volume is shown on the right. Electrons are only

transmitted in very thin samples by very energetic electrons,

usually in|[STEM|setups.| . . . ... ...... ... ... ...

74

P13

Simplified view of |AFM| The deflection of the oscillating tip

changes as a function of an unspecified interaction as it 1s

driven across the surface. The measured response is produced

ontheright| . ... ..... ... .. ... ... ........

76

P14

Representation of a finite element mesh, S used for model-

ing the electrically driven oxygen diffusion. 6S; and Sy are

domain boundaries used to define the electrical control, with

051 usually being the ground. Both are given fixed values for

oxygen content. 0S5y is the model edge. The mesh geometry is

taken from SEM images of a real device| . .. ... ... ...

77

B

Scanning electron microscopy images of a single [YBCO]| con-

striction (a) and a symmetric three-bridges structure (b). Elec-

tromigration takes place in between voltage contacts where

the current density reaches its maximum value. In (a) the

narrowest point of the bow-tie structure is 1 ym wide. In (b)

the central bridge is 0.8 ym wide and the two symmetrical

arranged side bridges are 3 ym wide. Panel (c) shows an opti-

cal microscopy image of the entire device. Inset: cross-section

at the voltage pad showing the epitaxial YBa,Cu3O;_; film

grown on a LaAlOj3 single crystal substrate and Ag electrodes.

In panel (d) a magneto-optical image obtained at T = 4.5 K

and poH = 0.95 mT for the device in panel (c) is shown/| . . .

84
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3.2 (a) Resistance of a[YBCO|device similar to the one in Figure |
[3.1(a) as a function of the circulating current during an electro- |
migration process. The time evolution of the measurement is |
indicated by the black arrows. The initial temperature in the |
pristine state is 105 K and increases up to ~ 525 K at point A. |
Controlled feedback operates from point A on avoiding ther- |
mal runaway. Inset: current circulating through the sample as |
a function of time during the electromigration process shown |

|
|
|
|
|
|
|
|

in the main panel. (b) Difterential images showing the evolu-
tion of the front of the affected region for an applied current
running from right to lett as indicated in panel (a). Positively
charged oxygen vacancies move towards the cathode (-) and
negatively charged oxygen atoms move towards the anode (+).
The labels correspond to the points indicated in panel (a). The
superposed white curve delineates the borders of the transport
bridge and the vertical black arrows indicate the mean position
of the propagating front.|. . . . . ... .. ... ... ...... 86

3.3 Normalized resistance R(T)/R(200 K) as a function of temper- |
ature for the central bridge (green), lett bridge (red), and right |
bridge (blue) for the sample in the pristine state (a) and after |
electromigration (b). The inset in panel (a) shows a scanning |
electron microscopy image of the three bridges connected in |
series, indicating the color code of the voltage signal acquired |
and the polarity of the current source. In panel (b), the uni- |
versal response for the pristine sample is replotted with black |
open circles. Inset in panel (b): optical microscopy image ob- |

|
|
|
|
|
|
|
|

tained after electromigration process. The affected area on
the cathode side is clearly visible as a bright region starting
from the central bridge and extending deep into the current
leads to the left. Evolution of the critical temperature 1. (c)
and the carrier density, n (d) at ditferent regions of the [YBCO|
constriction. The color code of the data points corresponds to
the signal picked up at the colored regions in the insets. For
the sake of clarity the numbering indicates the voltage contacts

[ addressed in each measurement.) . . . . . ... ... ... ... 87

3.4 Superconducting critical temperature as function of the carrier |
| density and hole doping estimated from the current-induced |
| oxygen migration (filled squares). For the sake of comparison, |
| we reproduce the data from Ref. [162] (empty squares). | . . . 89
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B5

O(4) phonon mode frequency measured along the linear scan

displayed in panel (a), for the pristine state and after reaching

two different EM states (applied current 16 mA), together with

the extracted oxygen content. The center of the constriction

1s marked with a dotted line. The error bar in the phonon

frequency is 2 cm ™! and displayed only for the pristine sample| 90

B6

Normalized resistance R(T)/R(200 K) for the left (a), central

(b), and right (c) bridges before (black) and after (white) il-

lumination. Note the different vertical scale range in each

panel. Panel (d) shows the percentage change of the central

bridge resistance with respect to the initial value as a function

of time. The pristine sample exhibits no resistance change

during illumination at 200 K (empty squares) whereas after

electromigration clear photodoping is observed (green circles).

Inset: At room temperature and switching off the illumination,

the photoexcited sample can relax back to the original state in

a much longer timescale| . . ... ...... .. ..... ...

B.7

(a-f) Optical microscopy images showing the progression of the

oxygen depleted zones (bright) during the anti-electromigration

process. The time elapsed between consecutive images is about

15 minutes. (g) Resistance of the central bridge of a [YBCO|

device as a function of the circulating current during the anti-

electromigration process. The labels (R, I) in panels (a-f) corre-

spond to the coordinates along the R(I) curve shown in panel

(g). (h-1) Ditferential images illustrating the partial healing

(black spots) due to anti-electromigration on a previously af-

tected area by electromigration. The gray curve is a guide

to the eye delineating the transport bridge. Panel (j) shows

simulation images of the evolution of the oxygen concentration

starting from the pristine state, as the voltage is ramped up

withtime) . . . . . . . . .o

93

BT

Optical microscopy image of the entire device after electromi-

gration. The inset shows a scanning electron microscopy image

of the three central bridges.| . . . . .. ... ... ... ... ... .

100
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4.2 Experimental evolution of the resistance as a function of time
under continuous electrical stress for the left, central, and right
bridges. The inset in the lett panel shows the polarity of the
current source and the color code associated to each bridge.
An optical microscopy image of the electromigrated [YBCO|
device is shown as inset of the central panel. Higher retlectiv-
ity (brighter zone) reveals the region with oxygen deficiency.
Measurements performed at room temperature and in ambient

tinuous electrical stress tor the left, central, and right bridges |
as obtained by finite-element modeling with E; = 0.7 eV, xp = |
0.76, X,,iy = 0.5, X0y = 0.95 and dxg = 5 %. Inset in the middle |
|
|

panel shows a mapping of the oxygen distribution (yellow /
green color indicates the oxygen depleted zone and red color
the oxygenrichzone)| . . . ... ... ... ........... 102

4 Seenextpage|............... .. L. 104

@4 (a) A bipolar I, pulsed current is used to monitor the sam-
ple resistance whereas a Ipps > [0 Of variable amplitude
triggers the electromigration process. Optical microscopy im-
ages are acquired after each probe pulse. (b) The total sample |
resistance picked up by the external electrodes is monitored |
before and during the Ip;s excitation. The panel (c) shows the |
evolution ot Ip;s and the panel (d) the resulting evolution of |
sample resistance betfore (black points, left axis) and during |
(white points, right axis) the application of Ip;s. Representative |

|
|
|
|
|

optical microscopy images at different stages of the electromi-
gration process are shown in (e). Images labeled A-E acquired
at the corresponding yellow points in panel (c), provide direct
optical contrast of the atfected areas. Images labeled A’-G” ac-
quired at the corresponding green points in panel (c), provide
differential optical contrast of the affected areas,|. . . . . . .. 105

4.5 Finite element modeling of the resistance and oxygen cartogra- |
phy evolution as a function of an oscillating current pulse Ip;s. |

For the sake of convenience, the Ip;s as a function of pulse |

|

|

|

number already shown in Figure 4.4{(c) is replotted here. The
simulated Ry, Ryin, OXygen concentration, and ditferential
concentration mappings are to be directly compared with the
experimental data presented in Figure{d.4lf . . ... ... ... 107
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A6

(a) Amplitude of the current pulse Ip; s as a function of pulse

number. (b) Optical microscopy images corresponding to the

points labeled in panel (a). The brighter yellowish zones corre-

spond to oxygen depleted areas. (c) Resistance vs temperature

showing the superconducting transition at the left (salmon

panel), central (green panel), and right (blue panel) bridges,

respectively. The response of the pristine sample is shown with

white points, after reaching maximum current amplitude is

shown with gray data points, and after reaching maximum

current of opposite polarity is shown with black points.| . . .

109

a7

Panel (a) shows the simulated oxygen maps for the same points

A — F as shown in Figure 4.6(a) except for the fourth point

(formerly D) which is now taken after D. The red and yellow

colors correspond to oxygen-rich and oxygen-poor areas re-

spectively. (b) R(T) curves for the left, center and right bridges.

The color convention used is the same as in Figure |4.6(c). The

parameters for these simulations are E, = 0.7 eV, xo = 0.76,

Xpin = 0.5, Xpax =09 and oxg =5%. . . ... .. .. .. ...

110

i3

The evolution of R,,;;, and R, for different activation energies

are given in panels (a) and (b) respectively (E, is given in eV).

The other parameters remain unchanged: xg = 0.76, X, = 0.5,

Xmax = 0.95 and dxg = 5 %. Panels (c) and (d) show R,,;, and

Ryyax for several x,,;, and constant activation energy E, = 0.4

eV. The snapshots on the right show the oxygen distribution

tor the corresponding points A - I indicated in panels (b) and

(d). The maximum attained temperatures are shown in panels

B and (@] - .« « o o e

111

E9

Panel (a) shows the temporal evolution of R,,;,, for the different

E,(x) profiles given in panel (b). The observed correlation

between the irreversibility parameter AR = Ry, — Riyir and

the lowest value of the activation energy is given as the inset

of panel (b). The others parameters are xy = 0.76, x,;, = 0.5,

Xmax = 0.95 and 0xp = 5 %. The value of the applied current

corresponds to the first 80 pulses of the Figure|4.5/ . ... ..
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.10 (a) Linear interpolation of p(x, T) data extracted from Ref.[156]. |
For values of T above 300 K, a single a value is derived from
an R(T) curve for all oxygen concentrations. (b) Top view
of the layout and the mesh used for FEM simulations. The
positive (red) terminal is simulated as a current source while
the negative (blue) terminal is connected to ground. The value
of the current injected at each time step of the simulation is
dictated by the experimental values,| . . . . . ... ... ... . 115

.1 Low magnification and high magnification false-colored scan-
ning electron microscopy images of transport bridges along
the crystallographic directions a (left), 45° from a (top cen-
tral panel) and b (rightmost panel). The lower row shows the
associated resistivity vs temperature curves obtained at zero
applied magnetic field. The inset in the lower central panel
shows the ratio p,/p; in the whole temperature range| . . . . 120

.2 (a) Evolution of the sample resistivity as a function of the
| applied pulsed current density for bridges oriented along three
| crystallographic axes. The power dissipated in the bridges at
| the onset of the resistivity decrease (V) and increase (A), 1s

| protocol using pump-probe current pulses and mtercalated |

optical microscopy snapshots. (b) Schematic representation of
the anisotropic p(6) following an elliptic angular dependence
(upper panel). The lower panel shows the experimentally
determined onset of the sample resistivity decrease (/) and
the increase (A). The gray shadow covers a zone limited by the
tittings to Eq. (5.1) for the extreme (minimum and maximum)
power pg inferred from the experimental data points| . . . . . 122

.3 Bright field optical microscopy images for the bridges oriented
along the g, 45°, and b crystallographic directions atter (EM1)
mild electromigration with ~ 3% increase in resistance, (EM2)
severe electromigration with ~ 30% increase in resistance,
and (Anti-EM) reversing the current polarity, so called anti-
electromigration. All the images were acquired on the same

sample in chronologlcal order EM1, EM2, and fmally Anti-
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54

(a) Numerical simulation of the sample resistance for p varying

from 185 to 365 u{)cm in steps of 20 u(cm. The following

parameters have been used for these simulations: £, = 0.55

eV, o =5x10° K1, xg =09, éxg = 5%, x5, = 0.5, and

Xmax = 0.95. (b) Electromigration current determined using

a criterion of 1 % increase on resistance, as a function of the

resistivity extracted from the numerical simulation (blue) and

the experiments (orange). The inset shows the power density

(left ordinate) and maximum temperature (right ordinate) at

the onset of electromigration tfor samples of different resistivity|124

55

(a) Zoom in showing the numerically calculated initial change

of resistance with current (blue line) of one of the curves in

Figl5.4(a) together with the evolution of the residual function r

(orange line). (b) Evolution of the local resistance minima as

a function of the degree of oxygen concentration disorder dxg.

(c) Evolution of the local resistance minima as a function of the

activation energy Lg.| . . . . . . ... ... oL

126

56

Numerical simulations reproducing the oxygen vacancy dis-

tribution of Figl5.3| using the anisotropic model of section 5.4|

With E,, = 0556V, B, =05 6V]. . . oo oo

127

61

Normalized magnetization (a) and resistance (b) as a func-

tion of temperature for a 20 nm thick plain film of [LSMO}

The ferromagnetic-paramagnetic transition takes place at a

Curie temperature T ~ 370 K and is accompanied by a metal-

insulator transition. The inset in panel (a) shows a 5 K magneto-

optical image of the stray tield generated by the sample shown

in panel (c) with an in-plane magnetic field H = 3 mT. The

inset in panel (b) corresponds to the X-ray ditfraction spectra

of a plain [LSMO| film deposited on [STO| substrate. [SEM|im-

ages of the two investigated sample layouts (continuous and

discontinuous) are shown in panels (c) and (d), respectively.

The zoom-in in panel (c) with a magnitying glass shows an

optical microscopy image of the three bridges, the central one

being 1x3 um?. In panel (d) the gap separating the two mirror

symmetric structuresis 3 ym.| . . . . ... ...

137
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[6.2 Relative change of resistance AR = R; — Ry, with R; obtained
after i-th current pulse and R the resistance in the pristine
state, as a function of temperature. The first three pulses
are of same amplitude 0.5 mA whereas the fourth and last
pulse increases to 1 mA. The background color of each panel
indicates the corresponding transport bridge as illustrated in
the sketchotpanel (b). | . . ... .. ....... ... ... .. 138

(6-3 (a) A bipolar I, pulsed current is used to monitor the sam-
ple resistance whereas a Iprs > I,op Of variable amplitude
resulting from linearly increasing voltage pulses (b) triggers
the oxygen migration process. Resistance of the left (c), central
(d), and right (e) bridges after the voltage pulse as a function
of the pulse number. The lower two rows show optical mi-
croscopy images acquired after the pulse number indicated
in the frame. Electric transport and microscopy imaging are
acquired at a bath temperature of 110K . . . ... ... ... 139

[6.4 Bright-tield optical microscopy images of the |[LSMO//|STO| sam-
ple in the pristine state (a) and after applying a high electro-
thermic stress (b) at bath temperature of 110 K. In (b) the
appearance of dark vertical and horizontal lines in the sub-
strate are indicated with white and black arrows, respectively.
In (c) a scanning electron microscopy image of the central and
lett bridges 1s shown. Atomic force microscopy images of the
same sample are shown in panels (d), (e) and (h). The line
profiles indicated by the segments A-A” and B-B” are shown in
panel (f) and (g), respectively| . . . ... ... ... ... ... 141

[6.5 Upper left panel: Optical microscopy image of the measured |
device and the polarity of the sweeping voltage ranging from |

0 to 200 V at ambient conditions. The narrowest gap between |

|

|

|

the two electrodes is 3 ym. Yellowish background panels show
differential images for which the image of the pristine sample
has been subtracted to that of the indicated voltage. An area
of electrolyzed [LSMO) can be observed developing above 154 V142




List oF FIGURES

207

6.6

Upper left panel: Optical microscopy image of the measured

device and the connection circuit used to sweep the voltage

ranging from 0 to 200 V at ambient conditions. The narrowest

gap between the two electrodes is 3 ym. Yellowish background

panels show ditferential images for which the image of the

pristine sample has been subtracted to that of the indicated

voltage. A singular linear crystallographic detect develops

and grows in the system above 138 V, before the device is

electrically damaged at 158 V.| . . . . . ... ... ... ... .

143

6.7

(a) Scanning electron microscopy of a[LSMOJ/[STO]device evi-

dencing several steps after severe electrothermal stress. Step-

height along the x; (b) and along the x; (c) directions indicated

in panel (a). Note that the profile along x; crosses two |[LSMO|

bridges, the one shown in (a) and one opposing it across the

gap as shown in Figl6.6| (d) Atomic force microscopy image of

a device comparable to the one in (a) after triggering surface

scars by applying electro-thermal stress. A zoom-in of the[AFM]

1mages of the device in (b) at a crossing point of several lines is

shown in panel (e). The rectangular box in panel (a) indicates

the Tamella cut-out by focused ion beam for subsequent[STEM]

investigation presented in Figl6.8 and Figl6.9|. . . . . . .. ..

145

68

(a) Low magnification Z-contrast image of the FIB-cut lamella

obtained from the zone indicated in Figl6.7(a) around the step

labeled 1. (b) Higher-magnification Z-contrast image of the

red framed region marked in panel (a). (c) Atomic resolution

image image of the yellow framed region marked in panel (b).| 146

6.9

(a) Low magnification Z-contrast image of the FIB-cut lamella

obtained from the zone indicated in Figl6.7(a) around the step

labeled 2 .(b,c) Higher-magnification Z-contrast image of the

red and blue framed regions marked in panel (a), respectively.

Inset in (b) shows an enlarged image at the surtface of the bare

ISTOL Scale baris2nmlong|. . .. ... .............

147

71

Sample layout in the form of a triple-constriction where each

of the three bridge resistances can be accessed using two of

the perpendicular terminals. The color code associated with

the three bridges will be respected throughout the manuscript.

The battery indicates what is defined as a positive voltage

configuration.| . . . ... ... ... L L L oL
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[7.2  Reversible resistive switching in a micropatterned YBCO film
via square wave current of 5.8 mA amplitude and varying pe-
riod. The red, green and blue panels correspond to the negative
electrode (left), center and positive electrode (right constriction)
resistance vs time measurements, while the gray panel shows
the applied current. The switching resistance criterion (Rp) is
set manually after a short initialization phase and is shown
with the dashed horizontal line. This criterion is only checked
in the middle constriction and determines the position at which
the current polarity is switched. Note that the resistances of
the left and right constrictions follow opposing trends, while
the central constriction has a dome-shaped R(t) curve. This
is explained by an oxygen-vacancy counterflow following the |
current direction where the deoxygenation front repeatedly |
passes through the central constriction during switching. The |
insets are zooms on the highlighted sections of the data set. Ex- |
periments are performed in ambient conditions. (e) Evolution |
of the half-period 0t (see detinition in panel (d)) for a sample |
switching in a bipolar square wave current bias for ~ 7000 |

|
|
|
|
|
|

switching cycles. Polarity is switched whenever R returns to
a preset Ry, corresponding to 1% increase of resistance from
pristine state. (f) Evolution of ot for three different current
amplitudes performed on the same sample, the corresponding
Rmax evolution is shown in (g). These measurements were
performed in the same device in chronological order starting
trom the lowest current and progressively increasing the current.[156

[7.3  Finite element modeling of the experimentally observed switch-
ing behavior in YBCO thin film constrictions. The numerical
model captures both the regular dome shape of R¢ (b) and the
opposite trends in Ry (a) and Rg (c), as well as the decreasing
values of 0t (e) and Ry (£). | . - . - . o o oo oo oo 157

[7.4 Close up of the evolution of a single dome R(f) from the finite |
element model. Oxygen distribution maps (in x) are shown in |
the upper row, oxygen distribution differential maps (dx) are |

|
|
|

depicted to the right and temperature profiles (1) are shown
in the lower row, for the points indicated by the yellow cir-
cles. The highlighted section corresponds to a positive current
polaritypulse| . . . .. ... ... oo oo oo 159
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75

Section of a finite element modeling simulation on a symmetric

(upper panel) and an asymmetric (lower panel) mesh where

the right constriction is 1 ym wider than the lett one (see mnset).

The asymmetry induces an alternating trend in the evolution

of Rc where positive polarity periods show higher Rp.x. The

low observed amplitude results from the relatively long time

needed for the system tosettle . . . . ... ... .. ... ...

160

AT

(a) Non-monotonous resistance rise as a function of current

during the first electromigration process. The continuous blue

line represent the experimental data and square 1symbols

connected by a dashed line correspond to finite element simu-

lations. (b) Simulated temperature distribution of the bridge

tfor an applied currentof 12mA| . . . .. ... ... ... ...

172

A2

Resistance R(T) for the left (red), central (green), and right

(blue) bridges, normalized by the R(200 K) of the pristine

sample. For the sake of comparison, the universal response tor

the pristine sample (shown in Fig[3.3) is replotted here with a

black line. The inset shows an optical image of the final state

after the electromigration process.| . . . ... ... ... .. ..

172

A3

(a-d) Typical room temperature yRaman spectra obtained at

different spots along the transport bridge as indicated by the

colored circles in panel (e). Panels (a’-d”") show a zoom in the

data presented in panels (a-d). The spectrum in panel (a) cor-

responds to the pristine sample whereas those in panels (b-d)

correspond to the electromigrated sample. (f) Optically active

Raman modes along the crystallographic c-axis for YBCO. The

apical O(4) Ag phonon mode occurs at 500 cm ! |

173

A4

Dark field (a) and bright tield (b) optical microscopy images.

Scanning electron microscopy images collected by InLens sec-

ondary electron detector (c) and Everhart-Thornley detector

(d). For the SEM images an acceleration voltage 5 kV, aperture

size 30 pm, and working distance 6 mm has been used.|. . . .

174

B

Experimental evolution of the resistance as a function of time

under DC stress of 5.8 mA of periodically switching polarity.

The inset shows the polarity of the positive current and the

color code associated to each bridge. These measurements were

performed at room temperature and under ambient conditions.|178
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[B.2  Panels (a) and (b), (c) and (d), (e) and (f) show the evolution of
Ryyin and R,y for ditferent values of x,,4x, X0 and 0xp respec-
tively. Unless otherwise stated, the values of the parameters
are given by : £, =0.4 eV, xo = 0.76, X;;;, = 0.5, X0x = 0.95 and
oxo=5%) . ... 180

[C.1 (a) Sketch of simulation geometry with dimension details. The
thickness of the STO substrate is set to 50 ym in order to mini-
mize computation time. The LSMO layer 1s shaped based on a
SEM picture. (b) Cut view of the modeled device consisting
of a 13 nm-thick layer of LSMO on a 40 nm-thick layer of STO
representing the step in the substrate generated by the etching
process. (c) Current density distribution in the LSMO layer tor
a voltage bias of 100 V. A complete mapping is displayed on
the sketchof panel (a). | . . ... ... .............. 182

[C.2 (a) Cross-section of the temperature distribution in the plane
indicated in the inset. (b) Zoom in the vicinity of the LSMO
constriction where Joule heating occurs. The black dashed lines
correspond to isothermal curves. The vertical scale indicates
the spatial dimensions in ym. (c) Exponential decrease of the
temperature with the depth penetration in the STO substrate
along the vertical white dashed line shown in panel (a) for a
13 nm-thick LSMO sample (blue dots) and a 100 nm-thick Ag
sample (red dots).|. . . ... ... ... o oo L 183

[C.3 (a) Cross-section of the electric field distribution in the same |
| plane as in FiglC.2(a). The color bar represents the logarithm |
| of the magnitude of the electric field. (b) Zoom in the vicinity |
| T the LSMO — T olociic fiold BT |
| scale. Dashed lines correspond to constant electric field curves. |
| (c) Variation of the electric field with the depth penetration in |
| the STO substrate along the white dashed line shown in panel |
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[C.4 Low magnification Scanning Transmission Electron Microscopy
| in a region including two surface scars as indicated in Fig.7(a)
| of the main text. The yellow arrows mark three steps. The ar-
| rows labeled #1 and #3 mark 14 nm-thick steps corresponding
I
I

to the triggered surface scars. The LSMO is indicated with an
horizontal white arrow, and runs from left to right till the yel-
1 rrow #3. Exten £ indi 1th blue arr. r
| observed within the STO substrate in the vicinity ot the blue |
| dashed lines. The inset shows a sketch illustrating the upward |
| shifting of a region with triangular cross section resulting from [

[C.5 High-magnification Z-contrast images of the regions marked
in the upper low-magnification STEM image. The red framed
image corresponds to the unattected region. The yellow frame
includes step #1. Region #3 (green frame) shows an edge of
the LSMO layer resulting from the ion milling process. The
step #2 (blue frame) at the bare STO substrate results from the

[ thermal stress) . . . . ... ... ... .. ... . ... . 186

[C.6 (a,b) EEL spectra atter background subtraction of of 1i L-edge
and O K-edge from the STO substrate, respectively. (c,d) EEL
spectra after background subtraction of Mn L-edge and O
K-edge from the LSMO, respectively. All the spectra were
acquired in the step #1 region. The energy dispersion used for
the EEL spectra acquisition was 0.25eV.| . .. ... ... ... 188
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[D.1 Demonstration of the heating power etfected by a device un-
der experiment conditions. The three plots in the left column
(red-green-blue) a)-c) show the measured 4-point resistance
of a triple constriction device conducting 7.5 mA ot DC cur-
rent, with the panels representing the left, center and right
constrictions, respectively. The measured resistances increased
in all three bridges before settling to stable values at around
6 min after starting, implying that Joule-heating caused the
thermalization of the chip. To confirm this heating effect, an-
other device on the opposite side of the chip is wired, and
its central constrictions” 4-point resistance is recorded with a
low DC current (10 #A) simultaneously with the high-current
measurement in the device under test. The resulting measure-
ment 1s shown in panel e) with a grey background. The two
devices are positioned as shown in the illustration in panel d),
the devices being colored as in the other panels. The central
constrictions of the devices are ~3.5 mm apart. The identical
shape of the resistance curves serves well to illustrate that the
heating of the high-current device is enough to affect the whole
chip. Measurement of the heating of the cryostat cold finger
due to Joule heating in a YBCO microconstriction passing 7.5
mA DC current at 110 K are shown in panels f) and g). f) shows
the resistance evolution of the central constriction Rc with the
characteristic dome shape discussed in the main text, while
panel g) shows the temperature read at the cryostat cold finger
with a copper thermometer. Note the temperature increase of
~500 mK due to the heat generated in the sample. The inset
in the grey panel shows a rendition of the mounted sample on
the gold base of the cold finger, illustrating the distance from
a working device to the thermometer| . . . . . ... ... ... 190
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