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Aim of the Thesis

Many of the most relevant technological advances of the past decades
have been closely related to the progress made in the fields of Materials
Science and Condensed Matter Physics. In particular, the second half
of the 20th century was characterized by an explosion of new materi-
als and new ways of adjusting their properties, i.e. functional materials
design. The rapid progress of electronics during this period involved
the mutual reinforcement between materials research and their practical
application in areas as diverse as engineering, medicine, construction or
information technology, creating a multidisciplinary scientific commu-
nity.

The driving force behind many of the most impressive advances
we have experienced in recent decades is the ability to control on de-
mand the electronic properties of a material. For instance, the devices
based on semiconductor interfaces (mostly composed by silicon) can be
controlled by an electric field, exposure to light, pressure, or heat. Liter-
ally, billions of these devices are incorporated in consumer electronics
indispensable in our daily life, such as cars, laptops, mobile phones,
televisions, etc.

However, the astonishing revolution of the past century in the area
of electronics has created a need for better technologies as well as the
miniaturization of the devices. In this regard, oxides interfaces could
become a key ingredient for new concepts of electronics devices, ex-
hibiting a wide range of phenomena such as magnetism, superconduc-
tivity, ionic conduction or ferroelectricity.

Among the oxides family, the oxoperovskites are particularly inter-
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esting because they exhibit an extraordinary number of physical prop-
erties: optical, magnetic, energy harvesting applications, etc. This di-
versity emanates from their high flexibility to accept cation substitution
and the possibility, even more appealing, to control the occupancy of the
anion (oxygen) site in these oxides. In the next few years we will prob-
ably see the development of new methods to control the occupation of
the anionic sublattice (the oxide-ions in the case of oxides), which will
open unforeseen possibilities to tailor and improve the functionalities of
these materials.

In this regard, strontium titanate (SrTiOs) is a paradigmatic exam-
ple within the oxides perovskite family. In its bulk form, it is a quan-
tum paraelectric insulator, with a wide band gap of 3.2 eV, diamagnetic
and with a high dielectric constant. SrTiOs is also used as a functional
material in diverse applications such as solar cells, gas sensors or resis-
tive switching memories. Moreover, the excellent properties of SrTiOs
makes it widely used as the preferred substrate in the deposition of nu-
merous oxides, and it is a fundamental partner of LaAlO3 and other ox-
ides in the famous 2-dimensional electron gas interface. Consequently,
SrTiOg is probably one of the most suitable materials for understanding
the nature of effects related with oxygen vacancies or strain.

The main aim of this Thesis is to study the effect of oxygen vacan-
cies on the structural and transport properties of STO thin films under
the influence of epitaxial strain. With the results, we also want to con-
tribute to the discussion about the role of oxygen vacancies in the ob-
served phenomenology of LaAlOs/SrTiOjs interface, as well as in other
heterostructures involving STO as a substrate.

In addition, a novel approach will be used in this Thesis, combining
experimental and theoretical studies to investigate and understand the
underlying mechanisms that link oxygen vacancies and the properties
of these materials.

The possibility to manipulate the oxygen vacancy concentration at
will by means of an external stimulus will be addressed, determining the
strain dependence of the mobility and diffusion coefficient of oxygen
vacancies at room temperature. In addition, the potential use of STO on
future resistive switching memories was discussed, analysing the main
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control parameters in the production and stabilization of these devices.

Also the strain dependence of the octahedral rotations within the
thin films will be determined, studying the influence of defects from a
theoretical point of view. Moreover, a complete theoretical study about
the appearance of ferroelectricity in STO thin films was addressed, ex-
amining the influence of octahedral configurations, defects and strain.

Lastly, the magneto-transport properties of the strained STO thin
films will be examined with especial emphasis on the discussion about
the existence of Kondo effect and the emergence of a magnetic order at
low temperature due to the presence of oxygen vacancies.
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1. Introduction

Life need not be easy, provided only that it is not empty.

Lise Meitner, Austrian-Swedish physicist who worked on
radioactivity and Nuclear Physics.

Herbert Kroemer started his Nobel lecture in 2000 claiming that,
”Often, it may be said that the interface is the device” [1|]. With this
precept, he was referring to the surprising success of devices based
on thin semiconductor films for photonic and electronic applications,
which started more than 40 years ago. Many of them, such as transis-
tors, solar cells or lasers take advantage of the interfacial phenomena.
Thus, the introduction of interfaces into semiconductor structures gave
rise to numerous devices of immense utility and interesting physical
properties.

Analogously, the introduction of active interfaces into oxide struc-
tures is expected to generate a new technological revolution in the com-
ing years; the interfaces between complex oxides are currently in the
spotlight of intense research in Condensed Matter Physics.

A wide range of phenomena is exhibited by these interfaces such
as magnetism, superconductivity, ionic conduction or ferroelectricity,
which can find direct application for instance, in batteries, fuel cells,
diverse information storage technologies, etc [2].
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In the past decades, the development of powerful deposition tech-
niques such as pulsed laser deposition, sputtering or molecular-beam
epitaxy have allowed the growth of well-defined interfaces of these
complex oxides. This atomic-scale engineering opens a world of possi-
bilities to explore and make use of the fundamental properties of such
interfaces, with new and more fascinating properties awaiting to be dis-
covered and studied.

1.1 LaAlO;/SrTiO; interface

The electrical conductivity at the (001) interface between lanthanum
aluminate (LaAlOs, LAO) and strontium titanate (SrTiOs, STO) was
first discovered by Ohtomo and Hwang in 2004 [3]]. Despite both ma-
terials being electrical insulators with wide band gaps (5.6 and 3.2 eV,
respectively), a two-dimensional electron gas (2DEG) of a few unit cells
was found at their interface. In addition, the 2DEG exhibits a high car-
rier mobility at low temperatures, exceeding 10.000 cm?/Vs [3].

This unexpected finding received a lot of attention, stimulating an
intense research to understand the fundamental mechanism underlying
and led to the emergence of a completely new field called oxide inter-
faces [4,5]. This field explores the possibility of oxide-based electron-
ics as an alternative to conventional semiconductor technology based on
silicon [6].

As a consequence of this extensive research, new exciting interfa-
cial properties were revealed at the LAO/STO (001) interface, such as
magnetoresistance [7]], superconductivity [8] and ferromagnetism [9],
most of them absent in their bulk constituents. Nevertheless, very spe-
cific conditions are required to make the 2DEG emerge at the interface
between these two insulators. For instance, the LAO/STO interface
presents a critical thickness of the LAO layer, above which an abrupt
transition from insulator to metallic-like character is produced [10]. It
was also found that such 2DEG is very sensitive to STO surface termi-
nation, only being observed when LAO is grown on TiO,-terminated
(n-type interface) but not for SrO-terminated (p-type interface) STO
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substrates, suggesting that the details of the interface do matter [3].
Also the growth conditions of the LAO layer are crucial; the conduc-
tion appears only when the thin film is grown at low oxygen pressures
(P<10~2 mbar) [11-13].

The properties of this interface are well characterized and studied,
but the exact mechanism to explain the phenomena is still debated and
researchers continue to investigate this system. Three main scenarios
have been proposed for describing the metallic conduction at the LAO
/STO interface: i) An electronic reconstruction to cancel the electric
field built up at a polar TiO,-LaO interface (the so-called polar catas-
trophe scenario); ii) the presence of charged oxygen vacancies at either
STO or/and LAO; and iii) an ionic reconstruction in the form of cation
intermixing. Only the first scenario is related with intrinsic properties
of the system, whereas the other two are linked with extrinsic effects
(vacancies). The consequences of each of these three hypotheses are
explained in more detail in the Sections below.

1.1.1 The polar catastrophe scenario

Two years after the discovery of the 2DEG at the LAO/STO interface,
Nakagawa et al. [[14] proposed the polar catastrophe model to explain
this behaviour. This model establishes that an electronic reconstruction
occurs in response to the polar discontinuity formed at the atomically
abrupt interface between the polar (La®T0?)*Y/(AI** 03 )~! ionic lay-
ers of (001) LaAlO; and the neutral (Sr>*0?~)%/(Ti*+03 )" ionic layers
of (001) SrTiOs.

This results in a valence discontinuity across the interface as shown
in Fig. [I.T]a), and builds up an electric potential (1), which diverges as
the LAO thickness increases. Consequently, an spontaneous electronic
reconstruction is produced in response to this instability, transferring
half an electron per two-dimensional unit cell from the LaO™! layer to
the TiO(QJ sublayer [15]. The overall structure remains neutral, with the
Ti®5* ion at the interface layer and the potential no longer diverges (see
Fig. b). As a result of free electrons occupying Ti 3d,, orbitals in
the STO layer, the interface becomes conducting and a high mobility
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2DEGQG is established at the unit cells closer to the interface.
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Figure 1.1: Schematic illustration of the polar catastrophe scenario in an
AlO2/LaO/TiOs interface. a) Before the electronic reconstruction. The polar
layers of LAO grown on non-polar STO substrate produce a negative electric
field (E), leading to an electric potential ('), which diverges with sufficient
LAO thickness. b) After the reconstruction. The voltage divergence is avoided
through the transfer of half an electron per unit cell to the TiOy layer. Thus,
F oscillates around 0 and the electric potential remains finite. p represents the
net charges at each layer. Grey, blue, orange, green and red spheres refer to the
AT, La’t, Ti3-5+/4+ Sr2+ and O~ atoms, respectively.

The excess of charge incorporated to the interface corresponds to
an expected carrier density around 3.5 x 10'* cm~2, which is one order
of magnitude above the experimental values reported by various groups
(~10'3 cm~2?) . Several explanations have been proposed for
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this “missing charge” problem, among which the localization of part
of the conduction electrons could be the most plausible. In this sense,
DFT calculations by Popovic et al. [[16] revealed that some electrons
are confined to a single interfacial layer and therefore, they are suscep-
tible to Anderson localization due to disorder, whereas other electrons
with small masses and extended over several layers are expected to con-
tribute to electronic transport. Such disorder could result from structural
distortions at the interface due to the strain that arises from the lattice
mismatch between LAO and STO (=+2.9%) [18]].

In 2006, Thiel et al. [17] reported that a minimum thickness of 4
unit cells for the LAO layer is required for the formation of the 2DEG,
and also first-principles calculations based on the polar catastrophe sce-
nario confirms this critical thickness [[19]. In fact, the existence of a
critical LAO thickness as a pre-requisite for interfacial conductivity to
emerge is the strongest argument in favour of the electronic reconstruc-
tion picture. However, the observation of the 2DEG in amorphous lay-
ers [20] as well as in other polar interfaces [21]] cannot be explained
correctly by this model.

Another important problem of the model is the extension of the
2DEG. Ab-initio calculations by Janicka et al. [22] predicted that the
2DEG is confined in STO within ~1 nm away from the interface. How-
ever, Basletic et al. [23]] mapped the spatial distribution of charge carri-
ers in LAO/STO heterostructure using a conductive tip of atomic force
microscopy. They found that the 2DEG is extended 500 pm to the STO
side in samples grown by Pulsed Laser Deposition (PLD) at 10~° mbar
(Fig. [1.2] a), meanwhile the conducting depth decreases to 7 nm in in-
terfaces annealed at 300 mbar of oxygen (Fig. [[.2]b).

Herranz et al. [24] also deduced from the analysis of Shubnikov-
Haas oscillations a thickness of ~500 pym in LAO/STO samples grown
by PLD at an oxygen pressure of 10~¢ mbar. Meanwhile, Reyren et
al. [8]] estimated the conducting thickness around 10 nm at low temper-
atures on samples deposited at an oxygen pressure of ~10~° mbar and
post-annealed in 400 mbar. All these results point towards the impor-
tance of the growth and annealing conditions in LAO/STO interfaces,
which suggest an important role of oxygen vacancies.
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Figure 1.2: a) Map of electrical resistance across the LAO/STO interface for a
sample deposited at an oxygen pressure of 1 x 10~ mbar, and b) sample grown
at 1x10~% mbar with a post-annealed procedure at 300 mbar. Reprinted by
permission from [23]]. ¢) Temperature dependence of the sheet resistance for 6
samples grown under different oxygen atmosphere and no-annealed. Reprinted
by permission from .

The LAO/STO interfaces in which the 2DEG is reported so far,
have been grown on STO substrates under reducing conditions
26]]. In this regard, Brinkman et al. [[7]] revealed a pronounced increase
of the interface conductivity as the oxygen pressure of the growth of the
LAO thin film decreases, as can be seen in Fig. @ ).

On the other hand, G. Herranz et al. demonstrated the forma-
tion of a 2DEG at interfaces involving (110) (non-polar) and (111) (po-
lar) surfaces of STO interfaced with epitaxial layers of LAO and above
the critical thickness. In the same paper, they also reported the con-
ductivity at the interface between (110) STO substrate and amorphous
LAO, STO and yttria-stabilized zirconia (YSZ), showing that epitax-
ial interfaces are not a pre-requisite for the formation of a 2DEG. This
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along with the lack of polar discontinuity at the (110) interface, calls
into question the polar catastrophe model and claims for an alternative
explanation of the origin of this phenomenon.

Therefore, although some experimental and theoretical studies sup-
port the idea of the polar reconstruction scenario, other important issues
are still unresolved.

1.1.2 'The oxygen vacancies scenario

Soon after the polar catastrophe mechanism was proposed, several groups
realized that the electronic properties of the interface are significantly
affected by the presence of oxygen vacancies. Many experimental ev-
idences suggest that the spontaneous formation of oxygen vacancies in
STO during the typical conditions used to grow the LAO thin film play
a fundamental role in the appearance and properties of the 2DEG.

Even though the current deposition methods provide an excellent
control in the fabrication of the thin films and interfaces, there is always
the possibility that defects, such as anionic or cationic vacancies, will
be added to the crystal structure. Their role can be specially important
in depositions that involve perovskites, in which the cation valence can
change depending on the oxygen content of the sample.

In general, the growth of LAO layers is carried out at high temper-
atures and in a reducing oxygen pressure (i.e. Po,=10"% — 10~2 mbar),
conditions that are very suitable for creating oxygen vacancies in STO.
For each ionized oxygen vacancy, two free electrons can be incorpo-
rated to the 3d conduction band of the STO, modifying the Ti**/Ti** va-
lence, as is illustrated in Fig. a). Since STO undergoes an insulator-
to-metal transition at remarkably low charge carrier densities (1x 106
cm~?), a slight deviation from stoichiometry of just one oxygen vacancy
every 150 unit cells, is enough to make the oxide an electrical conduc-
tor. Therefore, a contribution from oxygen vacancies to the total carrier
density cannot be excluded a priori.
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a)

In-gap
states

VB VB

Figure 1.3: a) Schematic illustration of the ionization process of an oxygen va-
cancy. Every oxygen vacancy yields two electrons in the Ti-3d band of STO,
which contributes to the conduction of the material. b) The creation of vacan-
cies in STO produces the appearance of in-gap states close to the conduction
band of STO, favouring the conduction at the interface.

In addition, post—annealing processes at high oxygen pressure could
result insufficient to recover the oxygen stoichiometry. Numerous stud-
ies have examined the conditions of growth and post-annealing in an
effort to understand the role of oxygen vacancies. Chen et al. [20] re-
ported that a post-annealing procedure removed the oxygen vacancies in
the case of amorphous LAO overlayer, but some residual conductivity is
preserved in the interfaces with crystalline LAO overlayer [11]]. This re-
veals that oxygen vacancies are the dominant source of mobile carriers
when LAO film is amorphous, but it seems that both oxygen vacancies
and electronic reconstruction could contribute to the interface electron
gas at the unannealed crystalline LAO/STO structure.

Dittman et al. [|13]] also discussed about the role of the oxygen pres-
sure used in the post-annealing process over the electronic properties of
LAO/STO interface. They concluded that equilibrium defect formation
is the dominant process for establishing the 2DEG properties, mean-
while growth dynamics plays a minor role in the typical growth regime
of LAO/STO interfaces. Cavillieri et al. [28] observed a conductive
interface for 2-3 unit cells of LAO when the deposition is performed
at low oxygen pressures. However, a post—annealing procedure at high
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oxygen pressure completely suppressed the conductivity, confirming the
oxygen vacancies as responsible for the metallic conduction.

Many theoretical studies also addressed this issue of oxygen va-
cancies at the LAO / STO interface, concluding that the presence of
vacancies is essential for the formation of a 2DEG [29,30].

All these evidences raised doubts about whether charge transfer
across the interface is really responsible of the conducting interface and
supports the possibility that the 2DEG resides solely in STO due to the
presence of vacancies. In addition, the 2DEG observed at LAO/STO in-
terface shows much similarity to those reported in other STO-based het-
erostructures (e.g. LaTiO3/STO [31], GdTiO3/STO [32]] or LaGaO3/STO
[33]]) and field—effect—transistor structures involving STO [34.35]], which
suggests that different forms of electronic confinement at the surface of
STO would lead to essentially the same 2DEG.

In this context, Santander-Syro et al. [36] reported Angle-Resolved
Photoemission Spectroscopy (ARPES) of the surface of STO crystals
cleaved under high vacuum. They observed the emergence of a 2DEG at
the bare surface of STO, suggesting the critical role of oxygen vacancies
on this phenomenology.

In this sense, there are also studies that suggest that vacancies formed
on the surface of the LAO could influence in the properties of LAO/STO
interfaces. The electronic reconstruction scenario proposed by Nakawaka
et al. [14] for n-type LAO/STO interface, demands the ionization of
some of the oxygen atoms at the upper layer of AlO,. DFT calculations
performed by Li et al. [29] revealed that these oxygen vacancies may
reduce the electrostatic energy in LAO, being energetically the most sta-
ble. In addition, the charge carriers release by the oxygen vacancies on
the LAO surface would be transferred to the interface, creating in-gap
states located just below the LAO conduction band, as is depicted in
Fig. [1.3]b). The charge carriers donated by these in-gap states would be
confined to the interface, forming a 2DEG.

Therefore, in view of the results of extensive research about the
role of oxygen vacancies in either the SrTiO3 substrate or the LaAlO;
surface, it seems unavoidable to consider its effect for a proper under-
standing of the properties of the 2DEG at the (001) LAO/STO interface.
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1.1.3 Cation intermixing at the LAO/STO interface

The third possible mechanism proposed to be responsible for the metal-
licity of the system involves an atomic reconstruction at the LAO/STO
interface. This may be due to two reasons: 1) an ionic reconstruction in-
duced by the polar field of the interface, or ii) by the effect of the kinetic
growth conditions during the deposition process (generally by PLD or
sputtering).

Some polar surfaces present in nature show tendency for recon-
struction, such as the ionic rock salts FeO (111) or NiO (111). The un-
reconstructed polar surfaces can be covered by hydroxyl groups (-OH)
that avoid the reconstruction, but removing —OH destabilizes the surface
and leads inevitably to the reconstruction [37]. Another famous exam-
ple is the ZnO surface, which shows stability regardless of its polarity.
In this case, the stability is attributed to the high degree of disorder at
the surface [37]].

Therefore, independently of the level of growth control attainable
with modern deposition techniques, the growth of a polar material on
non-polar substrates causes a discontinuity, which introduces a larger
energy cost to form atomically abrupt heterointerfaces. Particularly in
ionic oxides, the atomic reconstruction can often occur to avoid the
build up of an electrical potential at a polar surface or interface, re-
sulting in a rougher interface [38].

Nakagawa et al. [14] compared the roughness of n-type and p-type
interfaces; they concluded that the n-type interface showed significantly
more roughness induced by a compensation mechanism to avoid the
polar discontinuity (see Fig. [1.4). Moreover, Qiao et al. [39] proved
that an intermixed interface is thermodynamically more favourable than
an abrupt interface.

In addition to the aforementioned interdiffusion of cations, numer-
ous studies point to the existence of structural distortion of the unit cells
around the interface, which would favour to the high mobility of the
electrons [|18,40,41].

On the other hand, Willmott et al. [42] also demonstrated that the
n-type LAO/STO interface is not abrupt, and additionally they deter-
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mined that Sr and La intermix at a greater depth than Ti and Al ions,
resulting in the formation of metallic La; _,Sr, TiO3. This along with
structural distortions could explain the emergence of 2DEG at the inter-
face based on structural considerations.

a) Al0,/La0/TiO, b) AlO,/SrO/TiO,

AIO,/La0/TiO,
--------- AID,/Sr0/Ti0,

120

ADF signal (arb. unit)

90

80 1 1 1 1 1

Distance (nm)

Figure 1.4: a) LaAlO3 layers grown on TiOs-terminated SrTiOs substrate
forming the AlO2/LaO/TiO4 interface (n-type interface). b) LaAlO3 grown
on SrO-terminated SrTiOs forming the AlO2/SrO/TiO; interface (p-type inter-
face). c) Averaged line profiles across the interfaces of a, b. The extracted r.m.s
roughness (o) for the AlO2/LaO/TiO3 interface showed in a) is 0=1.90+0.11
u.c. and for the AlO2/SrO/TiO2 interface displayed in b is 0=0.7740.13 u.c.
Reprinted by permission from .

After years of theoretical and experimental efforts, there is still no
consensus regarding the dominant mechanism responsible of the high-
mobility 2DEG. Each of the three scenarios discussed above can ex-
plain particular experimental results, but a unified image is missing to
describe the origin of the 2DEG and, above all, it is not clear if one or a
combination of all the mechanisms can be the most adequate response
to explain the experimental observations. In general, it has become ac-
cepted that the novel behaviour emerges as a result of a combination
of the polar catastrophe and growth-induced defects, specifically oxy-
gen vacancies. However, the complex interplay between these effects
remains undetermined.
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1.2 Strain and defect engineering of transi-
tion metal oxides

The (001) LAO/STO interface represents one of many cases where new
functionalities can arise at oxide interfaces. But, where does this wide
range of phenomena come from?

On the one hand, the fact that d-orbitals participate in the bonds
between the transition metal and oxygen ions results in strong elec-
tron correlations within narrow bands with d-character [43]]. This along
with a large coupling between charge, spin and orbital degrees of free-
dom, are responsible for the variety of electronic and magnetic be-
haviour characteristic of these compounds, such as metal-insulator tran-
sition, superconductivity, ferroelectricity, multiferroicity, etc [44]. On
the other hand, the crystal structure of complex oxides is very flexible in
terms of composition. The latter is crucial for the development of novel
materials and moreover provides a wide range of diverse oxide com-
pounds that can be deposited on top of each other forming interesting
interfaces.

Particularly appealing within them are the oxoperovskites of gen-
eral formula ABOg3, in which the relatively free substitution of certain
cations in the structure leads to a large variety of perovskite-type metal
oxides. The cation substitutional routes are mainly three: i) replacement
by another cation with the same valency; ii) by a combination of cations
with a different valence, such that the net charge remains identical; or
iii) substitution by a cation with different valence, which produces a re-
duction or oxidation of the second metal ion, to compensate the charge
difference (e.g. La?™ Sr2*Titt Tit+0s).

Furthermore, the possibility of controlling the occupancy of the an-
ion site is equally appealing (in this case the oxide ion, O?~), although
much less explored.

Growing epitaxial thin films of an oxoperovskite on top of a sub-
strate provides an opportunity to tailor and fine-tune the electron cor-
relations through a strain-mediated control of the bond distances and
angles, as well as the concentration and distribution profiles of defects
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(i.e. cationic and/or anionic vacancies) within the lattice.

Type of strain

Compressive Unstrained Tensile

£, 5
@358

Figure 1.5: Sketch of possible mechanisms for epitaxial strain accommoda-
tion in oxoperovskites ABOj3: i) by bond-length changes (upper row); ii) by
changes in octahedral tilts («v) and rotations (3) (central row); or iii) by point
defect formation (lower row). The illustration shows the effects depending on
the sign of strain: negative (compressive), no strain and positive (tensile) in
left, central and right column, respectively. Cations at the A-site have been
omitted for clarity. Reprinted by permission from [@]

Bond lengths

Kind of strain accommodation
Tilts

Defects

When a film of an oxoperovskite is grown coherently on a sub-
strate with a different lattice size, the internal stress due to the change
in the in-plane lattice constant can be accommodated through three
main mechanisms, which are depicted in Fig. [I.5] The first mecha-
nism involves structural distortions through changes in the internal bond
lengths, which can induce interesting phenomena such as the coopera-
tive Jahn-Teller effect [46]. The second effect of the change in the lattice
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parameter forced by coherent growth is a modification of the angle or
rotation pattern and tilts of the oxygen octahedra [47]], which in turn
have been shown to influence numerous functional properties such as
ferroelectricity [48] or magnetism [49].

The third mechanism involves the appearance of point defects in
the form of cationic/anionic vacancies, interstitial atoms, substitutions,
etc. Itis very likely that both strain and point defects influence the molar
volume and, consequently the Gibbs free energy, resulting in strain de-
pendent defect formation energies. The nature of point defects strongly
depends on the sign of strain. Thus, compressive strain normally tends
to increase the concentration of cationic vacancies. This is a conse-
quence of the charge balancing oxidation of cations with smaller ionic
radii at higher oxidations states. On the other hand, tensile strain pro-
duces an increase of the volume, which promotes the formation of oxy-
gen vacancies. The latter is a well-recognized way to accommodate
large epitaxial strains in oxides, through donation of two electrons to
the conduction band, which is of anti-bonding character to the B-O
bond [50].

It has been demonstrated that strain is a powerful tool for ma-
nipulating the oxygen vacancy concentration driving changes in ma-
terial’s properties. For instance, Petrie et al. [51] reported a transition
from ferromagnetic metal to antiferromagnetic insulator in the stron-
tium cobaltite (SrCoO,,), which is controlled through changes in oxy-
gen content. Meanwhile, Becher et al. [52] revealed a coupling between
structural defects and electric polarization mediated via strain engineer-
ing.

Understanding the distinct mechanisms to accommodate the coher-
ent epitaxy of the thin films requires the introduction of the concept of
tolerance factor.

Goldshmidt tolerance factor (¢) is extensively used to predict the
degree and type of crystallographic distortions of perovskites, after ac-
commodating different size cations. This parameter is a measure of the
mismatch between the equilibrium (A-B) and (B-O) bond lengths for
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ABOj3 perovskites [S3]]:

R R
t— _ftatho (1.1)

\/E(RB + Ro)

where R4, Rp and Ro are the ionic radius of A, B and Oxygen
atoms, respectively [54]]. Thus, a tolerance factor ¢ = 1 results in a
cubic structure, whereas any deviation from 1 causes the formation of a
perovskite with an structure of lower symmetry.

Orthorhombic/
rhombohedral

0.7<t<0.9
SrRuO,
BiFeO, CaMnO, SrTiO, PbTiO, LiNbO,
GdFeO, LaNiO, l CaTiO, l l LaAIO, l BaNiO, l BaTiO,

Tolerance § M T TP S T S -
factor T | T | T | T | ' | ! |

0.80 0.96 0.98 1.00 1.02 1.04 1.06

Figure 1.6: Goldshmidt tolerance factor of some important perovskites. Data
extracted from [55]]

A t<1 indicates either A ion is smaller than the size of the void or
B ion is too large, resulting in the BOg rotation along (001), (111) or
(110) axis to maximise atomic packing. This produces rhombohedral
or orthorhombic symmetry, so that the symmetry of the crystal struc-
ture is lowered. Some examples of this type of perovskite are GdFeO;
(t=0.80, orthorhombic) or BiFeO; (t=0.96, rhombohedral). On the con-
trary, t>1 is due to larger A size or smaller B ion, adopting a tetragonal
or hexagonal structure, such as BaTiO3 (t=1.06, tetragonal) (see Fig.

On the other hand, the manipulation of octahedral rotations in per-

ovskites is a well recognized strategy to modify their properties; small
changes may cause a subtle effect on electronic and magnetic behaviours
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through spin—orbit coupling [56,/57]. In this regard, either the selection
of the substrate or the presence of defects can lead to a determined co-
operative rotation of the BOg octahedra. The substrate, apart from im-
posing stress on the thin film due to the connectivity of the BOg between
film and substrate, can transfer its own octahedral configuration across
the heterointerface, imprinting it into the film [58].

a) a*hOc® b) a-b°c®

Figure 1.7: Schematic illustration of the in-phase (a) and out-of-phase (b)
cooperative TiOg rotations along the a-axis in a perovskite structure.

Glazer introduced a notation to describe all the possible octahedral
tilting distortions in perovskites [59]. This notation specifies the BOg
tilts or rotations along each of the three pseudocubic axes (a (100), b
(010) or ¢ (001)). The letters also show whether the magnitude of the tilt
is equal or different along the spatial directions. For example, atata™
indicates the same magnitude of rotation along the three axes whereas
a*bTc™' denotes different angle of rotation about each axis. Moreover,
the superscript + indicates that the rotations of neighbouring octahedra
along the given axis occur in-phase (Fig. [I.7]a), whereas the out-of-
phase rotation is denoted as — (Fig. [I.7]b). The absence of tilting is
expressed as 0. Using this notation, 23 different tilt systems describe all
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the possible octahedral configurations in perovskites.

Understanding the effect of epitaxial growth of oxoperovskites in-
evitably implies the correct determination of the octahedral rotations
within the thin films. This is especially important, since it could strongly
affect the formation of ionic defects and their diffusion through the lat-
tice, as well as the electronic transport properties of the films. For these
reasons, this aspect will be studied in detail in this Thesis.

1.3 Structure and properties of SrTiO;

Strontium titanate (SrTiO3) is a quantum paraelectric insulator [60)],
whose great chemical stability, diamagnetism and high dielectric con-
stant makes it one of the preferred templates for the growth of other
oxoperovskite thin films, and it is the basic ingredient of the aforemen-
tioned (001) LAO/STO interface.

At room temperature, SrTiO3 presents a cubic perovskite structure
(space group Pm3m). Below 105 K, it undergoes a structural transition
to a tetragonal structure (space group I4/mcm), which presents an out-
of-phase rotation of the TiOg octahedra along the (001) axis (a%a’c™).

The undistorted STO structure is sketched in Fig. The Ti**
ions are sixfold coordinated by oxygen O?~, whereas each Sr*" is sur-
rounded by four TiOg octahedra (ninefold coordination to O~ ions).
Within the TiOg octahedra, the hybridization of the O-2p states with the
Ti-3d states leads to a pronounced covalent bonding, meanwhile Sr**
and O%~ ions present ionic bonding character. It is precisely this mixed
covalent-ionic bonding properties that makes it a model electronic ma-
terial.

STO is a good example of the richness in properties of the ox-
operovskites [61-64]. These can be further enhanced through doping,
presence of vacancies or the change in bond distances and angles pro-
duced by epitaxial strain. Thus, n-doping through replacement of Ti*"
by Nb>* or La®** by Sr?*, transforms STO in a conducting system and
gives rise to practical applications such as gas sensors [65], electrodes
in solar cells [66] or dielectric in capacitors [67,68].
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Figure 1.8: Schematic representation of the cubic undistorted SrTiOg structure
(space group Pmd3m). Each Ti atom (orange spheres) is bonded to six O atoms
(red spheres), forming an corner-sharing octahedral structure. Each Sr atom
(green sphere) is surrounded by four octahedra.

Nevertheless, oxygen vacancies (V) are probably the most likely
to add new functionalities to STO. They are easily formed by process-
ing STO in an oxygen-reducing atmosphere without any further cation
substitution. Moreover, due to their donor character and the very large
electron mobilities characteristic of d-doped STO, even the slightest
concentration of vacancies produces a measurable electrical conductiv-
ity. Actually, reduced STO was the first oxide reported to show su-
perconductivity, with a maximum T.a 0.3 K for electron densities of
n~10%cm~3 [69]. However, incorporation of oxygen defects may be
detrimental for some applications of this oxide; for instance, those with
high-k requirements of dielectric insulating layers for carriers density
modulation can be compromised.

Among the properties induced by oxygen vacancies, resistive switch-
ing is one of the most prominent [[70H74]. The high mobility of oxygen
vacancies in comparison with cation vacancies in STO can lead to an
important oxide-ion conductivity at a not too high temperature. In ad-
dition, each V is positively charged, which makes them sensitive to
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being moved within the material by an electrical field. Thus, the move-
ment of vacancies along filaments based on dislocations has already
been reported [[75] in single crystals as well as in thin films [76].

On the other hand, each vacancy donates its electrons to a band that
is anti-bonding in character with respect to the Ti-O bond. This effect
produces a chemical expansion around it, and therefore the distribution
of vacancies is sensitive to local strain fields. In this regard, Sharma et
al. reported the movement of oxygen vacancies by means of the me-
chanical force exerted by an AFM tip in LAO/STO interfaces, taking
advantage of the Vegard’s effect [77]].

Another property that attracts extensive interest for its potential
applications is ferroelectricity. As an incipient ferroelectric, STO can
undergo a ferroelectric transition by diverse methods such as doping
[78./79], electric field [80] or isotope substitution [81]. But even more
important, Haeni et al. [82] first demonstrated room-temperature ferro-
electricity in STO by means of the application of strain. They found that
STO thin films deposited under tensile strain present in-plane ferroelec-
tric polarization at temperatures close to room temperature, whereas
compressive strain only generates ferroelectricity at very low temper-
atures, and of a much smaller magnitude. The different ferroelectric
phases stabilized on STO thin films by epitaxial strain are shown in the
phase diagram of Fig. [1.9

Later, Jang et al. [83] examined the ferroelectricity in strain-free
STO films and bulk crystals, determining that they are relaxor ferro-
electrics, and the role of strain is to stabilize long-range correlation of
pre-existing nanopolar regions within STO. These authors also point to
the minimal presence of unintentional Sr deficiency in the samples as
the origin of the nanopolar regions, emphasizing the delicate sensitivity
of the STO to deviations in its stoichiometry.
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Figure 1.9: Phase diagram of ferroelectricity in STO thin films as a function
of temperature and in-plane epitaxial stress. The arrows indicate the direction
of the polarization for strained STO. Reprinted by permission from [82].

Thermoelectricity is another important property that was recently
reported at doped SrTiOj thin films and interfaces. Although the ther-
moelectric conversion performance of STO still remains low because
of its high thermal conductivity, the large Seebeck coefficient and elec-
trical conductivity reported in lightly doped thin films makes it a firm
candidate to be used in thermoelectric devices. Several strategies were
explored to improve its thermoelectric properties, such as strain [84] or
cationic doping [[85].

The most promising approach involved the 2DEG formed at the
STO surface and the possibility to be modulated by means of diverse
techniques, improving considerably the thermoelectric efficiency of the
material. In this regard, Ohta et al. [86] proposed the fabrication of
STO superlattices, in which e-doped SrTiy sNbg O3 layers are inserted
between insulating STO thin films, as is illustrated in Fig. a).
Thus, a 2DEG with high carrier density (~=10%'cm™?) is formed at the
TiO9/STO heterointerface. They reported an unusually large Seebeck
coefficient (S), when the thickness of the conductive layers was less
than 4 unit cells. The maximum value (=490 VK1) is reached for 1
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unit cell of the SrTiy sNby 203, which is approximately 4.4 times larger
than the Seebeck coefficient reported in bulk for similar carrier densi-

ties.
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Figure 1.10: a) Seebeck coefficient at room temperature as a function of
the thickness of the SrTipgNbg 203 layer for superlattices composed by
STO/SrTip sNby 203/STO. A sudden increase is produced when the thickness
is smaller than 1.56 nm. Reprinted by permission from [86]]. b) Sketch of the
CAN-gated STO-based field effect transistor. ¢) Seebeck coefficient values of
the 2DEG as a function of the charge carrier concentration (ngpeet ), Which is
modulated by the gate voltage. Reprinted by permission from .

Years later, they also achieved a large enhancement of the Seebeck
coefficient modulating the 2DEG formed in a field effect transistor de-
vice fabricated on an STO substrate and capped by nanoporous calcium
aluminate (CAN), which served as a gate insulator (see Fig. [I.I0] b).
An electric field application provided an extremely thin 2DEG (/~2nm),
which exhibits a large S~950 ;VK~! for carrier densities of ~10'

cm 2 (Fig. c).
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These results open the way to obtain efficient and environmentally-
friendly high performance thermoelectric materials, which take advan-
tage of the 2DEG formed at an oxide interface.

In the following pages, we will present the main results obtained
during the development of this PhD Thesis to contribute to the current
knowledge of the properties of STO. In particular, we will focus on the
influence of strain as well as oxygen vacancies in some of the interesting
functional properties exhibited by this material in the form of thin films.
At the same time, we will aim to contribute to the discussion about
the role of oxygen vacancies in all the phenomenology observed in the
famous LAO/STO interface.

Thus, we will discuss the effect of epitaxial strain on the energy of
formation of oxygen vacancies, as well as on its distribution and mo-
bility at room temperature. Then, we will present a detailed discussion
about the controlled movement of oxygen vacancies by means of large
local electric fields induced by an AFM tip. Finally, the effect of vacan-
cies on the ferroelectric and magnetotransport properties of STO thin
films will be discussed in detail, from an experimental and theoretical
point of view, through ab-initio calculations.
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Nothing in life is to be feared, it is only to be understood.
Now is the time to understand more, so that we may fear less.

Marie Curie was the first woman to win a Nobel Prize and the
first person to win the award twice. Nobel Prize in Physics in
1903 and Nobel Prize in Chemistry in 1911.

This Chapter presents the deposition technique used to grow the
Nb:STO thin films as well as the characterization techniques used to
verify the structural quality of the films. Finally, we also provide a
description of the methods used to measure the Seebeck effect and the
electric transport properties of the samples.

2.1 Pulsed Laser Deposition

Since the late 1980s, Pulsed Laser Deposition is an extensively used
technique for the growth of complex oxide thin films. The technique’s
principle is very simple as is illustrated schematically in Fig. b).
A high-energy pulsed laser beam is focused on top of a stoichiomet-
ric solid target of the material to be deposited, creating an energetic
plasma plume which is ejected from the target towards the substrate.
The substrate is typically placed over the target and maintained at high
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temperature (600-1000°C). Once the ejected material reaches the sub-
strate, the atoms rearrange to adapt to the crystalline structure of the
substrate underneath. The entire process is carried out in the presence
of a background gas, normally oxygen, nitrogen or argon. Due to the
plasma plume is highly focused towards the substrate, PLD is not well
suited for large-scale film growth and one of its principal drawbacks is
the uneven coverage over large substrates [38]].

b)

Heater

Substrate

Laser beam
Plasma

plume

Target — = B 3

.

Figure 2.1: Pulsed Laser Deposition system. a) Picture of our PLD chamber
in the precise moment when the laser beam hits the target, producing a high
energetic plasma plume. b) Sketch describing the different elements of the
PLD working process.

The growth of oxide thin films is normally performed under oxy-
gen atmosphere at controlled pressure for two purposes: first, oxygen
acts as a scattering center in the route of the atomic species ejected
towards the substrate, and second, it provides the oxygen source nec-
essary to achieve the film stoichiometry. Even so, oxygen content can
also be modified after the deposition process inside the vacuum cham-
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ber itself without extracting the sample, by using oxygen pressure and
temperature different from the deposition conditions. Another option
is to change the oxygen stoichiometry ex-situ by a subsequent post-
annealing treatment at high temperature and a given oxygen pressure
(this is the approach followed in this Thesis; more details are provided
in Chapter 4).

One of the most important advantages of this technique, which
makes it attractive for the growth of complex oxides, is the possibility of
a stoichiometric transfer from the multi-cation targets to the substrate,
and the capability to control the stoichiometry of the films modifying
the oxygen pressure of the vacuum chamber. For this purpose, an ac-
curate optimization of the deposition conditions of both, laser (pulse
time, wavelength, repetition rate and laser fluence) and growth param-
eters (target-substrate distance, substrate temperature and background
oxygen pressure) is required. Among these, laser energy and oxygen
pressure are probably the key parameters to control the degree of scat-
tering inside the PLD chamber and the ablation of the materials with
different atomic weight. As we assume stoichiometric transfer and neg-
ligible evaporation from the film surface, only the cation stoichiometry
(not the composition of the target) should be identical to that of the
films. For many materials, this implies a very narrow window of pa-
rameters in which the coherent growth and correct stoichiometry of thin
films are achieved.

For the growth of high quality epitaxial thin films with sharp in-
terfaces, an atomically smooth and chemically homogeneous surface of
the substrates are also crucial. If the termination layer is not uniquely
defined, two types of interfaces can be formed, degrading the interfacial
properties due to chemical and electronic inhomogeneities on a unit-cell
scale.

Typically, the as-received commercial substrates have a chemically
mixed surface, so that a previous chemical treatment is required to
achieve atomically flat and chemically single-terminated surfaces. Al-
though the procedure is different depending on the substrate, it is usu-
ally composed by a chemical etching and/or a thermal treatment [88]]. In
the case of this Thesis, all the substrates were treated to obtain a single-
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step termination and ensure a coherent and epitaxial growth of the thin
films (see Chapter 4 for further details).

2.2 X-Ray Diffraction and Reflectivity

X-Ray Diffraction (XRD) is a non-destructive technique which is com-
monly used to identify the structural properties of a crystalline solid,
providing information about unit cell dimensions, orientation, etc. It is
based on the interference between an incident X-Ray beam and a crys-
talline material, which is formed by periodic rows of atoms separated
by a given distance (d-spacing). Since the radiation wavelength is com-
parable to the distance between crystallographic planes, the interference
will be constructive when Bragg’s Law is satisfied:

nA = 2dsinf (2.1)

where n is an integer, )\ is the wavelength of the X-Rays, d;,;; is the
interplanar distance for a given Miller index (hk[) and @ is the incident
angle (see Fig. [2.2). For XRD measurements, both w and 6 angles have
the same value, and remain coupled during the scan. Thus, the interpla-
nar spacing can be obtained by scanning a range of ¢ and collecting the
intensity of the diffracted beam at 2. For the simplest case of a cubic
lattice, the lattice parameter (a) can be obtained from:

Mh2+ k2412
“— s 2.2)
2sind

In this Thesis, X-Rays experiments were performed with the diffrac-
tometer Empyrean and X’Pert Pro from PANalytical, which has an in-
cidence wavelength of A (Kglu) = 1.540598 A. In this equipment is pos-
sible to adjust independently the four angles depicted in Fig. [2.2] i.e.
w, 0, 1 and ¢. The optics and configuration will depend on the type of
measurement to be performed.
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X-Ray tube Detector

Figure 2.2: Illustration of the four angles (w, #, ¥ and ¢) that can be varied
independently in relation to the film in the PANAlytical diffractometer used in
this Thesis. In this example, w and 6 have the same value corresponding to the
symmetric reflection used in the XRD measurement.

Epitaxy is refereed to the template growth of a single crystal film
on top of a crystalline substrate. The epitaxial film will have structural
coherence, crystallographic orientation and lattice matching to the sub-
strate. The continuation of the substrate structure will be associated
with the incorporation of strain into the layer when the unit cells of the
film and the substrate are distinct. The strain introduced in the film by
the substrate is defined by:

s(%) = “a;faf % 100 2.3)

where a, and a; are the lattice parameter of the substrate and the
film in its bulk form, respectively. According to this, heteroepitaxial
thin films can grow under compressive stress (s<0), tensile stress (s>0)
or relaxed (s = 0) (see Fig. 2.3).
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Figure 2.3: Schematic representation of different epitaxial strain accommoda-
tion in thin films: a) a;<ay compressive strain, b) a;>ay tensile strain and c)
partially strained or relaxed thin film. Solid purple and green circles represent
the lattice of the substrate and the film, respectively. The arrows in a) and b)
indicate the direction of thin film deformation to adapt to the substrate in-plane
lattice parameter. The deformation will be elastic if the thin film follows the
Poisson’s ratio.

The Poisson’s ratio () is a parameter that quantifies the relative
changes of volume and shape of a system in response to an arbitrary
mechanical stress, and it is defined by [89]]:

€
v=——= 2.4)
EZZ
where €., and €, represent the strain in the transverse and longitu-
dinal directions:
_ Qfitm — Qbulk

€pg = == ———— (2.5)

Apylk

Ctilm — C
€, = — film bulk (26)

Coulk

44
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The subscripts film and bulk refer to the lattice parameters of the
film and the bulk, respectively. Most materials expand in the out-of-
plane direction when an in-plane compressive stress is applied, produc-
ing an elastic compensation of the unit cell dimension according to a
positive Poisson’s ratio. For epitaxial thin films with biaxial (symmet-
ric) in-plane stress, it is defined an effective Poisson’s ratio [90]:

vt=— (2.7)

Reciprocal Space Mapping (RSM). RSM is a high resolution X-
Ray Diffraction method which provides a 2D image of the reciprocal
space around a Bragg peak. It completely maps the Bragg’s reflection
under investigation, containing the peaks corresponding to the substrate
and film and giving information about in-plane and out-of-plane lattice
parameters (a, ¢) of both. The experimental strain of the thin films can
also be calculated from the RSM data. Using an asymmetric Bragg re-
flection, series of 26 scans for a fixed range of w (incident angle) values
are recorded. The reciprocal space vectors parallel ((),) and perpen-
dicular (Q),) to the surface are obtained from the relationship between
incidence and exiting angles given by [91]]:

Q. = sinfsin(0 — w) (2.8)

Q. = sinfcos(f — w) (2.9)

The in-plane (a,b) and out-of-plane (c¢) lattice parameters can be
calculated directly from the reciprocal space vectors for a cubic system:

A2+ k2

Al
a:bZQQz (2.11)
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Figure 2.4: Example of RSM around the (103) reflection for a 19 nm-thick of
SrTiOs3 film growth on a (001) LSAT substrate. The reciprocal space vectors
can be transformed into lattice units using the equations [2.8| and [2.9] In this
case the film is completely matched to the substrate, adopting the same in-
plane lattice parameter (a).

Half-order Reflections. RSM can also provide information about
the octahedral tilting on a perovskite by analysing the half-order reflec-
tions. In thin films, both growth conditions and the presence of defects
can distort the bulk state of the film changing its crystallographic lattice
through the rotations of the metal-oxygen BOg octahedra.

According to Glazer [59]], half-order reflections are produced as a
consequence of the existence of octahedral rotations (doubling of the
unit cell), only if they are present throughout the thickness of the thin
film. Therefore, by studying the presence or absence of characteristic
reflections, the precise octahedral configuration of the film can be de-
termined.

46



2. Experimental techniques

Type of tilt Half-order reflection

at (0,1/2,3/2) or (0,1/2,5/2)
b* (1/2,0,3/2) or (1/2,0,5/2)
ct (1/2,3/2,1) or (1/2,3/2,2)
a~ (1/2,1/2,3/2) or (3/2,1/2,3/2)
b~ (1/2,1/2,3/2) or (1/2,3/2,3/2)
c” (3/2,1/2,3/2) or (1/2,3/2,3/2)

Table 2.1: Half-order reflections corresponding with the different octahedral
rotations. Extracted from reference [92].

The reflections are indexed with some hkl odd and even indices,
and can be measured using a standard diffractometer simply doubling
the pseudocubic unit cell 2a,. X 2b,. X 2¢,.. The corresponding half-
order reflections for the possible octahedral rotations (both in-phase (+)
and out-of-phase(-)) are summarized in the [2.1]

X-Ray Reflectivity (XRR). Another useful technique to character-
ize thin films is the X-Ray reflectivity. Unlike X-Ray Diffraction, XRR
does not measure the diffracted radiation but the reflected signal. Very
small incident angles and a symmetric 6-26 configuration are used.

Depending on the material density (the density difference with the
substrate), X-Rays are completely reflected below a critical incidence
angle (6.). Above 6., the incident X-Rays penetrate into the material,
leading to interference phenomena and therefore, to the curve with the
characteristic intensity oscillations (see Fig. 2.5). XRR allows the deter-
mination of surface and interface roughness and most importantly, the
thickness of thin films and multilayers, which can be calculated from
the period of the fringes [93]].
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Figure 2.5: The experimental data correspond to a Nb:SrTiO3 thin film de-
posited on a (001) LSAT substrate. The curve fitting using the X Pert Re-
flectivity software provides the value of the density (p), thickness (¢) and the
surface roughness (R) of the film. For this particular sample, the adjusted
values are p=5.1 g/cm3, ¢=18.2 nm and R=0.3 nm.

2.3 Atomic Force Microscopy

Since the discovery in 1986 by Binning and Rohrer of the Atomic Force
Microscopy (AFM) [94], this technique has become a powerful tool to
characterize the thin film surfaces at the atomic level.

It consists in a small tip attached to a cantilever, which is focused
by a laser (see Fig. [2.6). When the cantilever is displaced over the sam-
ple surface using a piezo-electric crystal, it experiences an interacting
force between the tip and the surface atoms, which bends the cantilever.
The deflection of the cantilever is registered by the laser, and its reflec-
tion is amplified and recorded using an array of photodiodes. The pro-
cessed signal is transformed into a height profile. Nowadays, the best
cantilevers are able to sense forces down to 1pN with a tip radius less
than Inm. As a consequence, the resolution is typically around 1-10 nm
in-plane and 0.1-100 nm in the out-of-plane direction [95]].
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Figure 2.6: Atomic Force Microscopy. a) Scheme of AFM working operation,
detailing the different elements of the system. b) An AFM topography image
of the surface of SrTiOj3 thin film grown on (110) DyScOj3 substrate and c)
the corresponding profile which shows the smooth terraces. The inset shows
an enlargement of the height profile, in which the height difference between
terraces is indicated.

Although other enhanced modes of AFM operation have been de-
veloped for specific purposes, all of them are based on three basic modes:
non-contact, contact and tapping mode.

e Contact mode. It is the most common; the tip is in “close” con-
tact with the sample surface and is dragged over it, keeping the
deflection constant. The tip experiences a repulsive force, and
both long- and short-range forces add to the image signal. In this
static mode, the control parameters are the displacement and the
constant force with which the cantilever pushes the sample sur-
face (typically around tens of nN). Therefore, the choice of can-
tilever is crucial, it must be softer enough to prevent its breaking
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and also the damage of the surface of the sample.

Under ambient conditions, most samples are covered by an ad-
sorbed layer of water and nitrogen, which is 10-30 monolayers
thick. When the tip scans the surface, a meniscus layer is formed.
Additionally, many types of materials, including semiconductors
and insulators, can trap electrostatic charge, which is dissipated
and screened in liquid. This charge can increase the attractive
forces between the tip and the sample surface, which can alter
the sample surfaces and lead to an erroneous interpretation of the
height profile.

Non-contact mode (NC-AFM). In order to avoid the problems
associated to the presence of a meniscus, the scan of the surface
can be performed in a non-contact mode. In this case, the tip
scans the sample above the surface, without touching it, and uses
the attractive inter-atomic forces (Van der Waals) between the tip
and the sample to measure the surface topography. Due to the at-
tractive forces from the sample being weaker compared to those
in contact mode, the tip must vibrate close to its resonance fre-
quency when it passes over a surface, and associate the changes
in the cantilever’s vibration to variations in height.

Tapping mode. The tapping mode appears to overcome the op-
erating problems of NC-AFM mode and other difficulties such as
friction, adhesion or electrostatic forces. The operation of this
mode is as follows: the tip slightly hits and lifts off from the sam-
ple surface on each oscillation, using high vibration frequency
(50-500 kHz) and amplitude (~20 nm). Normally the selection of
the optimal oscillation frequency is software-assisted and main-
tained constant at the lowest possible level. When the tip moves
over a hill in the sample surface, the cantilever has less space to
vibrate and the amplitude of oscillation decreases. In contrast,
when the tip passes over a cavity, the cantilever amplitude in-
creases.



2. Experimental techniques

2.3.1 Electrostatic Force Microscopy and Kelvin Probe
Microscopy

The study of materials for electronic applications required the develop-
ment of new AFM techniques, capable of mapping the electronic prop-
erties of materials. These AFM-based electronic techniques are mainly
three: Electrostatic Force Microscopy (EFM), Kelvin Probe Force Mi-
croscopy (KPFM), and Piezoresponse Force Microscopy (PFM). Since
only EFM and KPFM techniques have been used in this Thesis, this
Section focuses on briefly explaining its main characteristics and differ-
ences.

e EFM is based on NC-AFM mode. A bias voltage is applied be-
tween the conductive tip and sample surface while the cantilever
scans the surface of the sample (Fig. [2.7). The amplitude of the
cantilever oscillation depends on the electrostatic force interac-
tion between the AFM tip and the sample surface. The electro-
static forces are proportional to 1/r?, while Van der Waals forces
are proportional to 1/t%. Therefore, Van der Waals forces are dom-
inant when the tip-sample distance is short, but as the distance
increases electrostatic forces become dominant.

Normally, the image is taken using the two-pass method. In the
first scan, the tip scans close to the surface where the Van der
Waals forces are dominant for topography imaging. After that,
the tip is lifted to reach the distance in which the electrostatic
force is dominant, it is biased and scanned following the topogra-
phy line acquired from the first scan, generating the EFM image.

EFM collects the information about the electrostatic force be-
tween the dc biased conductive tip and the sample surface. A
variation in this force results in a change of the cantilever reso-
nant frequency, which is proportional to the force gradient:

_ wydF(z)

AW =000,

(2.12)
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where £ is the spring constant and wy is the resonance frequency
of the cantilever. By adjusting the driving frequency w,, the res-
onance is maintained. Then, the frequency shift Aw=w,-w, is
acquired as the EFM image.

XYZ Scanner

Figure 2.7: a) Scheme of the EFM method; the bias voltage is applied between
the tip and the sample holder. b), c) Example of EFM images corresponding
to a Nb:STO thin film grown on a (110) GdScOs3 substrate after recording
the central square region marked with dashed lines with +10 V and -10 V,
respectively.

e KPFM. The principal difference compared with EFM mode is
that KPFM uses a compensation technique to allow quantitative
measurements of the local surface potential (SP) (see Fig. @,
which can be related with the work function (WF) difference be-
tween the tip and sample. In this Thesis, EFM has been used in
combination with the KPFM to avoid topographic artifacts when
the spatial variation of the charge density in the films is deter-
mined.

52



2. Experimental techniques
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Figure 2.8: KPFM technique. DC bias is controlled by a feedback loop, which
tries to nullify the measured force. The result is the surface potential of the
sample with respect to that of the tip. b) Real KPFM image corresponding to
a Nb:STO thin film grown on a (110) DyScOs, in which a previous scan with
-10 V and +10 V inside the marked zones was performed.

In the KPFM mode the cantilever is not driven mechanically when
the image is acquired. Instead, the tip is biased directly using a
sinusoidal signal with a dc offset. AV is the potential difference
between Vgp and the voltage applied to the AFM tip (Vy;,) as
follows:

AV = V;ip + VSP == (VDC + VSP) + VACsin(wt) (213)

where V¢ is referred to the driving voltage. The electrostatic
force between the tip and sample surface at potential V' is given
by:

~10C(2)

2
5 9, AV (2.14)

F(z) =

where C’(z) is the gradient of the capacitance between the tip and
the sample, dependent on tip geometry, surface topography and
tip-surface separation z.
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The first harmonic of the force is expressed as follows:

0C(z)
0z

Fr, = (Vpe £+ Vsp)Vacsin(wt) (2.15)

This term is nullified by supplying a bias feedback loop which
continually adjusts the constant component of the tip bias (Vp¢).
The tip bias that cancels the electrostatic force is equal to the Vgp.
Therefore, the final KPFM image is a 2D map of spatial variation
of the SP, which is related to local differences in charge density
distribution. This compensation technique attenuates all other re-
sponses from the measurement, losing all information outside the
modulation frequency (e.g. the information provided by the sec-
ond harmonic) [96-98]].

2.4 Electrical transport measurements

The transport properties of the samples were measured using either the
Van der Pauw method, or by patterning a conducting Hall bar on top of
the thin films by optical lithography (see Fig. [2.9).

Hall bar configuration allows the measurement of multiple electric
properties (resistivity, conventional and planar Hall effect, anisotropic
magnetoresistance, etc), minimizing the leakage current and the unde-
sired misalignment.

For the results presented in this Thesis, the length of the Hall bar
channel is / = 650 pm and the width is w = 100 gm. The fabrication
process consists in 6 steps, combining standard photolithography and
physical etching as is schematized in Fig. [2.9] At the beginning, the
thin film covers the entire surface of the substrate. The first step is
doing a lithography with a positive mask in order to protect the thin
film under the desired Hall bar configuration a) and b)). Once the
Hall bar is covered by the photoresist, a wet acid or dry ion-etching
is carried out, which removes the unwanted part of the thin film @
c¢)). After that, a litt-off process is performed to eliminate the protective
photoresist layer d)). In the second step of lithography, a negative
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mask is used, which covers only the channel region of the Hall bar,
leaving the six pads (see [2.9)e)). Finally, 5nm of Cr and 50 nm of Pt
are evaporated to create the ohmic contacts at the six contact pads. The
electrical contacts are made by wire bonding with 30 ym Al wire (2.9]

f).

Film +
a) Lithography b) Etching c) photoresist
positive mask process

Thi = Substrati
Substrate

lLit-off
Final Hall bar Crept

Lithography
deposition negative mask

] —

f) e) d)

Figure 2.9: Scheme of the Hall bar fabrication. a) Thin film as-grown, b)
lithography with positive mask, c) physical etching process, d) litt-off to re-
move the protective photoresist, €) second lithography step using a negative
mask, and f) metal deposition on top of the six ends of the bar. Final Hall bar
has 650 um length and 100 pm width.

2.4.1 Electrical resistivity

Van der Pauw technique is a convenient method used to measure the
electrical resistivity of uniform samples, such as thin films, because it
does not require sample preparation [99]. The samples should have a
flat shape and uniform thickness, without inhomogeneities and isotropic
with respect to the electrical transport. For the measurements, four
small ohmic contacts are placed at the corners of the film, as is de-
picted in Fig. a). The area of the electrical contacts should be much
smaller than the area of the surface of the sample and additionally, these
must have symmetry at the boundaries of the sample to minimize errors.
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While Hall bar configuration requires only one voltage reading, Van
der Pauw geometry needs two. In practice, an electrical current is in-
jected from one side of the sample (for instance, I;5) and the voltage
is read at the opposite side (V34). Consequently, the resistance can be
determined using the Ohm’s law. In our particular case, more accurate
measurements were performed by repeating the same process through
all four sides of the thin films, and then inverting the polarity of each
measurement. Thus, an average resistance (R) is determined. In the
case of square geometry using Van der Pauw measurement, the resistiv-
ity (p [(€2.cm]) is given by:

TRt
In(2)

(2.16)

where ¢t is the thickness of thin film.

Similarly, for the measurement using the Hall bar configuration il-
lustrated in Fig. 2.10]b), the current is injected between I, and I_ con-
tacts and the voltage is read between D and E ones. Thus, using this
configuration, p will be determined by the relation:

_ B

7 (2.17)

p

where w and [ are the width and length of the Hall bar, respectively.

2.4.2 Hall effect measurements

Hall effect is based on the physical principle of Lorentz force. When
an electrical current is applied along a metal or semiconductor and per-
pendicularly to a magnetic field, the charge carriers inside the material
experience a force acting normal to both directions, which changes their
trajectories and produces a transverse voltage, the so-called Hall volt-
age (Vg) [100]. From this voltage, the charge carrier concentration ()
can be obtained as follows:

IB
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Combining resistivity and charge carrier concentration, the mobil-
ity of charge carriers (1) can be calculated using:

= — (2.19)

Figure 2.10: a) Sketch of Van der Pauw configuration for resistivity measure-
ment in our samples. Indicating the four ohmic contacts placed at the corners
of the sample. The current is injected between contacts 1 and 2 contacts, while
the voltage is read in the opposite side from 3 and 4. b) Scheme of Hall bar
configuration, in which is marked the current injection (I.-1_). The voltage is
measured between D and E for electrical resistivity and between C and D for
Hall measurements.

For the measurement of Hall effect using the Van der Pauw method,
the electrical current is injected through contacts 1 and 4 and the volt-
age is measured between contacts 2 and 3. For each measurement, the
voltage is measured for different values of current, maintaining the mag-
netic field constant. Additionally, two measurement are performed, ei-
ther with positive and negative magnetic field. The same procedure is
repeated for different values of magnetic field, in our case up to 1.2 T,
with a step of 0.1 T (see Fig. 2.11). Two measurements are required,
so that we repeat the same protocol by injecting the current (I3) and
reading the voltage (V14) (see Fig. |T_ﬂ5| a). Moreover, in order to cancel
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the effect of magnetoresistance due to contact misalignment, the same
protocol is done with £B.

1.5— ; ; ; ; ; ;
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Figure 2.11: Twice measurements of Hall resistance (R,) for inverted mag-
netic field (B) using Van der Pauw configuration.

In Hall bar configuration, the measurement is performed in a single
step, by injecting the electrical current between 1, and I_ and measur-
ing the voltage drops between C and D contacts. This measurement is
repeated for different values of the magnetic field in a similar procedure
to that measured by the Van der Pauw method.

2.4.3 Seebeck effect measurements

The Seebeck coefficient (S) is a material’s property defined as the volt-
age induced in response to a temperature difference across the material.
S depends on the carrier concentration, carrier effective mass, and tem-
perature [101]]. In bulk materials, it is normally measured by using a
pair of fixed thermocouples, to determine the thermal gradient (AT)
created by a resistor and at the same time, the thermoelectric voltage
(AV) [102H104]]. However, thermoelectric thin films are too thin to
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be measured by this traditional method and therefore, several alterna-
tive ways have been developed in the literature since the appearance of
these materials [[105]].

In this Thesis, we have followed a steady-state methodology pre-
viously development in the group [106], in which three Pt resistors de-
posited by optical lithography are used to create and measure the ther-
mal gradient. One of the resistors (heater), which is electrically isolated
from the film, heats up the sample by Joule effect when a current flows
between its ends. The other two resistors act as local thermometers (T,
and T,), measuring the thermal gradient created in the film (see Fig.
a). They must be previously calibrated in the whole temperature
range using a very slow temperature ramp, to assign a certain value of
the resistance of each thermometer to the base temperature (Tjqse).

Furthermore, two additional contacts are necessary to obtain the
thermoelectric voltage (V seepeck)- During the measurement, a series of
thermal gradients are generated and recorded at the same time that the
Seebeck voltage (see Fig. [2.12|b). Each temperature gradient must be
sufficiently stable across the sample before measuring electrical voltage.
S can be determined from the linear relation between the temperature
gradient and Seebeck voltage as follows:

AV

S=AT

(2.20)

where AV is the Seebeck voltage increment and AT is the small
thermal gradient created in each case (see Fig. c).

For Seebeck measurement in presence of a magnetic field, the home-
made set-up illustrated in Fig. [2.12]a) has been implemented in a Su-
perconducting Quantum Interference Device (SQUID) of Quantum De-
sign, that allows the application of a magnetic field up to 9T.
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Figure 2.12: a) Seebeck configuration used in this Thesis. The heater uni-
formly heats up the thin film with the shape of hall bar, in which is measured
the Seebeck voltage. Two thermometers are placed close the Hall bar to cal-
ibrate the temperature gradient created in the sample. b) Representation of
the temperatures of the local thermometers (T and Ty, red and blue lines, re-
spectively), which measure the gradient created by the heater in the sample
surface, and the base temperature over the time (Tpyse, green line). The rep-
resentation also shows the values of V geepeck OVer the same time scale, which
are measured while the thermal gradient is created. c¢) Linear representation
of the Seebeck voltage as a function of the thermal gradient. Solid grey line
represents the fitting according to Eq.
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Courage is like — it’s a habitus, a habit, a virtue: you get it by
courageous acts. It’s like you learn to swim by swimming.
You learn courage by encouraging.

Marie M. Daly, American biochemist. First Black American
woman in the United States to earn a Ph.D. in Chemistry.

Nowadays, computational modelling has become a powerful tool
to gather information about the nature of materials and therefore, an es-
sential part of modern materials science. It has helped the researchers to
gain understanding and provides them a complementary view to explain
a multitude of experimental findings and even new material properties.
In this Chapter, it will present a brief general description on the histor-
ical development of Density Functional Theory (DFT) and the differ-
ent attempts for dealing with the Schrodinger equation. The exchange
functional and software packages that were used in the theoretical part
of this PhD Thesis are also discussed. Lastly, we will describe how to
calculate the spontaneous electrical polarization using DFT methods.
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3.1 Density Functional Theory (DFT)

3.1.1 Brief history

More than half a century ago that Walter Kohn laid the foundations
of the current DFT in his two famous papers in collaboration with P.
Hohenberg [[107] and L. J. Sham [108]. Since then, DFT is among
the most popular and cited methods in physical sciences, twelve papers
related to it are included among the 100 most cited of all time, 2 of them
among the top 10.

It is routinely used to calculated the band structure of solids in
physics and other multitude of properties, such as superconductivity,
relativistic effects, magnetic properties, etc. DFT is based on a quite
rigid conceptual framework but its versatility comes from the general-
ity of its fundamental concepts and the flexibility to implement them.

The Schodinger equation describes how a physical system, meaning
a group of particles with its positions and moments, will evolve over
time, and it is assumed that the solution provides a full description of
the system. Consequently, one could imagine that by solving this equa-
tion would get the microscopic properties that reflect all the relevant
macroscopic properties of a material. Unfortunately, the Shrodinger
equation gives exact solutions only for nuclei with one electron and, for
the rest of materials will end up inevitably with an unmanageable equa-
tion. The wavefunction of a multi-electronic system is a Hilbert space
vector, which depends on 3V variables. As soon as the number of elec-
trons increases, it becomes incalculable and even impossible to store its
value. DFT overcame these problems by following more rudimentary
approaches and using the electronic density (a scalar dependent of 3
variables) as a fundamental variable, which determines all the proper-
ties of the ground state.

The starting point of the DFT method is the time-independent Schro-
dinger equation:

ih

—dq’(?t) — HU(r;; 1) 3.1)
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where H is the Hamiltonian and U(r;;t) is the many-body wave-
function, which is a function of position of electrons, spin of electrons
and time in the system, and A is the reduced Planck’s constant. Thus,
the Hamiltonian for the system composed by electrons and nuclei can
be written as

~ Z[Zje hz
=Y RJ|‘zme§V?

Z[@
e 2 TR

i#]

(3.2)

where m, is the electron mass and M; is nuclei mass with charge Z;.
The indices 1, j run over the electrons and I, J run over nuclei. The first
and third terms are the kinetic energy operator for nuclei and electrons,
respectively. The second, fourth and fifth terms describe the Coulomb
interaction between nuclei and other nuclei, electrons and other elec-
trons, and nuclei and electrons, respectively. Due to the large number
of coupled degrees of freedom involved in this equation, the task of
obtaining the ground state for many-body systems becomes impossible
in practice. Thus, there are several models and approaches that try to
simplify the problem to make it manageable.

The first one is the so-called the Born-Oppenheimer or adiabatic
approximation (1927) [109], which approximates the nuclei to be static
in the Hamiltonian. This is justified due to the larger mass and lower
velocity of the nuclei respect to electrons. Under this approximation,
it is possible reformulate the Hamiltonian and decouple the dynamics
of electrons and nuclei, vanishing the first term and reducing the sec-
ond term to a constant. The Born-Oppenheimer approximation is the
starting point for DFT methods, and although it simplifies the problem
considerably, it is still too far to be solvable.

The next approach was developed by Thomas [[110] and Fermi
[111] in 1927. In the original Thomas-Fermi method, the kinetic en-
ergy of the electrons system is approximated as an explicit functional of
the density, idealizing them as non-interacting electrons in a homoge-
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neous gas with density equal to the local density at any given point, and
neglecting exchange and correlation among electrons. This approach
illustrates the way density functional theory works today, although it
is a very crude approximation that cannot even predict the existence of
chemical bond.

Another historically important strategy was the Hartree-Fock method
[112], which is commonly used in Quantum Chemistry but it is not scal-
ing appropriately for multi-electronic systems, as all the methods based
on wavefunction solutions. It assumes that the multi-electron wavefunc-
tion can be approximated by a single Slater determinant, which is an
antisymmetric combination of one wavefunction per electron (or spin-
orbitals) taking into account the Pauli exclusion principle. Although
the accuracy required at present in the description of nuclei, atoms and
molecules cannot be reached by the Hartree-Fock method, it is still
widely used as the starting point of several more elaborate methods,
even for periodic systems.

3.1.2 Khon-Sham approach

In 1964, Hohenberg and Kohn [[107] presented the statements which
make the current DFT method possible. Basically, the idea is to substi-
tute the initial many-body system by a non-interacting fictitious system
where each electron is separately subjected to an effective potential but
still sharing the electronic density of the global many-body problem.
The two theorems were postulated as follows [[113]:

Theorem 1: For any system of interacting particles in an external po-
tential V..(r), the potential V.,(r) is determined uniquely, except for a
constant, by the ground state particle density ny(r).

Theorem 2: A universal functional for the energy E[n] in terms of the
density n(r) can be defined, valid for any external potential V..(r). For
any particular V...(r), the exact ground state energy of the system is
the global minimum value of this functional, and the density n(r) that
minimizes the functional is the exact ny(r) ground state density.
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Therefore, these two theorems demonstrate that the ground state density
can be determined from the minimization of an energy functional for
any particular V.,(r), being able to extract all the properties of the
system.

While Hohenberg-Kohn theorems proved that it is possible to cal-
culate the properties of the system by using the ground state density,
they did not provide a way of finding it. A route for that was the
formulated by Kohn and Sham [108] almost exactly a year after the
Hohenberg-Kohn theorems were published. The approach is to replace
all electrons in the system with a system of non-interacting electrons,
with the same electron density as the real system of interacting elec-
trons, assuming that the ground state density of the original interacting
system is equal to that of some chosen non-interacting system. To re-
cover the many-body phenomena an exchange-correlation (XC) term is
introduced, which contains all the missing many-particle effects.

The auxiliary independent-particle system is defined by the auxil-
iary Hamiltonian (Hyg):

. 1
His = =5 V2 4 Vers(7) (3.3)

where V. is the effective potential. The ground state is calculated
by solving the Schrodinger equation for a system with N independent
electrons given by

1
(—§V2 + Veff(ﬁ) ©i(7) = 40:(7) (3.4)

where ¢; is the orbital energy of the corresponding Kohn-Sham or-
bital ;(7). These are the so-called Kohn-Sham equations, and from
the N orbitals ;(7) the density matrix of the auxiliary system can be
constructed as follows

p(i) = Z | i(7) |2 (3.5)
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This approach leads to a self-consistent solution of the orbitals and
electron density. In this way, at the beginning a trial electron density is
introduced into the equations in order to obtain the wave functions of a
single electron, which is then reintroduced into the equation to calculate
the electron density. If the electron density is the same as the density
we started with, then the ground state electron density is found, and the
process finishes. If not, the electron density must be updated, continuing
the process until a self-consistent solution that satisfies the convergence
criterion is reached, as is illustrated in Fig. @

\|

Figure 3.1: Flow chart of a typical DFT loop. First, an initial electron density
is assumed, which is used to calculate the effective potential V. ¢(r). Then,
Khom-Sham equations are solved, and subsequently it is evaluated p(r) and
Eror. If the convergence criterion is not satisfied, the loop starts over with
the last p(r). Once the convergence criterion is satisfied, the loop ends and all
sorts of properties can be calculated based on the ground state electron density.
Scheme adapted from ref. [113].
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Kohn-Sham equations cannot be solved exactly unless the exchange-
correlation functional is determined, for which unfortunately there is no
established way to proceed. Therefore, except for the homogeneous free
electron gas, it should be approximated.

3.2 The Exchange-Correlation Functional

The choice of an exchange-correlation functional is crucial but not a
trivial issue, since there is not any universal DFT approach, and it de-
pends strongly on the particular system and the property to be sought.
The most commonly used functional approximations are Local Den-
sity Approximation (LDA) [108], Generalized Gradient Approximation
(GGA) [[114]], Hubbard-corrected approximation (LDA+U or GGA+U)
[115] and Hybrid Functional (HF) [116]. Focusing on this Thesis, we
chose the Generalized Gradient Approximation (GGA) functional with
the Perdew-Burke-Ernzerhof (PBE) [117] and PBEsol [118] approxi-
mations to perform DFT calculations, which will be briefly discussed
below.

3.2.1 Generalized Gradient Approximation (GGA)

This exchange-correlation energy functional was proposed as a natural
improvement beyond the LDA, which is only based on the local density
at a given point. As its own name indicates, the GGA energy functional
can be expanded in terms of the density and its gradients:

B = [ €40 Vol (3.6)

Compared to LDA, GGA significantly improves the lattice parame-
ter determination and other properties related to crystal lattice constants
of most transition metals systems and consequently, it is normally used
to calculate their electronic structure. However, GGA tends to over-
correct LDA results in ionic crystals, in which LDA fits better to the
experimental results.
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A well-known problem is that both GGA and LDA usually under-
estimates the electronic band gap. One attempt to solve this issue is
by introducing the Hubbard term (U) in a strongly correlated system,
which adds the effect of Coulomb interaction between electrons into the
localized orbitals. Another possibility is by using Hybrid functionals, in
which fraction of the LDA or GGA exchange is replaced by a fraction of
exact exchange energy functional. Although this approach considerably
improves the band gap determination of the most semiconductor and in-
sulator materials, its implementation is computationally expensive and
not satisfactory in all cases.

Within the GGA approximation, there are several ways to incorpo-
rate the density gradient. One of those methods is the one proposed by
Perdew-Burke-Ernzerhof [[117], which is the most commonly used in
Solid State calculations today due to its computational efficiency, nu-
merical accuracy, and reliability. This is the main functional we have
utilized in this Thesis, although in certain parts (especially in the calcu-
lations related to ferroelectricity and strain) the PBEsol functional [[118]]
has also been used. The latter is a functional specifically proposed for
solids, improving some disadvantages of the GGA-PBE but without re-
quiring a lot of additional calculation time.

3.3 Wien2k and VASP Packages

There are several software packages which allow to perform electronic
structure calculations of solids by DFT method. In this Thesis, we used
Wien2k [119] and VASP (Vienna Ab initio Simulation Package) [[120]].
These are packages normally used to calculate quantum mechanical
properties on periodic solids, and are very accurate for performing elec-
tronic calculations in crystals.

The two packages compute an approximate solution to the many-
body Schrédinger equation, solving the Kohn-Sham equations within
the DFT method. They are based on the augmented plane-wave method
plus local orbitals (APW+lo) and projector augmented-wave (PAW), re-
spectively. They include different exchange-correlation potentials such
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as LDA and various GGA approximations (PBE, Perdew-Wang, PBEsol,
Wu-Cohen,..).

e APW-+lo: Augmented plane-wave plus local orbitals.

APW method is a variational expansion approach which solves
the equations of DFT by approximating solutions as a finite linear
combination of basis functions. For such solutions, it is used the
called muffin-tin approximation, which separates the unit cell into
two parts: the muffin-tin spheres centered at the atomic sites and
the remaining interstitial region (Fig. [3.2)). Muffin-tin radii (R,,,;)
must be chosen carefully depending on the atomic size and the
spheres can not overlap each other. Different basis are used in the
two regions: linear combinations of atomic-like functions inside
the spheres, and a plane wave expansion in the interstitial part.
The main problem with the APW method is that the basis set is
energy-dependent (within the muffin-tin spheres) and in addition,
it turns out to be a slow and unpractical method.

Interstitial
region

Figure 3.2: Representation of how the unit cell is divided in the muffin-tin
approximation for a case with two atoms and different muffin-tin radii. It is
also indicated the remaining interstitial region between the non-overlapping
spheres.

To improve it, the APW+lo method (based on APW method) was
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recently proposed by Sjostedt [[121]]. By adding a local orbital in
the basis set, this method makes the calculations faster and more
efficient and above all, solves the energy-dependent problem of
the APW method. The parameter R,,,;K,,,.=6-9 controls the size
of the plane-wave basis, and is defined as the product of the plane-
wave cut-off and the smallest muffin-tin radii [[122}/123]].

e PAW: Projector augmented-wave.

Another method to model the core electrons makes use of pseudo-
potentials. It is the so-called Projector Augmented-Wave (PAW),
which expresses the single particle all-electron Kohn-Sham wave
functions. PAW does this by writing the all-electron wave func-
tion as a sum of a few other functions, each of which can be ex-
pressed in a natural way in a basis. The pseudo-potential can
be constructed to be weak and smooth, solving the Kohn-Sham
equations in solids directly by using the Fourier space [124]].

3.4 Electrical polarization

A workhorse throughout the history of electrical polarization has been
how to define it in a crystalline solid. The problem was not solved until
25 years ago with the introduction of the so-called Modern Theory of
Polarization by Vanderbilt and King-Smith [125,/126]]. That was when
researchers realized that one should work with changes in polarization
instead of absolute values. The changes in polarization are well-defined
and can also be compared with the experimental measurements.

There are two principal ways to estimate the spontaneous polariza-
tion in a crystalline solid: by using the Born Effective Charges, (Z£*)
or by performing Berry Phase calculation, which entails more difficulty
but provides more accurate results.

e The Born effective charge (BEC) is a tensorial quantity which
evidences the coupling between lattice displacements and elec-
trostatic fields. It differs from the nominal charge because it takes
into account that when an ion of lattice is moved, the electrons
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redistribute as well. In most materials, nominal and BEC have
the same sign but different magnitudes and the difference can be-
come large. Therefore, BEC is useful because it indicates how the
ions respond to external electric fields and it can be determined
theoretically using perturbation theory. BEC is defined through:

. VOP
=53 a, (3.7)
where P; is the change in the polarization induced by the periodic
displacement d; in the direction i, that in addition can also cause
a polarization change in the direction j. The unit cell volume is
denoted by V. By summing the polarization over the contributions
of the displacements of all sub-lattices, the total polarization of
the system can be obtained:

e

OF;
T

AR (3.8)
Berry phase method. Another way to calculate the spontaneous
polarization is by using the Berry phase formalism [127]]. Basi-
cally, the Berry phase concept describes how if you add all the
curvatures of an object and then deform it, the total curvature will
remain the same. In the modern magnetism, this concept plays an
important role to understand a broad range of phenomena such as
the spin-orbit coupling, the quantum Hall effect or the anomalous
Hall effect, and it is also useful to calculate the electrical polar-
ization.

The Berry phase approach consists of determining the change in
polarization between a paraelectric initial structure (high symme-
try) of reference, and a final ferroelectric structure (low symme-
try), both with the same volume. An adiabatic path should be built
between them, moving carefully the ionic positions along the po-
larization branch of the lattice. Various calculations are necessary
following the deformation path between the high and low symme-
try structures to ensure unequivocally that it remains on the same

71



Lucia Iglesias Bernardo

branch during the adiabatic path (Fig. [3.3). To perform that, the
system should be insulating, and with the same number of bands
occupied at every point in k-space. The relaxed ionic positions
and self-consistent charge density will be used as an input of the
calculation [128]].
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Figure 3.3: Calculated out-of-plane polarization as a function of the adia-
batic distortion parameter for STO system starting from the high symmetry
paraelectric structure, I[4mmm, to the polar structure, I[4mm. Unfilled dots are
calculated points and solid lines are a guide to the eye, showing the continuous
path along the branches of the polarization lattice.
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4. Thermodynamics of oxygen
vacancy formation

I hadn’t been aware that there were doors closed to me until I
started knocking on them.

Gertrude B. Elion, American biochemist and pharmacologist,
who won the Nobel prize in Physiology and Medicine in 1988.

The mechanisms to accommodate the lattice mismatch between an
epitaxial film and a substrate has drawn attention for more than 50
years [[129H133]] as it strongly influences the morphology and proper-
ties of the films [45,|134]. A common way to adapt the mismatch in
ABOj perovskite-based heterostructures is primarily through changes
in the lattice constants (volume effects or octahedral tilts) [[135]]. These
mechanisms will be studied in depth in Chapter 6. However, point de-
fect formation is also a likely strain-relaxation mechanism to be consid-
ered [50]. In this regard, the oxygen pressure during the deposition of
metal oxides (for instance, by PLD technique) plays a major role in the
mechanism that controls epitaxial relaxation [136].

For instance, to achieve fully oxygenated thin films, a high oxygen
pressure is required. Nevertheless, some oxides need a low oxygen pres-
sure during deposition to guarantee a low valence state of the cations.
Thus, the competition between crystalline perfection and stoichiometry
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is a usual problem when high quality heterostructures and superlattices
are grown. As a consequence, one of the great challenges to be solved
in PLD deposition is to achieve stoichiometric deposition for dissimilar
material heterostructures. The solution could be the correct adjustment
of the parameters in the subsequent post-annealing protocols (mainly
temperature and oxygen pressure), ensuring the correct reoxygenation
of the thin films and substrates as well [[137]].

Focusing on the particular case of STO, which is probably the most
commonly used substrate in oxides growth, the formation and annihi-
lation of anionic vacancies are relatively easy. Typical conditions of
thin film deposition often involve high temperatures and low oxygen
pressures, which greatly favour the reduction of STO [[138-140]. More-
over, the extra charge releases by V5 to non-bonding orbitals of the per-
ovskite, produces a significant expansion of the unit cell and even helps
to relax epitaxial stress for films grown under large strains [141]]. Such
vacancies produce both oxygen-ion conduction and electronic conduc-
tion [142]]. Although ionic conductivity could be considered in potential
applications such as electrolytes in solid-oxide fuel cells [143], oxygen-
separation membranes or resistive switching devices [51]], the incorpo-
ration of oxygen defects could be detrimental for some applications that
require of dielectric insulating layers, for instance capacitors [[67]] or
ferroelectric-based devices [83]]. In this regard, it has become very im-
portant to understand the role of strain in the formation and stabilization
of oxygen vacancies in this material [144,145].

In this Chapter we will present a thermodynamic study of the pro-
cess of oxygen vacancy formation in electron-doped STO thin films
subjected to different degrees of epitaxial strain. For that, firstly we
explain in detail the deposition conditions and the subsequent structural
characterization of the films to ensure the correct growth (mainly the
stoichiometry, epitaxial and good crystalline quality). Then, we will
analyse the conditions to form and annihilate V s, as well as the amount
of charge contributed by each vacancy to the conduction band of STO.
Finally, we will obtain the enthalpy of formation of V as a function of
both compressive and tensile strain.
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4.1 Sample growth and characterization

4.1.1 Preparation of the substrates

The large number of substrates with different lattice parameters that are
commercially available nowadays allows the study of the properties of
thin films subjected to a large range of epitaxial strains. Taking ad-
vantage of this, we grew SrTiOs thin films on top of substrates with
different lattice parameters and structures, changing the epitaxial stress
in the interval from -2.91% (LaAlOs) to +2.14% (KTaO3). Fig.
shows the substrates used in this work and the corresponding pseudocu-
bic lattice parameters, indicating the theoretical strain imposed on the
films. The substrates highlighted in orange are those with orthorhom-
bic distorted structure, the rest have cubic lattices, except LAO, which
posses a rhombohedral distortion.

(100) LaAlO, (001) LSAT (001) STO — 9=
3.790 A 3.868 A 3.905 A " J
(-2.91%) (-0.95%) (0%) «f

(100) NSAT (001)KTa0,
3.840A 3.989 A

(-1.66%) (+2.14%)

Figure 4.1: List of substrates used to grow Nb-doped STO thin films in this
Thesis. The crystallographic orientation, pseudocubic lattice parameter (ay.)
and theoretical strain are indicated in each case. Theoretical strain is calculated
respect to the lattice parameter of cubic SrTiO3 (a = b= c =3.905 A), according
to Eq. @ Orthorhombic substrates are highlighted in orange.

As we briefly mentioned in Chapter 2, the preparation of substrate
surfaces before the deposition is of vital importance in the subsequent
properties of the films. A special effort has been invested in developing
a method to treat cubic STO, the most widely used single-crystalline
substrate.
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In this Thesis, STO substrates were treated with deionized water at
70°C followed by an immersion in aqua regia (HCI-HNO3 3:1) to elim-
inate the SrO layer. Finally, a thermal annealing at 1000°C is performed
in air for 30 min, to recrystallize the surface [146]. The result is a flat
and homogeneous TiOs-terminated surface, as it can be seen in Fig. @
b).

The other substrates only require a thermal treatment, varying the
temperature and time in each case, to achieve flat and good crystalline
surfaces. For instance, LSAT and NSAT substrates were treated at
1300°C during 3 hours while LaAlO3, LaGaO3 and KTaO3 substrates
were annealed the same time at 1000°C (Fig. @ a). Rare-earth scan-
dates (DyScO3 (DSO) and GdScO3 (GSO)) were subjected to thermal
treatments at 1000°C during 2 hours to achieve the surface reconstruc-

tion (see Fig. #.2]¢)).
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Figure 4.2: AFM topographic images (2 x 2 um?) of different substrates after
being treated to achieve an atomically flat step terrace surface: a) LAO (100),
b) STO (001) and GSO (110) substrates. The respective profiles along the
white lines are shown below, d-f), showing in each case the height difference
between the terraces.
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After the treatments, the surface morphology of the films presents regu-
lar arrays of atomically flat terraces independently of the lattice param-
eter. The height difference between the terraces ranging from 0.30 to
0.45 nm, which is close to the dimensions of the unit cell of the sub-
strates in each case (Fig. §.2)).

4.1.2 PLD deposition and structural characterization

The films were grown by PLD under previously optimized conditions
[106]]. The optimization required a very fine tuning of the laser energy,
substrate temperature, and background oxygen pressure to minimize the
presence of cationic vacancies and to achieve the correct stoichiometry
of the films. An excimer KrF laser with a wavelength of A=248 nm,
laser fluence of ~0.9 J/cm? and repetition rate of 5 Hz was used for the
deposition. The substrate was kept at 800°C and an oxygen pressure of
100 mTorr was maintained during the deposition and subsequent cool-
ing down at 5°C/min until room temperature.

Sets of films under different degrees of strain were deposited un-
der the same deposition conditions, side-by-side in the same batch, to
ensure similar thickness and stoichiometry of the films. The nominal
Nb concentration was kept constant at ~2% to guarantee the electrical
conductivity of the films.

Also the film thicknesses were maintained constant at ~17-19 nm
in most of the experiments, except of those performed in Chapter 7 in
which we deposited a thicker film of ~ 35 nm on LAO substrate, as will
be discussed.

After the deposition, the structural properties of all the films were
carefully verify through X-Ray reflectivity and diffraction. According
to XRD around (002) Bragg peak, the films are perfectly c-axis oriented
(Fig. A.3). Furthermore, Laue oscillations can be seen, which demon-
strate the existence of a crystalline coherence along the full thickness
of the films irrespectively from the sign and magnitude of the lattice
mismatch with the substrate.
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Figure 4.3: Summary of XRD measurements around the (002) pseudocubic-
reflection for thin films grown under a) compressive strain and b) tensile strain.
The c-axis value determined from the data is shown in each panel.

High-resolution RSM around the asymmetric (103),, reflection in-
dicate a good epitaxial matching of the films, except for those grown
on LAO and NSAT substrates. These are the substrates that induce the
highest degree of compressive strain and therefore, the films grow al-
ready partially relaxed as can be seen in the Fig. [4.4]a) and b). In the rest
of the cases, the films are coherently and fully strained on the substrate,
showing a perfect vertical alignment between the in-plane reciprocal
lattice vectors of the films and the respective substrates independently
of the structure of the substrate (cubic or orthorhombic). From these
data, we can extract the values of the a and c lattice parameters in each
case to compare them with the value obtained from the XRD measure-
ments. Also the experimental strain can be determined in the case of
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the relaxed films. Theoretical and experimental values obtained from
the measurements are summarized in Table .11

b) 0.62 c) 062 d) 0.62
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Figure 4.4: High-resolution RSM around (103),. asymmetric reflection of
STO deposited on (110) LAO (a), (100) NSAT (b), (001) LSAT (c), (001)
STO (e) and (001) KTO (h) substrates, and (332),, reflection for (110) LGO
(d), (110) DSO (f) and (110) GSO (g) substrates. The white arrow marks the
reflection (103),, for the film of Nb:STO in each case.

From these data, the change of volume with strain was calculated
and shown in Fig. [.5] for the as-grown Nb:STO films. By compar-
ing the experimental results with the theoretical volume according to
the Poisson’s ratio of bulk STO (v = 0.23 [90]), a progressive devia-
tion from the theoretical prediction is appreciated as tensile strain in-
creases. Nevertheless, experimental values are in agreement with the
Poisson’s ratio for compressive samples. Note that films grown on LAO
and NSAT substrates are relaxed and therefore, its cell volume is much
larger than expected in an epitaxial film. Despite this, the creation of
defects occurs in such a way that the experimental volume and strain fit

79



Lucia Iglesias Bernardo

| Substrate | Acronym | a(A) [ bA) | c(A) | M.E Qwv | 5(%) | 8cep A) | ooy R) | 5c0p (%) |

| LaAlOs | LAO [3.790 | 3.790 | 3.790 | 3.790 | -291 | 3860 | 3.934 | -1.15 |

aﬁﬁgﬁmwvw@w 3.840 | 3.840 | 3.840 ; -1.66 | 3.870 | 3.928 | -0.90
0.5 140.5%3)0.61

%@ﬁwaﬁﬂ LSAT | 3.890 | 3.890 w.%o_ 3.890 | -0.95 | 3.868 | 3.940 | -0.95
0.5 140.53)0.71

| LaGaOs | LGO |5523]5491|7.773 | 3.885 | -0.51 | 3.885 | 3.927 | -0.51 |

| SrTiO; | STO [3.905]3.905]3905| 3905 | 0 | 3905 | 3914 | 0 |

| DyScO; | DSO [55405.710 | 7.890 | 3.950 | +1.15| 3.950 | 3.906 | +1.15 |

| GdScOs3 | GSO |5.450|5.750 | 7.930 | 3.970 | +1.66 | 3.970 | 3.884 | +1.66 |

| KTaOs | KTO | 3.989]9.989 | 3.989 | 3.989 |+2.14| 3989 | 3.890 | +2.15 |

Table 4.1: Summary of the principal structural parameters of all the substrates used in this Thesis. Bulk lattice
parameters (a, b, ¢) and in-plane a,,. pseudocubic lattice parameters for each substrate. The nominal strain (s) imposed
by each substrate in the STO thin films calculated according to Eq. E@ 7=3.905 A) is also indicated. Experimental
data extracted from XRD and RSM are also shown (tezp, Cexps Sexp)-
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to the Poisson’s ratio, meaning an elastic deformation of the material.
To remove a cationic vacancy is favoured in this case due to volume
arguments, as an attempt to contract the structure and to accommodate
the large in-plane compressive strain.

Meanwhile, on the tensile side, the volume of the unit cell is slightly
higher than expected from the Poisson’s ratio (about ~1%), suggesting
the formation of oxygen vacancies as the predominant mechanism to
relax the stress. This forces the reduction of Ti'** to Ti*" and leads
to changes in ionic radius, which manifests macroscopically in the ex-
tra expansion of unit cell volume. These relaxation mechanisms based
on a simple chemical expansion model are common in perovskite-type
structures [45,51},(147].

6ol - - - - K70
GSO
61} DSO
2
g 60} LGO/
> “ NSAT
58+ .
Poisson ratio v=0.23
57¢ Experimental 1
-3 -2 -1 0 1 2 3
Strain (%)

Figure 4.5: a) Evolution of the unit cell volume with experimental strain for
all samples grown in this work (orange unfilled dots). The solid black line
indicates the theoretical volume of the stoichiometric unit cell considering a
Poisson’s ratio of v = 0.23. Orange solid line is a guide to the eye.

Further insight into the microstructure and crystalline quality of
the films can be provided by High Angle Annular Dark Field-Scanning
Transmission Electron Microscopy (HAAD-STEM). This analysis was
carried out in an FEI Titan 60-300 operated at 300kV and equipped
with a high brightness Schottky field emission gun, a CETCOR probe
aberration corrector form CEOS to achieve a spatial resolution better
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than 1 Ain STEM mode, and a Gatan Imaging Filter 866 ERS for spec-
troscopic analysis. The specimens analysed correspond to lamellae ex-
tracted from the samples by focused ion beam (FIB) milling in a FEI
Helios Nanolab 600 a 5 kV ion beam. The measurements were per-
formed for two samples, one subjected to compressive (on LAO) and
another to tensile stress (on DSO). The images are shown in Fig. {.6]
and corroborate the results obtained in RSM measurements. The sam-
ple grown on DSO presents an excellent crystalline quality and a sharp
interface between the film and the substrate (Fig. 4.6]a). Nevertheless,
the image of the film grown on LAO (Fig. {.6]b), although it also shows
a good crystalline quality along the film thickness, reveals the formation
of defects close to the interface, which could be produced to accommo-
date the large epitaxial stress (s=-2.91%) imposed by the substrate.

Figure 4.6: HAADF-STEM image of the as-grown Nb:STO thin films de-
posited on DSO (a) and LAO (e) substrates. White arrow indicates the pres-
ence of defects close to the interface in image b).

Furthermore, Geometrical Phase Analysis (GPA) can provide the
evolution of the in-plane and out-of-plane lattice parameter along the
film thickness, unlike X-ray diffraction which gives an average of the
lattice parameter for the whole film. GPA analysis confirms that the
film on DSO presents a homogeneous in-plane distortion throughout
the films, whereas the film on LAO shows different in-plane distortion
in the film than in the substrate (see Fig. [4.7).
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4. Thermodynamics of oxygen vacancy formation

In the case of the sample grown on a DSO substrate (Fig. 4.7 a,
b), the profile of GPA analysis confirms that the out-of-plane negative
distortion (€,,) in response to the tensile in-plane strain (e, ) is homo-
geneous throughout the films and in complete agreement with the co-
herent growth observed in RSM data . For example, for the STO film
deposited on DSO, the ¢ axis parameter of the film contracts ~1.1%
with respect to the substrate, while €., does not exhibit any variation
from the substrate to the film (Fig. c). However, in the film de-
posited on LAO, both ¢, and €., show variation between the film and
the substrate, demonstrating that the film was already partially relaxed

(Fig. B.7)d, e, 1)).

-1.5-1.0-0.5 0.0 0.5
% Deformation
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Figure 4.7: GPA analysis corresponds to Fig. showing the in-plane (e;,)
and out-of-plane (e,,) contraction/elongation along with the corresponding
line profiles with respect to the substrate for the films grown on DSO (a,b,
¢) and on LAO (d, e, ), respectively.
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As mentioned before, the formation of oxygen vacancies produces
an increase of the unit cell volume due to the higher atomic radius of
Ti** compared to Ti**, a higher vacancy concentration in reduced sam-
ples could affect the lattice parameters of the thin films. However, XRD
measurements of the samples as-grown at 100 mTorr and after an an-
nealing process at 1 x 10~¢ Torr show the negligible effect on the lattice
parameters, as can be seen for instance in one of the films grown on a
LAO substrate (Fig. 4.8]c).

Therefore, we conclude that the main responsible for structural re-
laxation are the presence of strontium vacancies (Vs,.). This is consis-
tent with the observations reported by other authors [[106,|148,/149].

e Asl grown I
-—— Anneal. 10 Torr

LAO (002)

Nb:STO film

Intensity (a.u.)

42 44 46 48 50 52
26(°)

Figure 4.8: ¢) XRD 6-26 scan of the sample grown on LAO as-grown at 100
mTorr and after the annealing process at 1 x 1076 Torr, showing the negligible
effect on the lattice parameters.

4.2 Creation and annihilation of oxygen va-
cancies

As discussed before, nominally undoped SrTiOj single crystals show
a small concentration of acceptor impurities (Sr>* vacancies) [144],
which can trap the electrons donated by Vs to the conduction band
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4. Thermodynamics of oxygen vacancy formation

of the oxide. To avoid this effect, we have doped the films with a 2%
of Nb°". The doping introduces a small density of free electrons to
compensate the unintentional presence of cationic vacancies. So that,
even small changes in the V5 concentration due to the different post-
annealing processes will produce a measurable change in the conduc-
tivity and carrier concentration of the thin films.

During the PLD deposition at low oxygen pressures, the formation
of oxygen vacancies in STO thin films occurs as Schottky defects. A
Vg, is formed at the same time as an oxygen vacancy to maintain the
neutrality of charge:

Sre, + 05 = Vr + Vi + SrO 4.1)

Alternatively, V5 can be introduced into a stoichiometric film by a
post-annealing process in a reduced environment, in where the predom-
inant mechanism is the loss of oxygen from the lattice to the atmosphere
and a change in the oxidation of Ti:

SrTi0; () = SrTiOs—u(5) + 502(9) 1 4.2)

Although V4 in e-doped STO are not stoichiometric vacancies,
their concentration is not too large and the crystal can be still considered
nearly stoichiometric. Assuming this, a simple mass action law can be
applied to the reaction 4.2 and formulate the following equilibrium for
the material at low oxygen pressures:

1
0% = 502+ Vi +2¢7 (4.3)

where O%~ represents the concentration of oxygen ions at their STO
lattice sites. Denoting the concentration of defects by angular brackets
(’[]), the equilibrium constant can be defined as:

V) n2Py?

e

(4.4)
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As the effect of acceptor vacancies (Vg,) is compensated by Nb>*
donors originally present in the sample, the reduction reaction (Eq.
will produce a change in the carrier density that can be measured by
Hall effect experiments.

Assuming that [Og] is constant and that each oxygen vacancy con-
tributes two electrons to the conduction band of the material (n.=2[V 3]),
then the eq. {.4]can be expressed as:

ni’ 1/2
K= 7]302 4.5)

Solving the Eq. we obtain [150,/151]:

1
logn, o 6 log Po, (4.6)

According to this equation, the logarithmic representation of the
charge carrier concentration measured by Hall effect (after each post-
annealing) versus the oxygen pressure should give a slope of -1/6 as
long as oxygen vacancies are doubly ionized.

A controlled amount of oxygen vacancies was introduced in the
films by post-annealing process at different temperatures (either 800°C
or 600°C) and successive lower oxygen pressures in order to study
the thermodynamics of an oxygen vacancy formation. In each post-
annealing, the samples were left with the background oxygen pressure
during 2 hours to reach equilibrium, and then rapidly quenched to room
temperature at a cooling rate of ~ 100°C/min approximately, to main-
tain the concentration of vacancies constant during the cooling.

The results are shown in Fig. .9 a) for samples annealed at either
800°C and 600°C. At high temperature, there is a very good agreement
with the expectations for doubly ionized vacancies (solid orange line).
Note that if there was an extrinsic source of oxygen vacancies, for ex-
ample from acceptor impurities or an excess of TiO,, Eq. 4.3 will not
be the main source determining the concentration of vacancies, chang-
ing the slope of this representation. For instance, for single-ionized
vacancies, the slope of the logarithmic representation of n versus PO,
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4. Thermodynamics of oxygen vacancy formation

will change from 1/6 to 1/4. This behavior has been frequently seen by
other authors at intermediate oxygen pressures [150]. In Fig. a),
the expected slope of -1/4 for singly ionized vacancies is also indicated,
which clearly does not fit our experimental data independently of the
temperature.

1021 . . . 1021 .
y b
3) S -1/4 )
= -1/6 —
5 5
< 20 | N | < 20
10 10}
800°C 800°C
{ 600°C { 600°C
10 10™ 10” 10 10 107
PO2 (Torr) PO2 (Torr)

Figure 4.9: a) Variation of the charge carrier concentration as a function of the
post-annealing oxygen pressure for the Nb:STO thin film on LSAT substrate.
The same experiments were performed at 800°C (orange squares) and 600°C
(open blue diamonds). Solid orange and blue lines represent the behaviour for
the slope of -1/6 corresponding with doubly ionized oxygen vacancies (eq.
M.6), while black dashed line indicates the slope of -1/4 for single ionized
vacancies. b) Re-oxygenation process of the previously reduced samples at
higher oxygen pressure. Solid lines are guides to the eye.

At very low oxygen pressures (< 10 ~¢ Torr) the charge density
saturates for both temperatures, indicating a limit in the V5 formation
by this procedure. This can occur for two principal reasons: the time to
reach the thermodynamic equilibrium is insufficient or the combination
between temperature and very low oxygen pressure is not enough to
activate the formation of vacancies. The first option does not seem to be
the cause, as two hours should be sufficient to reach thermal stability.
Therefore, higher temperature or lower oxygen pressure are required to
increase further the density of V 5.

The films were re-annealed at higher oxygen pressures, following
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the same protocol as before. While the samples completely recover the
initial state performing the re-oxygenation at 800°C and higher oxygen
pressures (orange dots in Fig. [4.9]b)), the same does not occur when the
samples are re-annealed at 600°C or lower temperatures. Actually, the
charge carrier density remains constant at 600°C irrespectively of the
oxygen pressure used. This result is of vital importance to understand
the reduction/oxidation mechanism of STO, both in the form of thin film
and single crystal (substrate). It demonstrates that the temperature is a
critical factor in the creation/annihilation of V5 in STO thin films and
STO-based heterostructures in general. For instance, in the literature,
LAO/STO interfaces are usually grow at low oxygen pressure and then,
a subsequent re-annealing at high oxygen pressure and a temperature
around 500°C is performed with the aim to fully reoxygenate the film
[8,26]. In view of our results, this temperature would not be enough to
reoxygenate the samples completely.

Thus, the temperature is a fundamental factor in the synthesis and
post-annealing protocols, and therefore it should be considered care-
fully when understanding their effects in terms of oxygen stoichiometry
in complex oxides in general.

10* : :
® LAO
m STO
® GSO

-1/6

n (cm'a)

1020 L

10 10° 10" 10° 10° 10"
PO, (torr)

Figure 4.10: a) Variation of the charge carrier density for samples grown on
different substrates (LAO, STO and DSO) and annealed at 800°C under low
oxygen pressures.
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Although the previous thermodynamic analysis was shown using
the Nb:STO thin film grown on LSAT substrate, similar experiments
were carried out in the other samples with different degrees of strain.
As it is illustrated in the Fig. 4.10] a), a slope with value -1/6 was de-
termined irrespectively of the substrate, indicating that V ; are doubly
ionized in Nb:STO thin films independently of the applied strain.

4.3 Enthalpy of formation of oxygen vacan-
cies

Another important parameter to understand the formation of oxygen
vacancies in complex oxides is the energetic cost of creating a vacancy,
i.e. the enthalpy of formation (AH). Given that STO is one of the most
used substrates in the growth of oxides and the strain could be a key
parameter for controlling the formation and annihilation of vacancies,
it is surprising that the dependence of AH has not already been deter-
mined experimentally. Theoretical calculations of AH dependence with
strain have been reported, but there are not many experimental studies
performed in this regard.

To gain insight about it, the same mass action law used above can
be taken as starting point (Eq. {.3). This thermodynamic equilibrium
constant is related to the Gibbs free energy (AG) of the crystal, which
in turn depends on AH and entropy (AS) of formation of oxygen va-
cancies as follows:

AG =AH —TAS 4.7)
Then, the equilibrium constant for Eq. [4.3|can be expressed as:
K = Koe ~H/ksT (4.8)

where kp represents the Boltzmann constant and K is a constant.
Here we assumed that AS is only related to the increasing possibilities
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of configurational arrangements, which could be supposed as temper-
ature independent (only depends on the number of vacancies to sites).
Then AH can be connected with the carrier density using equation (.5)),
leading to:

n3

5 Fol = Koe 81T (4.9)

and therefore, n is given by:

, 1 AH
10gn:K0_610gP02_3/{_T (410)
Then, if we consider the equation at constant pressure:
AH
1 =K'—-—— 4.11
ogn = Kj = == (4.11)

The formation enthalpy of an oxygen vacancy can be determined
from the slope of an isobaric plot of log n versus the inverse of the
annealing temperature.

The approach in this case is to perform different annealing pro-
cesses at constant oxygen pressure and increasing temperatures for all
the samples under different degrees of strain. The results are shown
in Fig. {.11] a) for three films, grown on LSAT (s(%)=-0.95)), STO
(s(%)=0.0) and DSO (s(%)=+1.15).

The fits are very good, with a linear dependence showing the va-
lidity of the approximations to reach equation .11l The value of AH
determined for the unstrained sample is ~0.51 eV, and decreases about
23% for both tensile and compressive strain. This indicates a very sim-
ilar effect on the reduction of the formation enthalpy of V in e-doped
STO thin films for both compressive and tensile epitaxial stress, sug-
gesting a common mechanism independently of the sign of strain.
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Figure 4.11: a) Logarithm of charge carrier concentration as a function of an-
nealing temperature at fixed oxygen pressure (1 mTorr) for the samples grown
on DSO, STO and LSAT substrates. b) Formation enthalpy of oxygen vacan-
cies depending on the experimental strain. Open squares are the theoretical
points according to reference [[152].

Our results are completely in agreement with the ab-initio calcula-
tions performed by Choi et al. [152] (see Fig. b), which pointed
to a decrease of the band-gap energy when the magnitude of strain in-
creases (independently of its sign) as the main responsible of this be-
haviour. These authors also affirm that oxygen vacancies are prefer-
entially formed at the region where strain accumulates (interfaces and
grain boundaries). Similarly, Berger et al. [141]] also determined that
biaxial strain could narrow the STO band gap significantly. Therefore,
the observations of Fig. support the scenario of the band gap re-
duction by means of strain proposed by several authors.

On the other hand, some reports support a lowering of the V4 for-
mation energy under tensile strain in other perovskite oxides, such as
CaMnOs [45/153]], PbTiOg3 [132]], BaTiO3 [154] or StCoO3_s [51] due
to chemical expansion effect. However, the same chemical expansion
mechanism should in principle disfavour anionic vacancy formation un-
der compressive stress. In this case, several calculations have been pub-
lished in the last few years, but the results are diverse for different ox-
ides [147]]: in CaMnOQOs, the calculated effect of a moderate compressive
stress is almost negligible [45153], while a considerable increase of V ;
formation is observed in PbTiOs [[132]], BaTiO5 [[154] or SrCoOs3_s [51]].
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4.4 Summary

It has been shown in this Chapter that high quality strained Nb:STO thin
films can be achieved by Pulsed Laser Deposition irrespectively of the
applied degree of strain, either positive and negative. Furthermore, the
previous optimization of PLD deposition conditions resulted in nearly
stoichiometric films with a minimized concentration of defects, which
are in good agreement with the elastic deformation predicted by the
Poisson’s ratio.

The thermodynamics of oxygen vacancy formation have been stud-
ied, yielding that each oxygen vacancy donates two electrons to the STO
conduction band, independently of the sign and the degree of strain.
Moreover, the conditions used in the post-annealing protocols to mod-
ify the oxygen vacancy concentration in the thin films have shown that
the temperature is a critical parameter in the subsequent formation and
annihilation of V. This reveals that the synthesis and post-annealing
protocols should be carefully selected to achieve fully oxygen stoichio-
metric films not only in the case of STO but, more generally, in the
growth of oxide heterostructures.

Lastly, the formation enthalpy of oxygen vacancies in the films was
determined depending upon the strain using a simple mass action law
analysis. Either compressive and tensile strain produce a decrease in the
formation energy, which points out for a common mechanism probably
related with a reduction in the band gap of the films. This result is
completely consistent with the calculations reported by Choi et al [[152]].
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S. Controlled movement of
oxygen vacancies

Science, for me, gives a partial explanation for life. In so far
as it goes, it is based on fact, experience and experiment.

Rosalind Franklin, English Chemist who contributed to the
discovery of the DNA structure.

The ability to manipulate the concentration of anions rather than
metal cations in complex oxides can facilitate creating new function-
alities in classical materials. For instance, the design of ionic-based
memories has attracted a lot of interest in recent years [[155,|156], es-
pecially those based on resistive switching mechanism, in which re-
dox reactions and nano-ionic transport processes play a key role [[157]].
Consequently, the possibility to control at will not only the amount of
oxygen vacancies, but also their distribution and movement inside the
material, is essential for the design of new ionic-based devices. How-
ever, the difficulty in activating oxygen at reduced temperatures hinders
the deliberate control of the vacancies.

Any substantial change in the concentration of anions produces a
change in the stoichiometry, which in turn must be compensated by a
variation in the valence of the cation sublattice. In many cases, this is
reflected in a variation of the electronic conductivity, which could be
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the basis for the resistive switching mechanism. The memories based
on this mechanism can switch between at least two different resistance
states, one of high resistance (HRS) and other of low resistance (LRS).
The two different states could be induced by an external stimulus, for
instance an external electric field, whose polarity controls the reduction
or oxidation of the cation [15§]].

Flexoelectricity is another property of certain materials which can
provide an alternative strategy to control its functionality. It is related
with the coupling between polarization and strain gradient. Catalan et
al. [[159] demonstrated that the stress gradient generated by an AFM tip
can mechanically switch the polarization at the nanoscale in a BaTiO;
films. In a similar approach, Sharma et al. [[77] were able to modulate
the electrical conductivity of the 2D electron at the LaAlO3/SrTiOj3 in-
terface, opening a door towards mechanically operated transistors. An
more recently, also Kalinin et al. [160] discussed the electrical and me-
chanical manipulation of the local V  distribution in unstrained STO
thin films using a biased AFM tip.

In view of the results reported previously, STO is a promising can-
didate for this type of applications due to the possibility to easily tune
the oxygen content and the migration of the vacancies within the mate-
rial, being able to define even multi-stable states. For this reason, it is
important to gain a deep understanding of the oxygen vacancy diffusion
under external stimuli and also explore the possibility to tune it through
strain-engineering. Furthermore, the study of diffusion is not only use-
ful for ReRAM memories, but also for extending it to other types of
technologies, such as Li-ion batteries [161], oxygen gas sensors [162]]
or photovoltaics [[163].

As we have demonstrated in the previous Chapter, the concentra-
tion of V5 can be easily changed in the thin films. The next challenge
should be the control of the local distribution of these vacancies within
the material using an external stimulus. Therefore, this Chapter will be
focussed on the manipulation of oxygen vacancies in Nb:STO thin films
using an external electric field produced by a biased AFM tip. We will
determine the mobility and the diffusion coefficient of the vacancies at
room temperature as a function of the degree of epitaxial strain. After-
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wards, the possibility to use the Nb:STO thin films on future resistive
switching memories (ReRAM) will be addressed, examining the main
control parameters in the production and stabilization of these devices,
such as tip bias, pulse time, temperature and reversibility.

5.1 KPFM versus EFM

The thin films were characterized combining Electrostatic Force Mi-
croscopy (EFM), and Kelvin Probe Force Microscopy (KPFM). KPFM
often shows artifacts in the measurement due to its high sensitivity to
the tip-sample distance and the presence of surface charges [97]. EFM
does not depend so critically as KPFM on the tip-sample distance; there-
fore, it is more reliable in experiments that require measuring over long
times, in which a small variation of the tip-sample distance can produce
a long variation on the measured value of the surface potential (SP).

The determination of the absolute value of the surface potential by
KPFM is a difficult issue. It is necessary to know the work function of
the AFM tip, for which a calibration of the tip in a sample with a well-
known work function is required [[164]. This analysis is delicate and far
from being the main objective of this Chapter of the Thesis. Accord-
ingly, here we only perform a semi-quantitative analysis of the results,
comparing relative SP differences between regions of the samples, or
temporal variations of the EFM or KPFM signals.

The experiments were performed independently using two different
AFM setups: a Park Systems NX10, and a Keysight 5500. Furthermore,
in order to suppress possible effects derived from charge injection [[1635]]
(formation of protons/hydroxyl radicals [166] or electrochemical pro-
cesses [[167]), the measurements were carried out under ambient and
low humidity conditions (6-7% RH), for comparison. For the electrical
record of the samples a Pt/Ir-coated metallic tip with force constant of
3 N/m was used in KPFM and EFM modes. While KPFM is performed
in single scan using tapping mode to acquire the topography, the record
was performed in contact mode to ensure a continuous electrical contact
between the tip and the sample (contact force = 90 nN). A single-pass
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out of resonance KPFM was employed, speeding up our data acquisi-
tion and avoiding crosstalk between first and second resonance mode.
Moreover, to minimize artifacts and offsets from the measurement con-
ditions, all measurements were performed with the exact same type of
probe, AC bias magnitude, frequency, tip-sample distance, and scan-
ning/recording rate for KPFM/EFM and topography acquisition.

5.2 Mobility of vacancies under an external
electric field

The thin films used in this Chapter are the ones characterized at the
beginning of Chapter 4. Before the experiments, the surface topography
of the samples must be carefully examined to verify the correct growth
of the films, as a rough surface could determine very much the oxygen
exchange with the atmosphere and the diffusion of the vacancies.

Figure [5.1] shows the results for two of the films grown on STO
(0% strain) (a) and GSO (=1.66%) (b) and the corresponding profiles
(c,d). The line scan of the topography exhibits smooth surfaces and
regular terraces with step height of ~0.2 nm, consistent with a layer-
by-layer growth, which reproduces the single-terminated surface of the
substrates. These results demonstrate that the films present similar sur-
face morphology independently of the sign of strain.

The electric-field-dependent vacancy mobility was carefully inves-
tigated as a function of strain in this Section. This important parameter
gives an idea of how difficult it is to move an oxygen vacancy at room
temperature in SrTiOs. The mobility is also an important parameter in
many applications, like resistive switching devices, in which it is crucial
to determine the threshold voltage necessary to drag V ;5 across the thin
film.
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Figure 5.1: AFM images of the surface topography for Nb:STO thin films
grown on STO (a) and DSO (b) substrates. The respective profiles along the
white lines are represented below (c,d).

In order to quantify the effect of epitaxial strain on the V ; mobil-
ity, a region of the surface of each sample was first poled with nega-
tive/positive AFM tip bias in contact mode, and then the same area was
mapped by KPFM scanning at zero DC bias. An scheme of this ap-
proach is depicted in Fig. [5.2]a, b). Given the nanoscale dimensions
of the tip radius (<25 nm), the electric field generated by the AFM tip
bias (~6 MV/m) is highly localized and it is sufficiently strong to mod-
ify the initial homogeneous distribution of positively charged V ; of the
thin films.

A negative (positive) tip bias attracts (repeals) the positively charged
oxygen vacancies, increasing (decreasing) the local work function. As a
consequence the SP is lower (higher) compared with the average back-
ground potential of the sample. Then, depending on the electric field
direction, the accumulation (depletion) of V4 will produce a localized
decrease (increase) of the local SP [168]]. A schematic illustration of the
electric field direction depending on the tip bias, and the corresponding
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movement of the oxygen vacancies away/near of the sample surface can
be seen in Fig. [5.2]c, d).
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Figure 5.2: Scheme of the approach followed in this Section to study the room
temperature diffusion of V5 in STO. a) A negative/positive voltage is applied
to the sample surface, b) generating depletion/accumulation regions of oxygen
vacancies. c, d) Detailed sketches specifying the direction of the electric field
and the movement of V 5 depending on the sign of the applied voltage.

Following the procedure explained above, four samples with differ-
ent degrees of strain were recorded with positive and negative voltages
(£10 V). The enriched or depleted zones produce a clear contrast in the
KPFM signal independently of the sample (Fig. [5.3). From these re-
sults, we are able to compare the relative change of the surface potential
between the two well-differentiated areas. This difference expressed in
percentage with respect to the film grown on STO is denoted as ASP,
and its strain-dependence can be seen in Fig. [5.4]a). ASP varies sub-
stantially with strain, increasing up to ~40% for the most stressed films,
either compressive (on LSAT) or tensile (GSO), with respect to the un-
strained film. Therefore, epitaxial strain influences very much the V4
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mobility, being 40-50% easier to drag or repel the vacancies in the most
stressed films. It is important to remark that these experiments provide
information about the drift mobility, i.e. the movement of oxygen va-
cancies across the film exclusively under the influence of an electric
field. This is not the free diffusion of V 5, which must be obtained from
measurements in absence of an applied tip bias, as will be done in the
next Section.

a)

LSAT (-0.95%)

Figure 5.3: SP characterization for the thin films grown on LSAT a), DSO b),
STO c) and GSO d). In image d), the voltages applied on the surfaces of the
samples are indicated. The degree of strain in each film is also shown.

It is worth mentioning that significant differences in the SP back-
ground of the unpolarized regions are evident in Fig. [5.3] which depend
on the magnitude of the strain. This can be related to a different initial
concentration of V in the as-grown films, also reflected in the differ-
ent initial electrical conductivity of the samples [169]. All the as-grown
films present very large electrical resistance, being only possible to de-
termine the carrier density for the films on LSAT, LGO and STO. In or-
der to compare the charge density with respect to the degree of strain, an
annealing process at 10~° Torr was necessary to achieve a measurable
carrier density produced by the formation of oxygen vacancies. The
charge carrier concentration, n, determined by Hall measurements, ver-
sus the experimental strain is plotted in Fig. [5.4]b). Although n presents
a value in the same order for all the samples (~10?° cm~?), it reaches
the maximum value for less stressed samples, i.e. those grown on STO
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and LSAT. Considering the nominal charge contributed by the 2% Nb-
doping, n~3.27x10?° cm—3 (indicated on Fig. b)), this shows that
samples with more defects (more degree of either positive or negative
strain) exhibit a carrier density similar to the expected nominal value.
This indicates that more stressed samples exhibit a higher concentra-
tion of defects (Vg,.) which trap the extra charge donated by the oxygen
vacancies created in the post-annealing process.
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Figure 5.4: a) Evolution of ASP as a function of epitaxial strain. ASP is
defined as the difference between the minimum/maximum in the SP signal of
the V 5 accumulation/depletion regions. b) Charge carrier density as a function
of experimental strain for some of the samples studied in this Thesis. The
dashed line is a guide to the eye.

5.3 Room temperature diffusion coefficient of
oxygen vacancies

As mentioned before, the understanding of the V5 diffusion can be
particularly interesting for many applications, including solid oxide-
fuel cells, catalysts, resistive switching memory devices and photo-
electrochemistry. For many of these applications, the knowledge of the
room temperature diffusion coefficient is crucial.

In order to determine the diffusion coefficient of the strained thin
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films, the experimental approach is similar to the one used in the previ-
ous Section: First, a rectangular area (3x8 pm) of the sample surface
is poled with a positive voltage (+10V) and on the right side, another
rectangle with the same dimensions is recorded with a negative voltage
(-10V). The positive/negative tip bias disturbs Vg distribution of the
whole STO thickness under the poled area. Then, the electric field is
set at 0 V, allowing the free relaxation of vacancies at room temperature
across the thin film. The time-dependence of the EFM signal is regis-
tered during one day, taking an image every 30 minutes. Essentially,
the EFM signal will decrease over time, describing how the concentra-
tion of vacancies approaches the equilibrium state. As the sample is
recorded with positive and negative voltages, the diffusion is studied
for both the accumulation and the depletion of V5 (positive/negative
concentration gradient).

Theoretically, oxygen vacancies could diffuse along and perpendic-
ular to the film surface; hence the effect of surface mobility should also
be considered apart from diffusion into the film bulk. However, a care-
ful analysis of the profiles extracted from the time-dependence of the
EFM images, shows that the border of the poled regions remains well
defined over time (Fig. [5.5]a)).

For quantifying the broadening, the EFM profiles were fitted to a
Gaussian function, extracting the full width at half maximum (FWHM)
at different times and comparing it with the voltage amplitude in the
central part of the recorded part; Figures [5.5]b) and c), respectively.
From these results, we can conclude that the lateral diffusion would not
perturb the EFM signal and the FWMH variation over time is negligi-
ble compared with the rapid decrease in amplitude even at short times,
justifying the assumption that on average, the diffusion occurs mainly
along the thickness of the films.
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Figure 5.5: a) 3D plot of the evolution of EFM signal during 8 hours. The size
of the area poled is 3 x 8 ym. b) Time dependence of EFM profiles over 12
hours, extracted from the images. Orange solid lines are Gaussian fittings in
each case. ¢) Amplitude and FWHM variation versus time, obtained from the
fittings.

Under these conditions, the second Fick’s law in its one dimen-
sional form can be used to follow the V ; redistribution and to determine
their diffusion coefficient:

oVp]  P[Vg]
o~ Vo oD

where D is the diffusion coefficient. This law describes how the
oxygen vacancies spread over time from a region of higher concentra-
tion towards a region of lower concentration, in order to recover the
initial homogenous distribution.
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5. Controlled movement of oxygen vacancies

Solving the above equation by the method of separation of variables
or by the Laplace transformation, the solution becomes [[170,{171]:

[Vol(t) =1— % > e 1+ bk { _D(inj 2K t} (5.2)

n=0

The corresponding solution for Eq. [5.2] at very long times (t—00)
is:

AVp(t) = :] ST " (5.3)

where [V ](t) denotes the average vacancy concentration in the
sample surface at any given time 7, [V ](co) refers to the time required
for the vacancy concentration within the enriched/depleted areas to re-
cover equilibrium with the average concentration of the sample surface
and [V 5](0) represents the initial V5 concentration immediately after
recording with positive/negative tip bias.

Assuming that the EFM amplitude is proportional to the oxygen
vacancy concentration, we can consider Eq. to determine the slow
diffusion coefficient at room temperature. The results for the time-
dependent EFM amplitude of a thin film of STO grown on GSO are
shown in Fig. [5.6e-h). In the same figure (a-d), the whole process for
the enriched V 5 region recorded with positive voltage is schematically
represented.
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Figure 5.6: Sketch of the V 4 relaxation (a-d) and the corresponding evolution
of the EFM amplitude over time at zero DC bias (e-f). a, e) Immediately after
removing the AFM tip bias, b, f) after 2 hours, c, g) after 4 hours and d, h)
after 12 hours. The results correspond to a film of STO grown on GSO.

By extracting the profiles of the EFM amplitude over the time (Fig.
and taking the average value of the positive (negative) poled region,
we can obtain the decay of the EFM signal for the depletion (accumu-
lation) of V5, see Fig. [5.7]b).
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Figure 5.7: a) Profile of the EFM amplitude at zero dc bias over time extracted
from Fig. [5.6] The results correspond to a film on GSO. b) Decay of the EFM
signal for both accumulation (-10 V) and repulsion (+10 V) of V 5.
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5. Controlled movement of oxygen vacancies

By repeating the same process for all the samples with different
degrees of strain (both positive and negative), the strain dependence of
diffusion coefficient of V; can be extracted using Eq. Fittings
of the experimental data for two representative cases (films grown on
LSAT and GSO) are shown in Fig. [5.§]a).

The values of the diffusion coefficient are the averaged values from
the initially depleted/accumulated surface regions (£V). The two val-
ues show similar results for each film, meaning that the incorporation
of atmospheric oxygen to the surface is not an important contribution
to the equilibration of the EFM signal (see Fig. a). Oxidizing the
initially reduced sample surface will require adsorption of oxygen from
the atmosphere, dissociation, and diffusion through the lattice. On the
other hand, reducing an initially oxidized region will require diffusion
of the vacancies towards the surface, recombination (probably forming
peroxide-ions) and formation of molecular oxygen. These processes
are expected to show quite different activation energies. Therefore, the
observation of a similar D after applying a positive or negative field sug-
gests that oxygen exchange through the surface is not an important con-
tribution to time-dependent surface voltage in our case, and that oxygen
redistribution in the material is the mechanism governing this process.
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Figure 5.8: a) Fittings according to Eq. of the EFM signal for samples
grown on LSAT and GSO. b) Strain dependence of the diffusion coefficient of
V5 at room temperature. The dashed line is a guide to the eye.
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The values of the diffusion coefficient determined from the fittings
for all the thin films are shown in Fig. [5.8]b). The unstrained film grown
on STO presents a value of D~2x 10717 cm?/s, which is in very good
agreement with the value reported in bulk STO, extrapolating from high
temperature [[144]]. Also, during this Thesis. Das et al. [[160] reported a
similar experiment to ours, determining directly the room temperature
D of V5 ~1071-107'® cm?/s in unstrained STO thin films, in excellent
agreement with our results.

Furthermore, D shows a pronounced strain-dependence, increasing
an impressive ~350% for 2% tensile strain, compared to unstrained
films (Fig. [5.8). Meanwhile, a moderate compressive stress does not
produce any appreciable effect on the diffusion coefficient of oxygen
vacancies, except for the film grown on LAO, in which D raises by 50%.
This film presents a higher concentration of defects formed to relax the
high degree of compressive strain, which could affect the diffusion of
vacancies through the film in an unpredictable way. Therefore, overall,
one could say that D tends to increase as the unit cell volume becomes
larger. This trend has already been reported also for other complex
oxides, such as SrCoOj [172/173].

The results shown in Fig. b) are fully consistent with DFT
calculations, which predicted a continuous increase for the V ; diffusion
with tensile strain [[174]], while a compressive strain larger than ~-4% is
necessary to decrease the energy barrier for diffusion [175]]. Moreover,
these calculations predict a significant role of complex TiOg4 rotations
in the anisotropic oxygen diffusion in STO.

The strain-dependence of D has important implications for the de-
sign of ionic-conducting devices, like resistive switching memories:
while tensile strain would favour the writing process in such devices
due to its high drift mobility, it would also reduce the retention time
due to the increase of the diffusion coefficient. Therefore, this type of
ion-based devices will be adversely affected by tensile strain.

To study the possibility to define multiple stable neighbouring states,
we poled side-by-side areas with different voltages (5 V, 10 V), un-
der compressive and tensile stress. The results demonstrate clear con-
trast boundaries between adjacent zones recorded with different sign
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5. Controlled movement of oxygen vacancies

and magnitude of voltage, and also exhibit an excellent retention be-
tween them. However, at short times the influence of strain on diffusion
becomes even more remarkable. For instance, the signal decays ~50%
after 3 hours on the sample grown on LSAT (Fig. [5.9]a)), while on GSO
it decreases by ~75% (Fig. [5.9]b)). This demonstrates again the nega-
tive effect of tensile strain in the stabilization and also in the retention

of the multipotential surface states.
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Figure 5.9: Record of the sample surfaces with variable voltages from -10 to +
10V, which generates adjacent areas with different surface potential. (a) EFM
amplitude on LSAT immediately after the record and 3 h later. (b) Same record
on the sample deposited on GSO. c) Profiles along the white dashed lines of
the images a) and b). (d) Normalized evolution of the EFM amplitude for both
samples during 4.5 h. After 3 h the EFM signal decays ~50% from the initial
value in LSAT, and =~ 75% in GSO. Dashed lines are guides to the eye.

Other important requirements for competitive ReRAM memories
imply low writing voltages, short pulse times, and high thermal stability.
Normally, write operation should be in the range of a few hundred mV
and present a length of pulse <100 ns to provide an advantage over cur-
rent devices, and the different states should be stable up to ~85°C [158].
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To achieve more quantitative insights about the role of these parameters
on Vs distribution in our system, we recorded different areas at con-
stant pulse time with different tip bias and vice versa, maintaining the
tip in contact with the sample surface but without dynamic scan.
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Figure 5.10: Influence of tip bias and pulse time on the V ; distribution on
GSO. a) Topography (left) and surface potential (right) of four-dot array, which
were performed by pausing the tip for 0.4 s and varying the tip bias from 4.8
V to 15 V. b) Dots recorded while keeping the voltage constant at 15 V and
varying the pulse time for 0.1 to 1 s (right). Resulting profiles of the normalized
surface potential for the dots poling at constant time (c) and constant voltage
(d), respectively.

The results for topography and KPFM signals are shown in Fig.
[5.10l The impact of vacancies accumulation is negligible in the sam-
ple topography, independently of the tip bias or the pulse time. In Fig.
[5.10/c), the profile of the KPFM image also evidences the existence of
a threshold in the applied tip bias (= 5-6 V), above which there is a siz-
able increase in the V5 concentration, independent of the applied volt-
age. Similarly, short pulse times (less than 500 ms) accumulate quanti-
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5. Controlled movement of oxygen vacancies

tatively the same amount of vacancies (see Fig. [5.10]d). However, once
the pulse time is increased at 1000 ms the local concentration of vacan-
cies increases by ~1/3. The existence of these threshold voltages/times
indicates an activation energy for ionized vacancies to detach from lat-
tice defects, most probably cationic vacancies, which can affect the drift
mobility beyond strain [[75]].

Regarding the temperature dependence of the V distribution, we
compared write/read voltage measurements performed at room temper-
ature 25° and at 60°C, using different pulse times with the same tip
bias of +15 V (Fig. [5.T1). Poling of the sample and subsequent KPFM
scans are separated by 15 minutes. The required pulse time to achieve a
measurable change of the surface potential increases substantially with
temperature, reflecting the rapid increase of D as the temperature rises.
This result evidences the low retention of the different potential states,
which can be erased at moderate temperatures.

a) 25°C

50 ms 100 ms 200 ms 500 ms 1000 ms

b) 60°C

50 ms 100 ms 200 ms 500 ms 1000 ms

Figure 5.11: 3D representation of the surface potential, related to the V
distribution, after different pulse times (+15 V) applied at 25°C (a) and 60°C

(b).

Finally, we intend to demonstrate that the oxygen vacancy manipu-
lation using an AFM tip bias is a reversible process. Thus, we overwrote
with -10 V the previously poled areas with = voltage, moving V ;4 closer
to the sample surface. As can be observed in Fig. [5.12] the final poled
region with negative voltage shows higher vacancy concentration in the
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vacancy-deficient region and also in the region already previously en-
riched with V 54, demonstrating the complete reversibility of the process.
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Figure 5.12: a) KPFM image of a region of the sample surface previously
recorded with positive and negative voltage and afterwards, overwritten with
negative voltage (red dashed line). The profile of the surface potential can be
seen on the image (solid grey lines). b) 3D representation of the image a).

5.4 Summary

In this Chapter, a controlled manipulation of oxygen vacancies at room
temperature by means of a biased AFM tip has been demonstrated. The
effect of epitaxial strain in the V3 diffusion, D, has been also investi-
gated at room temperature. We have followed the time dependence of
the local EFM signal, after the distribution of V4 is locally modified
by the AFM tip bias, extracting the diffusion coefficient by fitting the
experimental data to the Fick’s diffusion law. Tensile strain enhances
considerably the vacancy diffusion coefficient by 350% for 2% strain
with respect to unstrained films, while moderate compression does not
show an appreciable effect.

Finally, given that SrTiO3 can be proposed as a promising candidate
to be used in ReRAM memories, we have explored some of the main re-
quirements for the applicability of these devices, such as tip bias, pulse
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time, reversibility and temperature over the local vacancy distribution in
the films. Some factors such as thermal stress and retention need to be
improved before considering the implementation of STO in ionic-based
devices.

The possibility for controlling the distribution of oxygen vacan-
cies at a nanoscale level in STO opens a route to use the movement of
anionic defects in new technologies. However, a material optimization
needs to be addressed to meet the requirements for competitive ReRAM
memories. In this sense, considering the results, strain-engineering can
play a major role to tune aspects such as mobility and diffusion of va-
cancies in STO. This mechanism could be extended to other transition
metal compounds.
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6. TiOg-Octahedral rotations
and ferroelectric-like

response in strained SrTiOs
thin films

People who have it too easy in early life have a disadvantage
for later on, because they get to thinking that everything is
going to be easy.

Mildred Dresselhaus. She was the first woman Institute
Professor and Professor Emerita of Physics and Electrical
Engineering at the Massachusetts Institute of Technology.

Most ABOj3 perovskites undergo structural distortions associated
with the tilt or rotation of the BOg octahedra about one or more of the
crystal axes in order to increase the bonding strength and coordination
number. As the metal-oxygen-metal (or in general, cation-anion-cation)
bond angles can influence the electronic structure of the materials, small
changes in the oxygen octahedra tilting have important implications on
the electronic and magnetic properties. The A-site substitution with
cations of different radii is an effective strategy to tune the degree of
the BOg octahedra rotation, which can profoundly affect the spin in-
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teraction along the crystal. Thus, the ability to control these rotations
in the perovskite structure is very important to understand structure-
property relationships and also to create multifunctional materials with
new properties [47,50].

Apart from the change in the cation size, epitaxial strain is an alter-
native tool for tuning the connectivity of the BOg octahedra [57,(176].
Nonetheless, it is becoming clear that the octahedral rotation mismatch
between substrate and film could potentially play a more dominant role
in controlling film distortions [177]. In addition to imposing epitaxial
strain on the film, the substrate force the BOg octahedra to stay con-
nected, transferring octahedral distortions and tiltings across the inter-
face and imprinting them into the film. This is particularly important
considering that most of the commercially available substrates used
for the growth of perovskite thin films present symmetries with robust
octahedral distortions, such as a_b*c™ in orthorhombic scandates or
a~a~a in LAO. Thus, Liao et al. [178]] reported the control of the mag-
netic and electronic properties in manganite heterostructures by trans-
ferring the octahedral rotations present in a NdGaOs substrate to the
Lay/3Sr;/3MnOj3 thin film. Therefore, a deterministic control over the
film distortions necessarily implies the understanding of how the oc-
tahedral units in perovskites respond to the strain and to the substrate
octahedral rotations [58]].

In this regard, one of the emerging properties that can be induced
by means of the octahedral rotations is the ferroelectricity. Octahedral
rotations by themselves cannot induce ferroelectric polarizations in the
perovskite structures, but combined with defects or even strain, they
can do so [48,|179]. This relationship has not been extensively stud-
ied too much from the theoretical standpoint, due to the complexity of
implementing the simulations [[180-182] and experimentally, due to the
problem to isolate the effect of the different parameters involved in the
phenomena.

Recently, A. Gruverman et al. [183]] reported a ferroelectric-like
response in LAO/STO heterostructures mediated by the electric field
induced by an AFM tip bias, which produces oxygen vacancy migra-
tion, similar to a previous report performed by C. B. Eom et al. [184].
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6. Octahedral rotations and ferroelectric-like response

Furthermore, although SrTiOj is an incipient ferroelectric that remains
paraelectric down to 0 K, epitaxial tensile strain can modify its deli-
cate state, turning it into a ferroelectric [[82]]. Given these reports, it is
therefore reasonable to expect that octahedral rotations as well as strain,
cationic and oxygen vacancies could play a major role in controlling the
ferroelectricity in STO thin films and more generally, in perovskites.

In this Chapter, we will present the results of experiments and ab-
initio simulations, focusing on the structural properties of the STO thin
films. The different octahedral rotation patterns of the films will be
determined experimentally as a function of strain, and by means of ab-
initio calculations we will address their origin. Afterwards, the ferro-
electricity in STO thin films under specific conditions will be studied,
examining which parameters are the most relevant to induce it, such as
strain, octahedral rotations or oxygen vacancies.

6.1 Strain-dependence of octahedral rotation
pattern

In perovskites, a progressive reduction of the ionic radius at the A
site is expected to induce a cooperative rotation of the BOg octahe-
dra, which could reduce the symmetry from cubic (¢ = 1) to tetragonal
(I4/mem), thombohedral (R33c, rotation along [111] axis), and or-
thorhombic (Pbnm or Pnma, rotation along [110] axis) as ¢ decreases
(see Chapter [I] Eq. [I.1]for more details).

STO is cubic at room temperature having no octahedral rotations
(a’a’a’) and t~1. Below 105K, a phase transition occurs in STO, which
becomes tetragonal with an out-of-phase rotation along the c-axis (a’a’c ™)
[[185]]; this is also true for 2%-Nb:STO.

Nevertheless, the presence of Vg, could introduce a distortion sim-
ilar to an average reduction of the ionic radius of the A cation, which
coupled with the effect of strain (and its cooperative nature) can dras-
tically change the configuration of octahedral rotations of the material.
In addition to epitaxial strain and defects, an alternative interfacial cou-
pling effect can also take place when an octahedral rotation mismatch
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between substrate and film exists. The mismatch of atomic displace-
ment at the heterointerface is generally accommodated by either de-
forming or rotating the oxygen octahedra in the film.

By determining the octahedral rotation pattern in the films, we can
investigate whether such rotations are controlled by the strain, cationic
vacancies or the rotation pattern of the substrate underneath. The dif-
ferent structures and octahedral distortions of the substrates are summa-
rized in Fig. [6.1] Both GSO and DSO present orthorhombic structure
with a distortion compatible with the space group Pnma, whereas LAO
is thombohedral with rotations described by the a—a"a~ (R3c space
group) tilting pattern in Glazer notation [59]. LSAT, STO and KTO
possess cubic structure without any rotations (a’b’c?).

LAO
Rhombohedral
aaa
(-2.91%)

KTO
Cubic
a%a%a’

(+2.14%)

——

DSO 2 . k"
Orthorhombic <
ab*c p. * >
(+1.15%) '\s *S
Figure 6.1: Summary of the phase and octahedral distortions of the substrates
studied in this Chapter, indicating the precise octahedral rotation pattern in

each case. The nominal degree of strain induced in STO thin films grown on
these substrates is also indicated in each case.

The different octahedral rotation patterns can be extracted by care-
fully investigating the presence or absence of X-Ray half-order reflec-
tions in the thin films, as explained in Chapter 2}

On the compressive side, the films exhibit in-phase rotation along
the a and b axes and lack of rotation along c axis, a*b*c® (Immm space
group), independently of the BOg rotation pattern of the substrate (Fig.
6.2). Consequently, we can conclude that under compressive strain the
substrate does not impose its own octahedral pattern on the films.
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Figure 6.2: High resolution reciprocal space maps around half-order reflec-
tions for compressive Nb:STO thin films. The reflections correspond to the
rotations pattern characteristic of a*b*c? found for samples grown on LAO
(a,b) and LSAT (d,e). c,f) Sketches showing the distortions of the films and
substrates.

However, the film grown under tensile strain on an orthorhombic
substrate with robust distortions (DSO, a~b*¢™) exhibits the same octa-
hedral configuration than the substrate underneath (see Fig. [6.3). There-
fore, the substrate has imprinted its characteristic octahedral rotation
pattern into the film.

However, the film grown on cubic KTO does not show hints of
any octahedral rotations, despite of the large tensile strain applied. This
indicates that the interfacial coupling could play a dominant role in con-
trolling the octahedral rotations pattern of the film under tensile stress.

Surprisingly, the film deposited on an STO substrate, in which
the lattice mismatch can be considered negligible, presents again the
atb*c® configuration compatible with a tetragonal distortion and de-
scribed by Immm space group (Fig. [6.4] a,b). Because from our ex-
periments it is not possible to determine the precise amplitude of the
octahedral rotation, which could be the same along the a and b axes,
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the tilt system can also be described as ata®c®, corresponding to the
I4/mmm space group.

" STO

o o thin film
ab*c
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(ab*c)
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< (/223

Figure 6.3: a-c) High resolution reciprocal space maps around half-order re-
flections for the sample grown on DSO under tensile strain. The reflections
correspond to the rotation pattern a~b*c™ characteristic of the space group
Pnma. d) Sketch showing the distortions of the film and the substrate.

Given the negligible lattice mismatch between the Nb:STO film
and the STO substrate, the distortion could be induced by the presence
of Vg, throughout the lattice of the film, which are introduced uninten-
tionally during the PLD deposition process.

Note also that the clear observation of the x-ray half order reflec-
tions in all cases implies that the tilting of the TiOg octahedra is prop-
agated along the whole sample, not just around a local vacancy. In
addition, as can be seen in Fig. @ c,d), the rotation pattern does not
change in films grown at very low POo, i.e. with a higher concentration
of oxygen vacancies. Therefore, oxygen vacancies can be ruled out as
the main source of the distortion.

The presence of Vg, introduces a distortion similar to an average
reduction of the ionic radius of the A cation. This decreases the toler-
ance factor below 1 and subjects the Sr-O (Ti-O) bonds to tensile (com-
pressive) strain, resulting in a rotation of the TiOg octahedra to accom-
modate this stress. The compressibility of Sr-O bonds is often larger
than the one of Ti-O bonds [53]], so that compressive stress goes in the
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same direction as the reduction of the ionic radius. Consistent with
this hypothesis, the same rotation pattern was observed for all the films
grown under compressive stress, either on cubic LSAT or orthorhom-
bic LAO, and also for the unstrained film on STO substrate due to the
presence of Sr>* vacancies.

E)N 5710 100mtorr (9N $T0 100mtorr

STO thin film
a*b*c?
a*(01/,3%/,) b*(/,03/,)
STO STO
1x10° torr % 1x10° torr
\ ] STO substrate
Q (a%a%a®)

a*(01/,3/,) b* (*/,03/;)

Figure 6.4: High resolution reciprocal space maps around half-order reflec-
tions for unstrained Nb:STO thin film on STO substrate. a, b) As-grown film
at 100 mTorr of oxygen pressure and c¢,d) film after a post-annealing procedure
at 1 x 10~ Torr. The rotation pattern observed corresponds to the space group
Immm (atbtc?) or I4/mmm (aTatcC). e) Sketch showing the distortions
of the film and the substrate.

Nevertheless, positive stress dominates over the effect of Vg,., im-
posing on the films the rotation pattern of the crystal underneath. These
results demonstrate that different octahedral rotation patterns are in-
duced in thin films prepared under similar conditions (identical compo-
sition) but subject to different degrees (and sign) of epitaxial stress (i.e.,
deposited on different substrates). This particular tuning of the octahe-

119



Lucia Iglesias Bernardo

dral configuration by means of strain, substrate rotations and/or cationic
vacancies has not been previously reported neither theoretically nor ex-
perimentally for Nb:STO thin films. The next step will be to understand
the mechanism that produces it. Once the mechanism is understood,
experiments can be designed in order to control it.

6.1.1 Origin of the distortions: ab-initio calculations

To determine the influence of the strain, cationic vacancies or substrate
distortions on the different octahedral configuration of the STO film,
we performed DFT calculations and coupled the results with the exper-
iments.

Computational details: The calculations were carried out using the
Wien2k code and the generalized gradient approximation (GGA) in the
PBE scheme. The values of the atomic sphere radii (R,,;) were chosen
as 1.87 a.u. for Ti, 2.5 a.u. for Sr and 1.69 a.u. for O. We used a
plane wave cut-off described by R,,,; /<= 6, and the values for the k-
mesh were 4 x4 x4 sampling of the full Brillouin zone. A pseudocubic
2x2x?2 supercell consisting of 40 atoms (8 Ti, 8 Sr and 24 O) was used.
Removing an oxygen in the structure to simulate the effect of an oxygen
vacancy represents a concentration close to 4%, which is comparable to
the experimental values (ranging from 2 to 4%) [106].

In order to find the appropriate computational parameters to describe
our system in the best possible manner, we decided to relax the initial
structure without rotations. Thus, we carried out a simple calculations
for the supercell without any rotations or oxygen vacancies, optimiz-
ing the volume, and the results can be seen in Fig. [6.5] for GGA-PBE
functional. The same calculations extracting an oxygen atom were also
performed. For this case, the optimized lattice constant is also overesti-
mated compared to the bulk parameter of the STO (a=3.905 A). How-
ever, the disagreement between lattice constant and experimental values
is less than 1% (less than 3% in volume), which is in good agreement
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with the reported in the literature [186L/187]. The increase in volume for
the system with the oxygen vacancy is fully consistent with the unit cell
expansion due to the larger ionic radius of the Ti** (0.81 A) compared
to Tit* (0.75 A).
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\I:l —0O— Oxygen vacancy
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Figure 6.5: Total energy as a function of the cell volume for a 2x2x2 super-
cell of stoichiometric STO (solid squares) and with an oxygen vacancy (open
squares). The energies were determined taking as a reference the ground state
of stoichiometric STO.

As a second step, we introduced the three possible octahedral rota-
tion patterns observed experimentally (a*tatc’, a~b*c™ and a’b’c) in
the structure with 40 atoms and strain between -6% to +6%. The simu-
lations were carried out using lattice constants very similar to those ob-
tained experimentally in STO thin films (see Chapter {). Consequently,
a=b were set according to the degree of strain chosen in each case, tak-
ing as a reference the experimental lattice parameter of STO in bulk
(a=3.905 A), and ¢ was determined assuming that the Poisson coeffi-
cient is conserved, i.e. v = 0.23 (more details in Chapter 4| and Fig.
4.5). Regarding the octahedra rotation angles in the structures, given
that there are no experimental data about it, a similar value (4°) to those
reported in the literature has been taken [188L/189]. During the simula-
tions, both in-plane and out-of-plane lattice constants were locked and
only the internal coordinates of the ions were relaxed until the conver-
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gence criteria were satisfied. The total energies are shown in Fig. [6.6]
for the structures under strain without any type of defects.
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LTJ, 200 | 2 a-b+c- |
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Figure 6.6: Energy versus strain for the different rotations patterns of TiOg oc-
tahedra in STO. The three structures observed experimentally are investigated:
Pm3m (a%°), I4/mmm (atatc?) and Pnma (a~btc™).

For compressive strain, the /4 /mmm phase is the most stable with
in-phase rotations around [100] and [010] axes, in completely agree-
ment with the experimental observations. On the contrary under tensile
stress, the orthorhombic Pnma has the lowest energy with tilt pattern
a~bTc™, also in full agreement with the experiments(Fig. . Never-
theless, at 0% strain, the three structures are very similar in energy and
our calculation cannot discriminate the most stable among them. As the
stress increases, both positive or negative, the energy of the three struc-
tures becomes different, being the cubic without rotations always the
less favourable. Therefore, apparently the strain explains the structures
observed experimentally for both, compressive and tensile stress.

To identify the origin of the distorted structure at 0% strain, similar
calculations were repeated by introducing an oxygen vacancy. Remov-
ing an O atom out of the system, reproduces a situation with ~4% of
vacancies. The results show that the Pnma phase is the most stable
over the entire range of strain we studied (Fig. a)). Thus, the intro-
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duction of an oxygen vacancy does not explain the rotations observed
at 0% strain.

The effect of a cationic vacancy on the octahedral rotation pattern
was also computed. To remove a Sr atom of the 2x2x2 supercell would
imply a non-realistic concentration of 12.5%, so that a 333 supercell
should be necessary to perform a more reasonable calculation. How-
ever, due to the excessive computational time demanding, the effect of
a Vg, can be alternatively simulated by substituting a Sr (Z=38) for a
Ca (Z=20). The results are shown in Fig. b), showing that Pnma
structure with (a~b*¢™) is the most stable independently of the degree
and sign of strain.

Therefore, we can conclude that neither V4 nor Vg, alone intro-
duce a substantial stabilization of the a_b*c™ observed experimentally.
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Figure 6.7: Energy versus strain for the three different phases observed exper-
imentally. a) Simulations introducing an oxygen vacancy and b) alternatively
substituting a Sr atom by a Ca.

6.2 Ferroelectric-like response

Haeni et al. [82] reported the emergence of ferroelectricity in strained
STO thin films at room-temperature. Particularly, they expected in-
plane polarization in tensile strained thin films, whereas the compres-
sive stress would not produce a similar effect at room-temperature. Since

123



Lucia Iglesias Bernardo

we have determined that epitaxial strain has such a large effect in de-
termining the rotation pattern of the STO thin films, the influence of
the different octahedral configurations on a possible ferroelectric (FE)
response will be studied in this Section.

Typical signatures of a ferroelectric system include a change in the
phase and also the presence of domain walls in th PFM signal, which
characterize the local orientation of the polarization within the material
[190-192]. In addition, the measurement of a hysteresis loop of the
electromechanical response of an AFM tip as a function of applied dc
bias, is often interpreted as an indicator of ferroelectricity. However, the
interpretation of ferroelectric-like characteristics in local AFM probes
as an evidence for the ferroelectric nature of the system has resulted in
multiple controversies [193-195]]. The observation of a PFM hysteresis
loop can be originated from mechanisms different from ferroelectricity.
For instance, electrostatic interactions between the tip and sample [[196]],
hysteretic surface charging [197] or ionic mechanism [198] can also
exhibit electromechanical hysteresis.

We have observed a FE-like response (~180° phase change and do-
main walls in the PFM response) in the STO films deposited on LAO,
LSAT and STO. The result can be seen in Fig. which shows a
sudden change in the phase and amplitude signals in the area where a
negative tip bias had previously been applied (i.e. higher oxygen va-
cancy concentration) for a thin film grown on LSAT. The effect is not
appreciated in the zone poled with positive voltage (i.e. lower oxy-
gen vacancy concentration). Same phenomena are also present in other
films under compressive and at 0% strain (deposited on LAO and STO
substrates) but not in tensile strained films, which present a completely
different octahedral configuration. Furthermore, the change in the am-
plitude and phase disappears at short times (approximately 20 minutes),
demonstrating that the oxygen vacancies and their local concentration
can play a major role in the observation of the ferroelectric response.
These hints suggest the existence of an interplay between certain oc-
tahedral rotation patterns and the presence of a high concentration of
oxygen vacancies, which can give rise to a polar distortion and there-
fore to the ferroelectric response in PFM measurements.
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Figure 6.8: Amplitude (a,d) and phase (b,e) contrast of EFM images of a STO
thin films deposited on an LSAT substrates under compressive strain. c,f) The
profiles of the phase signal corresponding to b and e images, respectively. The
surface of the sample was previously poled £10V, as is indicated on the images
aand d.

Given the intense debate over the interpretation of the ferroelectric
signatures from the PFM signals, in this Thesis we decided to address
this issue from the theoretical point of view, trying to elucidate the role
of the octahedral rotations and/or oxygen vacancies in the ferroelectric-
ity of STO thin films.

6.2.1 Cooperative octahedral rotations and polariza-
tion: ab-initio calculations

Computational details: In this Section, the structural properties and
ferroelectric polarization of different structures were calculated using
the VASP package, based on the the projector-augmented wave method
(see section 3.3 for more details). GGA-PBE [117]], LDA and
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PBEsol [[118]] XC functionals are used for comparative studies. An en-
ergy cut-off of 600 eV is used to truncate the plane wave basis. Cells
containing 5 atoms were used with 8 x8x8 centered k-point sampling,
meanwhile for the supercells of 20, 40 and 80 atoms 6 x6x4, 4x4x4
and 3x3 x4 centered k-points were utilized, respectively. The atomic
coordinates were relaxed until the total energy is smaller than 10-¢ eV
between two ionic steps. The spontaneous polarization of the cells with-
out defects was calculated either with the Berry phase method [[126] or
the method proposed by Meyer and Vanderbilt using the BEC [125]].

The first step is to choose the more accurate XC functional to perform
simulations in our system. For that, we determined structural proper-
ties such as lattice parameter a, cell volume and energy of the ground
state for cubic STO without any rotations or distortions using the dif-
ferent XC functional considered. The results are showed in Table [6.1]
As can be seen, the lattice parameters and the cell volumes are over-
estimated and underestimated by the PBE and LDA functionals, re-
spectively. These results are consistent with the well-known underbind-
ing (PBE) and overbinding (LDA) problems for these two functionals.
Meanwhile, the lattice parameter predicted using the PBESol functional
is also overestimated, but to a lesser extend than estimated by the PBE
functional. However, despite of the deviation from experimental value
(a=3.905 A), the error only exceeds the 1% in the case of PBE.

PBE | LDA | PBESol
a=b=c (A) | 3.96 | 3.88 3.93
Volume (A%) | 61.89 | 58.58 | 60.60
s (%) +1.28 | -0.55 | +0.58
E (eV) -39.69 | -43.82 | -33.05

Table 6.1: Structural properties of SrTiO3 Pm3m phase, including the lattice
parameter (A), the unit cell volume (A?), theoretical strain (s(%)) taking the
experimental value (3.905 A) as a reference, and the ground state energy (eV).
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Additionally, we performed various tests comparing the results for
the three functionals in order to compare the experimental and theo-
retical values, and find the functional which provides a better physical
description of our system. First, we impose an out-of-plane polarization
in the 5-atom cell, moving the Ti along the c-axis direction (see Fig. [6.9]
a) and then relax the internal coordinates positions to see if the polar-
ization is kept. The same calculations were also carried out by shifting
the Ti in the [110] direction (in-plane polarization) as illustrated in Fig.

6Ib).

a) Polarization out-of-plane b) Polarization in-plane

.Sr

@ T

PI o9 o °

Figure 6.9: Sketch indicating the direction of the polarization. a) Out-of-plane
polarization, the Ti-displacement is produced along the [001] direction. b) In-
plane polarization along the [110] direction.

These calculations were performed for different degrees of strain,
both positive and negative. Lattice parameters a=b were calculated
for each degree of strain taking the experimental value as a reference
(a=3.905A). Then, ¢ parameter was determined according to the Pois-
son’s ratio (¢=0.23). This value of ¢ is denoted as ¢ = 0% in Figs. |6.10
and[6.11] For each value of strain, ¢ is varied by a percentage respect to
the ¢ = 0% value and the structure is relaxed each time.

The results for out-of-plane polarization are shown in Fig. [6.10]
for PBE, LDA and PBESol. The energy curves for LDA and PBESol
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exhibit a clear distinguishable minimum independently of the sign and
magnitude of strain. Nevertheless, the energy minimum is uncertain for
PBE functional, for positive and negative strain values. For example, in
Fig. [6.10]a) the energy curve corresponding to -3% of strain presents a
flattening for high values of ¢, being difficult to determine the minimum
unambiguously.
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Figure 6.10: Energy versus c axis value after the relaxation setting the polar-
ization along the out-of-plane direction. Simulations were performed for PBE
(a,d), LDA (b,e) and PBESol (c, f) functionals.

Comparable calculations performed fixing the in-plane polarization
do not exhibit this artifact independently of the XC functional used, as
can be seen in Fig. [6.11] By plotting the optimized c-axes obtained
for out-of-plane and in-plane polarizations as a function of the a-axis, a
clear overestimation of c is evident by PBE functional and out-of-plane
polarization, especially for compressive strain (Fig. d). This ar-
tifact is called supertetragonality and it has been previously reported
in the literature [199,200]]. The lattice distortion that we introduced is
driven by the Ti off-center displacement along the respective polariza-
tion directions ([001] and [110]). This produces an imbalance between
two nonequivalent Ti-O bonding interactions: shorter Ti-O has the more
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covalent character, while longer Ti-O bond presents ionic character.
LDA functional tends to homogenize the electron density, smearing out
the differences between the shorter and longer Ti-O bonds. Therefore,
the Ti off-center displacement and the distortion of the lattice parame-
ters are underestimated.
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Figure 6.11: Energy versus c axis value after the relaxation setting the po-
larization along the in-plane direction. Simulations were performed for PBE
(a,d), LDA (b,e) and PBESol (c, f) functionals.

However, PBE is designed to soften the overestimated bonding cal-
culated by LDA, favouring stronger bondings (i.e. covalent and metal-
lic bonds) and thus underestimates the relatively weak bonds (i.e. ionic
bonds). Thus, the short Ti-O bond is energetically favoured by PBE,
producing the supertetragonality artifact [199]. Similar phenomenol-
ogy is also observed for PBESol, although much less pronounced and
only in the case of -3% of compressive strain. It is worth noting that
by comparing these results with the experimental values (Fig. [6.12] d-
), PBESol is clearly the functional that provides the best comparison
with experimental values and therefore, this will be the XC functional
chosen to perform the simulations from now on the rest of the Chapter.
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Figure 6.12: Energy versus strain for optimized values of c at each value
of strain using PBE (a), LDA (b) and PBESol (c). Optimized value of c as
a function of the a-lattice parameter for PBE (d), LDA (e) and PBESol (f).
All simulations were performed for out-of-plane (solid symbols) and in-plane
polarization (open symbols). In d-f) the experimental values are also plotted
for comparison with the theoretical predictions (solid orange circles).

The atomic displacements between Ti-O, which indicates the off-
centering of Ti cation, were determined in the relaxed structures using
the PBESol and is shown in Fig. a) as a function of strain. The
out-of-plane polarization is favoured by compressive strain, whereas it
vanishes under large tensile strain. On the contrary, in-plane polariza-
tion exhibits the opposite trend.

Moreover, Fig. [6.13] b) shows the dependence of the polarization
calculated by Berry phase method on epitaxial strain. The maximum
values of the polarization are close to 40 uCcm~2 for out-of-plane po-
larization under -3% of compressive strain and in-plane polarization for
+3% of tensile strain. These polarization values are comparable with
those estimated by Berry phase formalism for (111) epitaxially strained
BaTiO; (P,=25 ;«Ccm~?2) and lower than PbTiO3 (P,=80 ;«Ccm—2).
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Figure 6.13: Relative Ti-O displacement (a) and polarization (b) as a func-
tion of strain determined for the relaxed structures, for the out-of-plane and
in-plane polarizations. The spontaneous polarization were calculated using
the Berry phase method, taking the difference between a paraelectric structure
(SrTiO3 unit cell without any distortions) and the ferroelectric structures after
the relaxation.

The next step is considering space groups with distinct octahedral
tilting and polarization direction, in search of the ground state and the
complete phase diagram of the stoichiometric system. The space groups
used are summarized in Table [6.2] following the notation of Stokes et
al [201]]. This notation expresses in a compact way both the tilt system
and the distortion caused by the displacement of the cations. The su-
perscripts denote the octahedra tilts, while the subscripts + and — mean
ferroelectric B-cation (Ti in this case) displacements along a given axis.
The space group with the rotations observed in the STO below 105 K
(i.e. a%’c™) is among the phases studied, considering the polariza-
tion in the [110] and [100] directions. Furthermore, the structure that
represents the octahedral rotation pattern experimentally observed for
compressive strain is chosen (/4mmm), considering in-plane polariza-
tion (I4mm) and out-of-plane polarization (F'mm2(IT)). Space groups
Fmmm and Ima2(11) with rotations out-of-phase around the in-plane
axes are included for comparison.

The total energies of the superlattices with different symmetries
are calculated varying the strain from -2% to +2% (Fig. [0.14). The
lattice parameters used are those previously optimized using PBESol
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Space group | Rotations | Polarization | System | N° atoms

[4/mcm a%a’c™ 000 ajadc, 20
Ima2 a’a’c™ pp0 alalcy 20
Fmm?2 a%a’c™ p00 alagc, 40
Fmmm a~a’c® 000 ag aycy 40
Ima2(II) a—a ¢! pp0 aja;c) 20
[4mmm atatc’ 000 agag cy 40
[4mm atatc’ 00p agagch 40
Fmm?2(II) atatcl pp0 atalc) 40

Table 6.2: Space groups considered in this Section. The principal charac-
teristics of these phases are also indicated: octahedral rotation pattern around
the pseudocubic axes, Cartesian coordinates of the polarization vector and the
atoms that composed the supercell in each case.

functional (see Fig. [6.12)), which are closest to the experimental results.
In absence of strain, the ground state is the non-polar /4/mcm phase,
which represents the structure of STO at low temperatures, overlapping
in energy with the polar structures with the same octahedral rotation pat-
tern (Ima2 and F'mm?2) and the space groups F'mmm and Ima2(I1)
with out-of-phase and in-plane rotations. However, the structures ob-
served experimentally are less stable, having higher energy.

In addition, the variation of the rotation angles also shows a trend
with strain. Space groups with out-of-plane tilts increase the degree of
rotation for compressive stress and decrease for tensile strains. By con-
trast, space groups with ata®c® present the opposite trend, meanwhile
Fmmm and I'ma2(II) phases do not show appreciable variations in
the range of strains studied (see Fig. b).

For compressive strain, the phase diagram splits in three branches
with clearly differentiated energies, each of them containing the sys-
tems with the same rotation pattern regardless of whether they are polar
or non-polar. The space groups with a’a’c~ configuration are the most
stable. Then, the symmetries with out-of-phase and in-plane rotations
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(Fmmm and Ima2(I1)) are higher in energy (about ~30 meV) with
respect to the first ones. And lastly, the group of the phases with a™a*c®
are the least favourable configuration among those studied, although
this is the configuration experimentally observed. Therefore, the octa-
hedral configuration seems to play a major role, being quite difficult to
stabilize a tilt system different from a’a’c™~ under compressive strain.

The situation for tensile strains is completely different. /ma2(/1)
is the most stable phase for all the range of positive strain studied. How-
ever, the other phases are very close in energy, despite of them being
less stable, and well-defined branches cannot be observed as in the case
of compressive stress. This remarkable result indicates the existence
of phases with very similar energy, suggesting that metastable phases
could exist in the phase diagram for tensile strain. Therefore, the prop-
erties of the samples under positive stress could be very sensitive to
growth conditions and also to the octahedral rotation pattern imposed
by the substrate, which coincides with experimental observations.
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Figure 6.14: a) Free energy of the different phases considered in this Thesis
and detailed in Table [6.2|as a function of strain. The energy of high-symmetry
P4/mmm phase is taken as reference. b) Average rotation angles determined
after the relaxation for the space groups considered in this Section. The angles
are determined for the axes around which octahedral rotation exists in each
space group. The legend is common to both panels.

After the atomic relaxation, the total polarization was estimated by
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using either BEC and Berry phase method. The results obtained with
BEC are shown on Fig. For clarity, the space groups are separated
in 3 groups, which possess the same rotations although different initial
polarization directions. The first group characterized by the a’a’c™ rota-
tion pattern exhibit in-plane polarization for tensile strain (Fig. [6.15]a)),
similar result is obtained for the second group (F'mm2 and Ima2l1,
Fig. b).

Nevertheless, the third group, which is composed of the symme-
tries with the rotations observed experimentally (a*a*c"), shows po-
larization for both compressive and tensile strain. Under tensile stress,
the symmetry denoted as F'mm?2(I1) preserves the in-plane polariza-
tion, whereas the I4mm (ajag ¢?) symmetry is the only one that can
stabilize the spontaneous polarization for compressive strain (out-of-
plane polarization). The latter result is completely in agreement with
the experimental evidences, which point out to the appearance of a FE
response only for samples with the ata®™c® octahedral configuration.
Moreover, these results are in accordance with other studies already re-
ported in the literature for STO [202,203], which consider some of the
space groups studied in this Thesis.

The ferroelectric instability of perovskite compounds is dependent
on the volume and more generally strongly affected by strain. Since
ferroelectricity is a collective phenomenon, when an atom is displaced
from its position, it feels a force that tries to brings it back to its initial
position. Moreover, when the volume is reduced, the ferroelectric insta-
bility is progressively suppressed. For this reason, it is very difficult to
retain the polarization for compressive strain.

It is worth noting that despite of the high distortion imposed to the
different space groups due to the large negative or positive strain, the
symmetry after the relaxation is conserved in all the cases studied. This
was verified using the free software ISOCIF [204]).

Since the BEC method often fails to provide numerical values in
agreement with those reported experimentally, the spontaneous polar-
ization has also been estimated by means the Berry phase method, which
is based on a more sophisticated theoretical scheme and gives more ac-
curate results compared to experiments [205-207].
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Figure 6.15: Spontaneous polarization estimated by BEC (a-c) and Berry
phase approach (d-e) for the symmetries studied in this Section. The results
are grouped by space groups with similar rotations but different initial polar-
ization, a, d) a%a’c~ octahedral configuration, b, e) a~a’c” ora—a—c” and c, f)
atatc pattern.

Despite of the problems of the BEC method to provide accurate
numerical values, the trend predicted by this model is reliable, so that
only symmetries and strains that already exhibited polarization by the
BEC method were also studied through the Berry phase formalism. The
results are shown on Fig. d-f), the values for 2% tensile strain
ranging from ~20 to ~33 pC/cm? and for compressive strain values of
~17 uClecm? for -2% of strain and ~10 ;C/cm? for -1% are obtained.

These values are slightly higher than other experimentally reported,
for example, in SrTiOs ultrathin films deposited on Si (001) (P~9 1C/cm?)
[208] and comparable with the value of ~20-30 xC/cm? for the BaTiOs
[200,209], which is the exemplary room temperature ferroelectric. How-
ever, the values of the spontaneous polarization are far from those of
other typical ferroelectric materials, such as BiFeOs3 (P~80-100 C/cm?)
[210-212] or PbTiO3 (P~70-80 pC/cm?) [200].
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The results can be summarized in the phase diagram shown in
Fig. [6.16] from which two main conclusions can be extracted: i) ten-
sile strain favours in-plane polarization along the direction [110] (or
[100],[010]) for several symmetries with different octahedral rotation
patterns. In-plane polarization is not observed in any case under com-
pressive strain; ii) out-of-plane polarization can only be stabilized un-
der compressive strain and for the symmetry with ata®™c® octahedral
configuration, which is completely in agreement with the experimental
observations of the previous Section. Therefore, we can conclude that
octahedral rotations could be the key factor to stabilize out-of-plane po-
larization in STO under compressive strain.

Polarization

Figure 6.16: Phase diagram summarizes the results of the simulations for
the different space groups considered in this Thesis. Compressive strain only
stabilizes out-of-plane polarization with the ata®c? rotation pattern, however
several octahedral configurations can exhibit in-plane polarization for tensile
stress. Arrows indicate the direction of the polarization.

6.2.2 Oxygen vacancy influence on the polarization: ab-
initio calculations

Once the effect of the different rotation patterns on the ferroelectric re-
sponse was examined, we introduce an oxygen vacancy in the simula-
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6. Octahedral rotations and ferroelectric-like response

tions to study the interplay between rotations, strain, defects and FE.
In ferroelectric materials, there is a delicate balance between the short-
range repulsion, which favours the non-polar structure and the long-
range Coulomb interaction which favours the ferroelectric state. Free
carriers, as those donated by the oxygen vacancies, can screen out the
long-range Coulomb interaction, reducing the polar distortion. Unfortu-
nately, the most oxygen-deficient systems present a metallic band struc-
ture where both the Born effective charge calculation and Berry phase
method fail [213]]. Nevertheless, in practical ferroelectrics, polarization
still exists in spite of the inevitable presence of oxygen vacancies and
the material being semiconductor or insulator.

The idea of our approach here is to demonstrate that the combina-
tion of rotations and oxygen vacancies may give rise to a polar distor-
tion. To demonstrate this premise, the simulations in this Section were
performed for all the space groups studied previously. As starting struc-
tures we took those already relaxed in the previous Section, and a new
relaxation was carried out introducing a vacancy in each symmetry. Fur-
thermore, two scenarios were considered to explore the influence of the
vacancy site on the energetics: one with an apical oxygen vacancy and
other with an equatorial one. In addition, the unit cells were doubled
with respect to those used in the previous Section to ensure a concentra-
tion of oxygen vacancies similar to experiments and test the long-range
distortions caused by the presence of an oxygen vacancy. Thus, the
cells with 20 and 40 atoms were doubled until reach 40 and 80 atoms,
respectively (oxygen concentration of 2% and 4%). The k-mesh was
adjusted for the supercells of 40 and 80 atoms to 4 x4 x4 and 3x3x4,
respectively.

In general, removing an oxygen atom from the lattice pushes the
cations (Sr and Ti) away from the vacancy and attracts the anions (O),
to redistribute the charge and minimize the forces. The results of the
relative energies of all the space groups as a function of strain after the
atomic relaxation are shown in Fig. As a general trend, under
tensile stress, the effects of an apical or an equatorial oxygen vacancy
are not reflected in the total energy, presenting a very close energy for
both phases or even being indistinguishable the effect of the vacancy
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site in some cases.

For large compressive strains the energies of the phases with an
apical or an equatorial vacancy are different in all cases. Interestingly,
the structure with an equatorial oxygen vacancy is always more stable
than an apical vacancy for all the space groups, with a larger difference
for the space groups with ata®c? rotations. These results demonstrate
that an equatorial vacancy is always more favourable for compressive
strain. Furthermore, it is also worth mentioning that independently of
the space group (and hence of the rotations) the structure with the vacan-
cies is always more stable for tensile stress than compressively strained
one.
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Figure 6.17: Total energy as a function of strain for the space groups consid-
ered with two distinct oxygen vacancy sites, apical and equatorial. a-c) Space
groups with a%a’c™, d) a—a%", e) a"a—c” and f-h) atatc rotation patterns.

As mentioned before, the presence of vacancies in the structures
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6. Octahedral rotations and ferroelectric-like response

turns the system conducting and both Berry phase and BEC produce
unreliable results. Alternatively, a quantitative analysis of the atomic
displacements based on the symmetry-modes and their relative ampli-
tudes is equally valid to detect polar distortions [214-216]. This analy-
sis consists in the comparative between high and low symmetry phases,
determining the atomic displacements that relate them and calculating
the amplitudes and polarization vectors of the distortion of different
symmetry frozen in the structure.

Distorted structures are often related to their higher-symmetry struc-
ture by different phase transitions, among which ferroic phase transi-
tions are those of interest in this study. The presence of these polar
modes indicates a polar distortion in the relaxed structure that can lead
to the ferroelectric-like response observed experimentally. The analysis
was performed using the free software available on the Bilbao Crystallo-
graphic Server called AMPLIMODES [217]. P4mmm high-symmetry
structure, which does not present any rotations or distortions, was used
in all the analysis as the reference structure.

The decomposition mode analysis performed to the phases with an
apical or an equatorial vacancy is shown in Fig. in which the am-
plitude of the polar mode (I'S™) is represented. This is the only polar
instability obtained in the analysis. Other modes corresponding with
strain (I'1") and rotations (A5*, A1~, M3, etc.) are present when per-
forming the analysis but are not considered here since they are not polar
and therefore cannot be the source of the polar distortion observed ex-
perimentally. Under the light of the results, it is clear that the I'5™ polar
instability develops in some phases by introducing oxygen vacancies in
the simulations.

In the /4/mcem phase no polar distortion appears independently
of the presence of vacancies, and the same is true for /ma2 when an
equatorial vacancy is introduced (Fig. b). This phase shows polar
instability for positive stress with an apical vacancy, which is a similar
result to that obtained in the previous Section without the presence of
oxygen vacancies. Similarly, F'mm2 also exhibits the same behaviour
with an apical vacancy, but in addition the polar instability for an equa-
torial vacancy appears under compressive strain and it is suppresed as
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the strain becomes positive (Fig. [6.18]c).

In the phases with a*a®c? rotation pattern (Fig. f-g), the polar

mode emerges independently of the vacancy site. Both /4mmm and
I4mm present similar values and trends of the amplitude of I'5™ mode
as a function of strain, showing a maximum for compressive stress and
decreasing as the strain becomes positive, indicating that, as seen in the
previous Section, compressive strain favours the observation of polar
distortion for this particular rotation pattern. Nevertheless, although
Fmm2(11) presents the same tendency with strain as the other phases
with similar rotations, the amplitude of the I'5™ instability gives the
same value independently of the vacancy site.
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Figure 6.18: Amplitude of the I'5™ polar mode as a function of strain for the
space groups considered with two distinct oxygen vacancy sites, apical (open

triangles) and equatorial (solid circles). a-c) Space groups with a’a’
c—,e)a"a"c’ and f-h) atatc? rotation patterns.

a_ao

140

¢, d



6. Octahedral rotations and ferroelectric-like response

In conclusion, the results obtained from the simulations confirm
that the rotation pattern a*a™c® determined for thin films grown under
compressive strain favours an out-of-plane polarization (see Fig. 6.15)
and, in addition, the introduction of oxygen vacancies stabilizes this po-
lar distortion, which is in agreement with the experimental observations
and points out to an interplay between a particular octahedral configura-
tion and oxygen vacancies to cause a ferroelectric response in the STO
films.

6.3 Summary

We have found the films grown under the same conditions on top of dif-
ferent substrates (some of them with distortions) exhibit distinct config-
urations of the cooperative octahedral rotations depending on the strain
and the rotations of the substrate underneath. Even samples without
strain grown on top of cubic undistorted STO substrate present octahe-
dral rotations compatible with I4mmm (a*a"c®) space group, which
suggest a major role of the defects in producing them.

In this Chapter, we performed DFT simulations to unravel the ef-
fect of strain and defects on the octahedral rotation patterns observed
experimentally. Strain is responsible of the octahedral configurations
determined for positive and negative stress. Meanwhile, the cause of
the rotations in the films without strain seems to be related with the
presence of cationic defects, which produce an effect similar to the de-
crease of the tolerance factor.

On the other hand, we observed experimentally a FE-like response
in thin films grown under compressive strain, and presenting a rotation
pattern of the type a*atc’. Moreover, this local ferroelectricity only
emerges when the sample possesses a high concentration of oxygen va-
cancies, indicating the possibility of a coupling between rotations and
oxygen vacancies. In order to prove this assumption, we carried out
ab-initio calculations considering several space groups with diverse dis-
tortions and polarization directions. Among the studied groups, only
the space group with the a*a™c® rotations stabilizes a spontaneous out-
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of-plane polarization under compressive strain. This demonstrates that
a particular octahedral configuration could promote the stabilization
of the polarization. Additionally, the effect of oxygen vacancies was
added, also performing simulations that considers distinct vacancy sites,
apical or equatorial. The results show the existence of a polar mode in
the space groups with the ata*c? pattern, whose amplitude is maximum
for compressive strain and decreases when the strain becomes positive.

The results of the simulations point out in the same direction as the
experimental observations, meaning that the rotations could be coupled
with the oxygen vacancies to induce a polar distortion under compres-
sive strain, which gives a response similar to a FE material. Despite
the fact that our analysis has been focused on STO polarization, the
coupling between rotations, strain and oxygen vacancies demonstrated
here could be extended to other perovskites as a general rule to achieve
controllable ferroelectricity in thin films.
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7. Transport properties of
strained SrTiO3 thin films

Women are not going to arrive, they are here.

Margarita Salas, researcher in Biochemistry and Molecular
Genetics. A pioneer woman researcher in Spain.

As discussed in the previous chapters, the presence of (a consider-
able amount of) ionized oxygen and cationic vacancies plays a very im-
portant role in the stabilization of epitaxial stress in SrTiOj3 thin films,
as well as on the ionic/electronic conductivity and ferroelectric polar-
ization of this material.

Hall effect measurements discussed in Chapter 4 showed an in-
creasing amount of free electrons as oxygen pressure decreases, both
during deposition or in post-deposition high temperature annealing. We
have established that oxygen vacancies donate two electrons to the con-
duction band of STO, so that this increase in carrier density is undoubt-
edly related to an increasing amount of oxygen vacancies.

An important question is whether part of these electrons remain lo-
calized forming well defined local magnetic moments at the Ti** (d*)
sites. This is crucial, given the rich magnetotransport phenomenology
observed in conducting LAO/STO interfaces [7-9]] and LnTiO3/STO/
ATiO3 (A=Sm, Gd) magnetic quantum wells [218], including the char-
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acteristic low temperature upturn in the electrical resistivity of the 2DEG
at the (001) LAO/STO interface, which is commonly associated to Kondo
effect [219,[220].

In this regard, Rice et al. [221]] observed the emergence of a net
magnetic moment in oxygen-deficient STO crystals below T~18 K, af-
ter irradiation of the crystal with polarized light (A =405 nm). The
optically induced magnetization persisted for hours below 10 K, and
only occurs in crystals containing oxygen vacancies, demonstrating the
coupling between magnetism and ionic defects in STO.

On the other hand, a Kondo-like phenomenology was also reported
in electrolyte-gated STO crystals, which suggests that this effect (whether
it is Kondo effect or not [222]]) may be related to the interaction between
the conduction electrons and the local Ti™® moments inevitably associ-
ated to the presence of oxygen vacancies in SrTiO3 [223].

Therefore, a deeper understanding of the effect of oxygen vacancies
in the magnetotransport properties of STO thin films becomes very im-
portant, in particular with the aim to elucidate the role of defects on the
phenomenology observed in the LAO/STO interface [5, 157,224,225]].

In this Chapter we will describe the main results of our study of
the magneto-transport properties of the STO thin films fabricated under
different conditions. The resistivity and magnetoresistance of the films
under different degree of epitaxial strain is discussed, as well as the
possible existence of Kondo effect and other alternative possibilities to
explain this interesting phenomenology.

7.1 Out-of-plane magnetoresistance

In 2010, Caviglia et al. [226] reported the observation of Rashba ef-
fect in the 2DEG confined at the (001) LAO/STO interface. The lack of
interfacial inversion symmetry of the heterostructure originates a large
electric field (£) perpendicular to the plane in which the 2DEG is re-
stricted to move. As a result, the conducting electrons will experience a
magnetic field (the spin-orbit field, B = E x p/mc?) which couples to
its spin (the spin-orbit coupling), and produces a splitting of the bands
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at the Fermi energy (Er) for opposite spin momentum. What is very in-
teresting is that because the strength of the Rashba spin-orbit coupling
depends on the electric field at the interface, it can be tuned through a
voltage in a field-effect transistor configuration. Using this approach,
Caviglia et al. [226]] as well as Ben Shalom et al. [227]] tuned the spin-
orbit interaction in the 2DEG until it condenses into a superconduct-
ing state below ~0.3-0.4 K. This was a remarkable discovery, and sug-
gested an unconventional order parameter related to some type of spin
fluctuations to explain superconductivity in STO, like in heavy-fermion
superconductors [228,[229].

However, it must be remembered that superconductivity was al-
ready reported in oxygen deficient SrTiO3 in 1964 by Schooley, Hosler,
and Cohen [69]. Later on, Baratoff and Binning observed the simulta-
neous reduction of T, and the contribution of the longitudinal-optical
(LO) phonon modes to the resistivity of Nb:STO [230], and suggested
the main role played by polar modes in the superconducting state of
this oxide. Recent experiments in strained thin films of (La,Sm):SrTiO;
reinforced the conclusion of a proximity between a ferroelectric and a
superconducting phase in e-doped STO [231].

But more importantly, irrespective of the nature of the supercon-
ducting state, it has been demonstrated that lightly e-doped (oxygen
deficient) STO shows a T.~0.25 K-0.6 K, very similar to the supercon-
ducting critical temperatures reported for E-gated LAO/STO interfaces.

In Chapter 5| we showed how a local electric field may modulate the
local concentration of oxygen vacancies and therefore, the local electri-
cal conductivity. The effect of an electric field applied to the interface
in a field-effect transistor configuration, may therefore modify the local
concentration of oxygen vacancies, which accumulate at the interface to
the concentration required to form the superconducting state. The effect
of the electric field in this scenario will be to change the local electron-
density, moving T. across the superconducting dome reported by other
authors in oxygen deficient STO [230]]. In view of this possibility, the
origin of the superconducting state and the conclusions about the role
of Rashba spin-orbit coupling in the transport properties of LAO/STO
interfaces should be revised.
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To probe this hypothesis, we measured the electrical resistance and
charge density (n) as a function of temperature for a series of samples
with different thicknesses deposited on LAO and LSAT (s = —1.15%
and s = —0.95%), respectively), as can be seen in Fig. [7.1
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Figure 7.1: a) Sketch of the set-up used to measure the resistivity and the mag-
netoresistance of the samples, with the magnetic field applied in-plane (H;;,)
or out-of-plane (H,,). ¢ indicates the angles between the in-plane magnetic
field and the current that flows along the Hall bar. b) Hall resistance for the
19 nm film grown on LAO, at different temperatures. c¢) Temperature depen-
dence of resistivity and d) carrier density, for thin films on LSAT and LAO.
The thickness of each film is indicated in ¢) and d). The arrows in ¢) indicate
the temperature of the resistivity minimum (T,;,,).

The temperature dependence of the resistivity exhibits a metallic-
like behavior at high temperature (T>T,,;,,), with an increasing number
of carriers as temperature increases, which suggests a thermally acti-
vated contribution. At low temperatures (T<T,,;,), the resistivity shows
an upturn similar to a Kondo effect, irrespectively of the substrate and/or
thickness of the sample.

Since the samples were deposited side-by-side, a similar density
of oxygen vacancies is expected a priori. However, the larger carrier
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density and smaller rise of the resistivity in the film deposited on LSAT
suggests a smaller density of defects in this sample, with respect to those
grown on LAO.

In this regard, Bergmann [232,233]] showed that the resistance of
two-dimensional electronic conductor shows deviations from classical
conductivity (Drude formula) caused by quantum corrections. This ef-
fect due to interference of self-crossing trajectories between random
scattering events, resulting in an increased resistivity, the so-called Weak
Localization (WL) effect [234]]. Given that the probability of these self-
crossing trajectories decreases as dimensionality increases, the WL con-
tribution is more relevant in the conductivity of thin films. Also, the dis-
order created by the presence of oxygen vacancies would act as random
scattering sites, resulting in a diffusive rather than ballistic propagation
of the electrons in the system. Inelastic electron-electron (e — e) or
electron-phonon (e — ph) scattering also reduce the number of coher-
ent scattering events, and therefore, the number of loops contributing
to WL. The total change in the conductance due to WL, taking into
account the inelastic scattering time 7; is therefore [234]:

WL
Ao x In <E> (7.1)

g Ti

where 7, is the elastic scattering time. What is important for our
discussion is that the time-reversed paths of WL are a consequence
of preservation of the time reversal symmetry. Therefore, the applica-
tion of a perpendicular magnetic field B that breaks this symmetry also
reduces the probability of WL, and restores partially the conductance
(positive magnetoconductance).

On the other hand, the presence of a strong spin-orbit coupling
modifies completely this picture: the spin of the diffusive electron ro-
tates and randomizes as it travels around the self-intersecting trajec-
tories, which leads to destructive interferences. This is the so-called
Weak Anti-localization (WAL) effect. In this case, a perpendicular B
suppresses this positive contribution, and therefore decreases the con-
ductance (negative magnetoconductance).

Thus, taking all these contributions to ¢ into account, the shape of
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the magnetoconductance curves at a given temperature depends on the
relative magnitude of their characteristic relaxation times, 7;, 7. and the
spin-orbit scattering time (7,) (see Figl7.2)).
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Figure 7.2: The electrical conductance for a ~2D conductor as a function of
the applied magnetic field. Three regimes can be observed depending on the
relative value of the different scattering times: i) for 7. <7; <75,, WL dominates
showing positive conductance (green curve); ii) for 7. <7s,<T7;, crossover be-
tween WL and WAL regimes, i.e. a negative conductance appears at low field
followed by a positive one at higher fields (red line); and iii) for 75,~7.<T;,
dominating WAL results in a negative conductance in the whole range of B
(blue line).

We measured the electrical resistance (1/0) at different tempera-
tures under the influence of an increasing perpendicular magnetic field
for a series of 19 nm-thick films deposited on LSAT and LAO. The ex-
perimental results are shown in Fig. For better comparison with the
theory, we present the results of the magnetoconductance (MC), which
is defined as follows:

_ do(B) _ 50(23) (7.2)

oy ;—h

MC

where oy is the quantum of conductance and 6o (B)=0(B)-0(0).
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The sample grown on LSAT shows a completely positive MC; only
small hints of negative values can be seen at the very lowest fields,
which are within the error of the measurement (see Fig. a). This is
consistent with WL effect with a weak spin-orbit coupling (see also Fig.
[7.2). On the other hand, the sample deposited on LAO exhibits a nega-
tive cusp at low magnetic fields (<3 T), which is a characteristic feature
of WAL effect. This cusp is more pronounced at low temperatures and
disappears as the temperature increases (see Fig. b). Hence, this
sample shows a crossover between WAL and WL regimes, suggesting
an increasing spin-orbit coupling with respect to the film deposited on
LSAT.

Rashba spin-orbit coupling produces a magnetic field perpendicu-
lar to the direction of the motion of the electrons. If the spin of the
electron is not aligned with this internal magnetic field, it precesses at
a given frequency, wy. This is the origin of the Dyakonov—Perel spin-
relaxation, in which the spin relaxation time varies inversely with the
elastic scattering time (750 o 1/(wp7.) [235].

On the other hand, impurities and/or vacancies with an associated
net magnetic moment can also act as spin-orbit scattering centers, lead-
ing to a spin-flip which is characterized by a relaxation time propor-
tional to the elastic scattering (7so o< 7.) [236]. This is the so-called
Elliot-Yafet spin-orbit relaxation.

We obtained the different scattering times in our samples from
the fitting of MC curves to the equation proposed by Hikami-Larkin-
Nagaoka (HLN) for quasi 2D systems [237]:

Ao = -5 [v (5 +3) - In(F)]
— 5 [0 (B +1/2) — i (Bepte)] (7.3)

sc” (4/3)Bso+B; | 1 (4/3)Buo+B;
Torh [\Ij (T * 5) —ln (T)}

where B;, B, and B, are the inelastic, elastic and spin-orbit effec-
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tive fields, respectively. They are directly related to 7;, 7. and 7, by
the expressions:

_h

"~ deDr,
where D is the diffusion constant and the indices n = e, ¢, so have

their usual meaning.

B, (7.4)
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Figure 7.3: Magnetoconductance of Nb:STO epitaxial thin films on top of
LSAT a) and LAO b). The magnetic field is applied perpendicular to the film
plane. Figs. c) and d) show an enlargement of the curves at low magnetic
fields. The thickness of the films is 19 nm in both cases. The experimental epi-
taxial strain is indicated in each case. Red lines represent the fittings according

to Eq.[7.3]

The fitting of the experimental data to Eq. [7.3]is very satisfactory
in the entire range of fields up to 9 T; see Fig. The values of the
different scattering times obtained from these fits are shown in Fig.

The values of the scattering times confirm the conclusions extracted
from the shape of the MC curves. For the film grown on LSAT (with a

150



7. Transport properties of strained SrTiOjs thin films

lower concentration of defects), 7.<7;<7,, indicating the existence of
WL effect in all the range of magnetic fields and temperatures (see Fig.
a). In this case, 74, is at least one order of magnitude higher than 7.
and 7;, which points out to a weak spin-orbit coupling in the system.

Nevertheless, the value of the different scattering rates is more sim-
ilar in the case of the sample grown on LAO (see Fig. b). In this
case, T, shows the same order of magnitude as 7;, which evidences the
existence of a stronger spin-orbit interaction. These values are compat-
ible with the observed crossover between WAL and WL regimes in the
low-field magnetoconductance.

a) LSAT (s = -0.95%) b) LAO (s = -1.15%)
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Figure 7.4: Different scattering times as a function of temperature extracted
from the fitting using Eq for the films deposited on LSAT a) and LAO b).

Moreover, plotting 7, versus 7. shows a direct proportionality re-
lationship (Fig. [7.5)), which is a strong evidence of the existence of
Elliot-Yafet mechanism for spin-relaxation in the STO thin film de-
posited on LAO. This points out to the local magnetic moments at the
Ti®" as the source of the spin-orbit coupling in this system.

Therefore, the proposed tunable Rashba effect and superconductiv-
ity observed by other authors [226,238],239]], could be a misinterpre-
tation of the effect of the electric field over the local concentration of
(highly mobile) oxygen vacancies (and the associated spin-orbit cou-
pling effect discussed in this Section).
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Figure 7.5: Spin relaxation time vs elastic scattering time showing linear de-
pendence consistent with Elliot-Yafet mechanism. The grey solid line repre-
sents the linear fitting.

In the next Section, we will investigate the origin of the low temper-
ature upturn in the resistivity. Looking at p(7") in Fig. c), Kondo-like
behavior is more evident in the films with more vacancies and increases
as the thickness decreases. Given the discussion before, the effect of
vacancy scattering (precursor of Anderson localization) close to the in-
terface or surface, must be investigated. For that we have measured the
p(T') and in-plane anisotropic magnetoresistance for different amounts
of strain/disorder, and the discussion is presented below.

7.2 Temperature dependence of the electrical
resistivity: effect of strain and defects

Defects have a profound effect in the transport properties of a solid, par-
ticularly on the electrical conductivity of a metal or semiconductor. Ac-
cording to the Bloch theory, an electron moving in the periodic potential
created by a perfect ionic lattice will not experience any collision. But
the presence of defects (in the form of impurities, substitutions or va-
cancies) introduces imperfections in this potential, leading to collisions
and scattering events which contribute to the magnitude and tempera-
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ture dependence of the electrical resistivity p (T) of the conductor. Of
course, there exit other sources of deviation from the periodic potential
of the lattice, such as thermal vibrations of the ions, as well as other
inelastic scattering events like e — e interactions [240]. The different
terms that contribute to p (T) will be considered independently of each
other (Matthiessen’s rule [241]]), so that in the relaxation time approxi-
mation [242]:

n
m* 1 m* 1
p=——"=— —
ne:rt  ne? 4 - ™

1=

(7.5)

where m* is the electron mass, n is the charge carrier density, e is
the electron charge and 7 represents the average time between scattering
events, in which all the possible sources of scattering are included.

At low temperatures, few phonons are excited, so that the e — e
interaction and localized impurities are the main source of scattering,
contributing with the characteristic Fermi-liquid ~T? term [243] and a
temperature independent term (pg), respectively. The latter term is the
so-called residual resistivity due to the scattering by impurities, defects
or vacancies within the crystal lattice [234].

When temperature increases, there is an increase in the density of
phonons, and, therefore, in the probability of e — ph scattering. Thus,
the resistivity is mainly governed by the scattering of electrons by the
lattice vibrations. At high temperatures, well above the Debye tem-
perature (©p), the Bose-Einstein distribution tends to kg7"/hw(q), so
that the number of phonons (and therefore the e — ph scattering prob-
ability) increases linearly with temperature. This leads to a p(T)xT,
at T>> Op. However, at lower temperatures, T<< ©Op, the phonons
participating in the scattering events suffer certain restrictions about the
ratio between their wavelength and the Fermi wavevector (only phonons
with energies around k71" of the Fermi energy can be absorbed or emit-
ted by electrons), resulting in a faster variation of the resistivity with
temperature. So in this regime, p(T)o<T® [244-246].

Given that © p(STO)~690 K [247]], and the considerations above,
the temperature dependence of electrical resistivity is expected to vary
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as:

p(T) = po + AT? + BT?

(7.6)

where A and B are the coefficients of ¢ — e and e — ph scattering

terms, respectively.

The experimental results of p(7") for SrTiOj3 films under different
degrees of epitaxial strain are summarized in Fig. [7.6] Only unstrained
films grown on STO exhibit metallic-like dp/dT>0 in the entire range
of temperatures under study (from 5 K to 300 K) (see Fig. [7.6]d).
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Figure 7.6: Temperature-dependent electrical resistivity of the Nb:STO films
under different degrees of epitaxial strain. Films deposited on a) LaAlO3, b)
LSAT, ¢) LaGaOs, d) SrTiOj3, e) DyScO3 and f) GdScOs. Not all the films are

shown in this figure, for clarity.
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All the other samples present an upturn with a logarithmic de-
pendence of the p (T) below a certain temperature, T,,;,, which de-
pends on strain (Fig. a), similar to observations in LAO/STO in-
terfaces [220,248]]. Also, the room temperature resistivity of the films
increases with strain, but that can be accounted by the variation in the
carrier density measured by Hall effect (see Fig. b).
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ot . . ’ SrT|C)l3 . J 10° ‘ ‘ A
-5 1.0 -05 00 05 10 1.5 4 6 8
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Figure 7.7: a) T,,;, versus experimental strain for the Nb:STO thin films con-
sidered in this Chapter. b) p(300K’) as a function of charge carrier density
(n).

The metallic-like temperature dependence of the resistivity in n-
doped SrTiO3 has been treated in several papers, but there is a lack of
consensus about the mechanism that governs the electronic transport in
this dilute metal. Some authors reported a conventional Fermi-liquid
behaviour below 100-150 K (p(T) oc AT?), with the pre-exponential
factor A inversely proportional to the charge carrier concentration [249-
251]]. However, other groups reported a departure from this behaviour,
with a temperature dependence of p closer to T, [252]] as well as vio-
lations of the Kadowaki-Wood ratio [[253]].

The unstrained film shows a deviation from the AT? behaviour at
low temperatures, as can be seen from the plot in Fig. a). At low
temperatures, the resistivity fits better to a cubic dependence, although
what reveal these plots is a continuously varying exponent. With the

155



Lucia Iglesias Bernardo

aim to extract the exponent that fits the resistivity in the whole range of
temperatures, the p(7') was plotted as a function of T" using different
values of n ranging approximately from 2 to 3 (see Fig. ¢). From
this analysis, we determined that the more appropriate scaling exponent
is close to 2.78.

a) 016 C T T T T b) 016 T T T T T T T
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C) T T T T T T d) 016 N T T
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Figure 7.8: a) Resistivity of the unstrained thin film grown on an STO sub-
strate against T? and b) T3. In both representations the slope of the linear fitting
is indicated. c¢) The coefficient R? as a function of different values of the n ex-
ponent. d) Fitting of the temperature dependence of the resistivity using the
exponent obtained in c).

However, since the charge carrier concentration in the samples in-
creases smoothly as the temperature increases (see Fig. [7.1), it is dif-
ficult to obtain definitive conclusions about the origin of the change in
the exponent of p(7T).
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Going back to the nature of the low temperature upturn of the resis-
tivity, the logarithmic dependence below 7,,,;,, and the saturation at very
low temperatures is a characteristic signature of the presence of Kondo
effect [222]]. Several works pointed out this scattering process in het-
erostructures involving STO as a substrate, such as PrAlO3/STO [254]
or the LAO/STO interface [7,[223.255]].

The exchange interaction between conducting electrons and local
magnetic moments introduces a scattering process in which the spin of
the electrons is flipped (the Kondo effect). However, different from the
case of non-magnetic impurities, a proper treatment of this effect shows
the magnetic scattering cross-section diverges at low temperature, lead-
ing to an infinite resistivity [256}257]]. The thermal broadening of the
electron wave vector distribution suppresses the divergence, resulting
instead in an increase of p(7') as temperature decreases. The compe-
tition between this effect and the conventional e — ph scattering deter-
mines the existence of a minimum in p(7") at a given temperature.

To fit the low temperature p(7"), we used the empirical formula pro-
posed by Costi et al. [258]] and Lee et al. [223] to describe the resistiv-
ity of gated-SrTiO3 . These authors observed a low-temperature upturn
of the resistivity after application of a high electric field, and proposed
a Kondo interaction between localized magnetic Ti*" ions and delocal-
ized electrons that partially filled the Ti 3-d conduction band:

1 S
1+ (2 - 1)(T/Tk)2)

p(T) = po + AT? + BT® + pi(0) ( (7.7)

Here p;(0) is the Kondo resistance at zero temperature, s=0.225,
accordingly to the theoretical result obtained by the numerical renor-
malization group [222,223]259] and T is the Kondo temperature. The
latter is defined as the temperature below which the spins of the con-
duction electron screen out the spin of the localized magnetic moment.

To reduce the uncertainty of the parameters obtained from the fit-
tings, we first fitted the p (T) curves above the T,,;, using Eq. and
extracted the values of A, B and py. Then, we fixed these values for the
fitting at low temperatures according Eq. in order to obtain Tk as
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well as p,(0). As an example, in Fig. we show the fittings for the
samples grown on LSAT and LAO. The values of the different coeffi-
cients extracted from the fittings are summarized in Table

a) 0.8 LSAT (s = -0.95%) b) LAO (s = -1.15%)
' © Experimental 16+ o Experimental
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Figure 7.9: Fitting according to Eq. of the resistivity dependence as a
function of the temperature for the thin films grown on LSAT a) and LAO b).
The inset in a) shows an enlargement of the data around T,,,;,. Figs. c¢) and d)
show the residual for the fittings presented on a) and b), respectively.

The values of the T? resistivity factor A (ranging from 107 to 10~
Qcm/K?) are in agreement with previous reports in n-doped SrTiO; at

similar carrier densities [249,250,260.261]]. On the other hand, from
equation (7.5)) and a dimensional analysis:

m*1 m* m* (kgT)?

= —_— 7.8
ne? hE (7.8)
where T is the scattering rate function. In Fig. we show the
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dependence of A on the carrier density; in spite of the limited data, it
seems that a quite accurate linear dependence can be established be-
tween A and 1/n. According to equation this means that I' does
not depend on the electron density which is counter intuitive with a
conventional electron-electron scattering mechanism.

On the other hand, only electrons within an energy kg7 around
the Fermi energy are important for electron-electron scattering, so that
the relevant energy scale in this equation is £ = Ep, and therefore
1/7=bkgT?/Er. A crude free electron calculation of the Fermi En-
ergy for lightly doped STO (m*=0.7 m,) [36] predicts a relaxation time
~1071%s, similar to the values obtained from the fittings of the magneto-
conductance in the preceding Section 7 ~10~!!s (Fig. . Therefore,
in spite of the high temperatures and the apparent independence of I on
n, the temperature dependence of the resistivity in STO thin films above
T'nin 1s reasonably well described within an e — e scattering mechanism,
plus a phonon-7" contribution at higher temperatures.
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Figure 7.10: Variation of the factor A of T? term in the resistivity with the
charge carrier concentration. The dashed line represents the linear fitting.

On the other hand, the values of p(0) and particularly of T, ob-
tained from the fitting show unrealistic/unphysical values e.g. the very
large T'x~200-500 K.
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The Kondo resonance manifests as a narrow peak at the Fermi level
with a width proportional to the Kondo temperature [262]. Since the
Seebeck coefficient strongly depends on the energy dependence of the
density of states at the Fermi energy, the Kondo resonance will cause a
rapid increase of S(7') [263-265]]. Other important transport properties,
such as specific heat coefficient and magnetic susceptibility, are also
affected in the Kondo regime.

Furthermore, Kondo coupling is suppressed by an external mag-
netic field tending to promote ordering of impurity spins (suppressing
spin flip), so that the anomaly of S(7") at the Kondo temperature should
decrease under the effect of the magnetic field.

The temperature dependent S(7") for the thin film grown on LSAT
is shown in Fig. at B=0T and B=9 T. We have chosen this sample
because according to the fittings of p(7'), Tx ~92 K, which is well
within the experimental range accessible in our setup. The details of the
measurement are explained in Chapter 2] (Fig. [2.12).

The results are shown in Fig. S(T) is negative in all the range
of temperatures studied, reaching its maximum absolute value at room
temperature (==-75 ©V/K).
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Figure 7.11: Temperature dependence of the Seebeck coefficient at 0 T and
9 T for the 19-nm thick Nb:STO thin film grown on LSAT. T,,;, and T are
indicated in the representation.
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No hints of Kondo scattering are observed on S(7°), which main-
tains a monotonic behaviour in all the range of temperatures without
any observable change at Tx. Also, the negligible effect of B below
T'nin shows that the Fermi surface is not affected by the application of
the magnetic field or low temperatures. Therefore, these results sug-
gests that an alternative explanation to Kondo effect must be proposed
to explain the low temperature upturn in n-doped STO (and probably in
LAO/STO interfaces).

In this regard, Gor’kov [266] has already proposed the introduction
of the notion of the mobility edge as a fundamental concept to under-
stand the low temperature properties of n-doped SrTiOj3, particularly the
superconductivity observed in this material. Likewise, other groups ex-
plained the metal-insulator transition observed in LAO/STO interfaces
in terms of an Anderson localization induced by disorder [267,268].

On the other hand, Ruderman-Kittel-Kasuya- Yosida (RKKY) in-
teraction can also induce a resistivity minimum [269], as it happens in
RCuAs; (R=Sm, Gd, Tb, and Dy) [270].

But before discussing the applicability of these scenarios to the
transport properties of STO thin films, we will analyse the effect of
an in-plane magnetic field on 7,,,;, as well as on the behaviour of the
low temperature resistivity, as it will provide an important information
for this discussion.

The resistance of STO thin films deposited on LSAT was measured
for different magnetic fields (from 1 to 9 T) in the interval of tempera-
tures around T,,,;,, (2-40K); the results are shown in Fig. a).

As B increases, both the magnitude of the resistivity and the value
of T,.:» decrease. Moreover, at the same time a change on the resistiv-
ity slope develops at low temperatures, and increases as 3 does. This
change of slope, denoted by 7. (since it resembles the ordering of a
magnetic phase, favoured by the application of B), can be observed
more clearly in the representation of the resistance derivative as a func-
tion of temperature (Fig. b). Furthermore, the evolution of T},
and T, with B is shown in Fig. ¢). Extrapolating them to high B,
the crossing is produced at ~ 15 K. This is approximately the temper-
ature below which an optically-induced magnetic order was reported in
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oxygen-deficient STO crystals [221]], related to the optically polarized
V4 and their associated local moments. This suggests that ~15-18 K
could be a 7, for a long-range correlation between localized magnetic
moments in lightly doped (V ;-induced) STO. Recent reports have also
found direct evidence of in-plane ferromagnetism at the interface be-

tween LAO/STO [9,26,271].
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Figure 7.12: a) Temperature dependence of the resistance under different mag-
netic fields for a 19 nm thick film grown on LSAT. b) Derivative of the elec-
trical resistivity corresponding to the data of figure a. The triangles mark the
temperature 7, at which the change in the resistance slope occurs. c¢) Experi-
mental evolution of T},,;, and T, with the magnitude of magnetic field. Dashed
lines indicate the extrapolation to high magnetic fields and the crossing at ~15
K. d) Resistance measurement of the 35 nm thin film grown on LAO at 0 T and
9 T. The magnetic field is applied in-plane and perpendicular to the current in
all the cases.
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Importantly, similar measurements on thicker samples (=~ 35 nm)
deposited on LAO, do not show the MR effect, so that the local mo-
ments responsible for this effect seem to accumulate at the interface,
and therefore its influence decreases as the thickness increases (Fig.

[7.12d).

Anisotropic magnetoresistance (AMR) can provide further infor-
mation about the existence and nature of an ordered phase at low tem-
peratures. In the ferromagnetic metals and alloys, spin-orbit coupling
introduces an angular dependence of the electrical resistance on the
relative orientation between the magnetization and the electric current
[272,273]]. AMR can be defined as follows:

R(6) — R(0)
R(0)

where 6 represents the angle between the magnetic field and the
injected current, so that R(¢) and R(0) represent the resistance at each 6
and 6=0°, respectively. In the following analysis we discuss the results
on 19 nm-thick films on LSAT and LAO, as well as on a 35 nm-thick
sample grown on LAO. These are non-magnetic substrates that allow
measurements applying high magnetic fields. Since STO substrate may
present some conductivity due to the presence of oxygen vacancies, it
was excluded from this analysis.

The results for the sample grown on LSAT are shown in Fig.
At the lower temperatures (2 K), AMR is positive with a maximum
(minimum) value of 0.2% at /2 (), presenting a typical two-fold sym-
metry similar to LAO/STO interfaces [274-277]].

The magnitude of the AMR decreases gradually as temperature in-
creases, and changes its sign from positive to negative (maximum at 7,
minimum at 7/2) at ~15 K. This change of sign is preceded by a four-
fold symmetric AMR between 15 - 18 K, with local maxima at 7/2,
3m/2 and 27 (see Fig. c and d). This is the temperature at which
the crossing between T,,,;, and T, occurred when a high magnetic field
was applied in the previous Section (see Fig. c¢). Finally, AMR

AMR(%) = x 100 (7.9)
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disappears completely above ~40 K, coincident with T,,,;;,.
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Figure 7.13: AMR for different magnetic fields (B=1, 3, 6, 9T) and temper-
atures, a) 2 K, b) 10 K, ¢) 15 K, d) 18 K, e) 20 K and f) 30 K. The legend is
common to all panels.

The polar plots of the AMR at different temperatures (=9 T) are
shown in Fig. for the 19 nm thin films grown on LSAT (a-e) and
LAO (f-j) substrates, as well as for the thicker sample (35 nm) deposited
on LAO. The thinner samples exhibit similar behaviour, including the
change in the AMR sign at temperatures close to 15-18 K, irrespective
of the substrate. Nevertheless, AMR of the thicker sample does not
show any change either in the sign or anisotropy axis as the tempera-
ture increases, remaining positive in the studied range of temperatures.
This is a further indication that the possible magnetic order arises from
the interface between the film and the substrate, so it disappears as the
relative contribution of the interface decreases (i.e. as film thickness
increases).

Flekser et al. [278]] reported a large and positive four-fold AMR in
conducting LAO/STO interfaces, while only a small and negative AMR
was found in Nb:STO. From these results, they concluded that polar-
ized magnetic scatterers and a Rashba-type spin-orbit interaction are
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Figure 7.14: Polar plot of the AMR at 9 T for different temperatures from 2K to 20 K. a-e) Sample of 19 nm on LSAT

and f-j) LAO. k-0) 35 nm thick film grown on LAO.
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responsible for AMR in LAO/STO, while a conventional atomic spin-
orbit interaction explains the effects observed in Nb:STO. However, we
have shown that the sign and magnitude of the AMR may change con-
siderably in thin films of n-doped STO as a function of temperature and
thickness, challenging this interpretation.

As can be seen, the crossover from positive to negative AMR oc-
curs gradually as temperature increases, suggesting the contribution of
two phases that grow at the expense of each other. To understand this
behaviour we propose the following empirical model:

p(0) = piso + picos®d — p_sen?20 (7.10)

where p;s, represents the isotropic contribution to the AMR, p
and p_ are coefficients of the cos?0 and sen?26 terms, respectively. The
fitting to the experimental data shown in Fig. exhibits a good
agreement even at intermediate temperatures, at which the crossover
from positive to negative AMR is produced.
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Figure 7.15: Experimental AMR for the 19 nm thick film grown on LSAT
(symbols) and fittings to equation (7.10) (solid line), at different temperatures.

The values of p, and p_ extracted from the fittings are shown in
Fig. a). The contribution of the phase responsible for p_ remains
constant and small in the whole temperature range below ~40 K. On
the other hand, the p. coefficient increases rapidly below ~ 15 K, being
two orders of magnitude higher that p_ at low temperatures.

The complete picture is presented in Fig. [7.16]b): at high tempera-
tures (20-50 K), only a small and negative contribution to AMR exists,
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but below T,,;,, the positive contribution increases rapidly and domi-
nates completely below Tc.
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Figure 7.16: a) p (solid blue squares) and p_ (open green squares) coef-
ficients extracted from the fitting of the experimental AMR to Eq. b)
Experimental values of the AMR as a function of temperature. Vertical lines
indicate the position of T, and T,,;,.

In view of these results, the most probable picture is that local mag-
netic moments associated to Ti*3 linked to the presence of oxygen va-
cancies (and maybe to cationic defects also) interact strongly with the
conduction electrons below T,,;,, and develop a magnetic order below
Te.

As we mentioned before, apart from the (in our opinion, less likely)
Kondo effect, other mechanisms are compatible with the low tempera-
ture upturn in the resistivity, as well as with the sign and magnitude of
the AMR. The firs one is the presence of a mobility edge separating
localized from itinerant electron states.

In 1958, Anderson [234,279] proposed that a random potential may
impede the electronic diffusion at zero temperature (i.e. introduce local-
ization of the electronic wavefuntion) above a critical value of (V/W),
where V' is the random potential and W is the bandwidth. Atomic dis-
order in the form of cationic/anionic vacancies may be a source of such
random potential over the crystalline ionic potential. Thus, if the sys-
tem is close enough to the critical (V//W), but still in the itinerant side,
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localized states appear at the tail of the bands below a critical energy,
E., called the mobility edge [234]. In this case, conduction is by ther-
mally activated for states below E., but diffusive after crossing the mo-
bility edge. Moreover, the application of a magnetic field, strain, etc.
may modify the relative position of £, with respect to the Fermi energy
(given the magnetic nature of the vacancies or their epitaxial strain-
dependent distribution), therefore justifying the variations observed in
different samples or under the influence of a magnetic field. However,
the existence of a magnetically ordered state at low temperature is more
difficult to justify. Also, a variable range hopping does not fit the tem-
perature dependence of p(7") in the thermally activated region, neither
the low temperature saturation is predicted by this model [234]].

A more appealing possibility is the existence of a ferromagnetic
interaction of the RKKY type [280-282], between local moments and
conduction electrons. Wang et al. [269] showed that some itinerant
systems with large (classical) moments may develop a spin-liquid state
with an enhanced resistivity at low temperatures due to RKKY interac-
tion, under the conditions of having i) a small circular Fermi surface,
and ii) magnetic frustration. Both conditions are satisfied in lightly n-
doped STO [36]. In this particular case, liquid-like spin correlations
produce incoherent elastic scattering, that contribute to the electrical
resistivity [283]].

The RKKY interaction enhances the structure factor (or the scat-
tering cross section) for wave vectors connecting points of the Fermi
surface, which for a circular surface translates into strong spin-spin cor-
relations at k<2kp. This determines the temperature dependence of
the resistivity, which increases below a given temperature following
the temperature dependence of the scattering cross section at k<2kp.
Note that RKKY considers a ferromagnetic interaction between the lo-
cal spins and the itinerant electrons (different from the antiferromag-
netic interaction characteristic of the Kondo effect). Therefore, if the
system orders magnetically at low temperature, either spontaneously by
the effect of exchange J or by application of a large magnetic field, the
ordered spins only produce coherent electron scattering, which does not
contribute to the resistivity (short-range spin fluctuations are the domi-
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nant contribution to p) [284]. This picture is perfectly compatible with
the monotonic evolution of S(7") and also justifies the negative MR ob-
served below ~15 K at high magnetic fields.

As a complete picture, we propose that random local magnetic
moments of Ti™ associated to the presence of oxygen vacancies in-
teract with the conduction electrons via RKKY coupling to develop a
spin-liquid state below T,,;,. RKKY interaction enhances the elastic
electron-spin scattering by increasing the magnetic structure factor, re-
sulting in a net increase of the resistivity below that temperature. How-
ever, by further reducing the temperature or by applying a sufficiently
large magnetic field, some long-range magnetic order can be emerged
below Tc, which reduces its contribution to incoherent scattering and
therefore, p(T') tends to saturation, or eventually decreases (dp/dT>0 at
T<Te)

The effect of thickness suggests that a higher concentration of de-
fects spontaneously accommodates at the interface with the substrate
in order to relax epitaxial stress. Application of a strong electric field
with the right geometry may accumulate highly mobile oxygen vacan-
cies at/away from the interface, varying both the local density of charge
carriers and localized moments associated to the presence of defects.
This may be erroneously ascribed to an electric field-modulation of the
Rashba spin-orbit interaction in this system. Consequently, the simi-
larities with the phenomenology observed in the LAO/STO interfaces
also suggests that the magnetotransport results on these polar interfaces
should be probably revisited at the light of our results and conclusions.

7.3 Summary

In this Chapter, we have performed a careful study of the influence of
strain and magnetic field on the electronic transport of n-doped STO
thin films. The analysis of the out-of-plane magnetoconductance ex-
hibits a crossover from WAL to WL at low temperatures (below 7},;,),
depending on strain. The different scattering rates were determined
from fittings of the experimental data to the HLN model. From these
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results, we concluded that the spin-relaxation follows an Elliot-Yafet
mechanism by interaction with local magnetic moments associated to
vacancies, instead of a Rashba spin-orbit coupling.

At intermediate degrees of strain, the accumulation of defects close
to the interface induces a minimum in the electrical resistivity, simi-
lar to that observed in LAO/STO interfaces. This effect is traditionally
attributed to Kondo scattering by magnetic impurities. Nevertheless,
Seebeck effect measurements do not show signatures of the existence
of a Kondo resonance. Instead, we argue that a ferromagnetic interac-
tion between random localized magnetic moments through conduction
electrons (RKKY type) produces a spin-liquid state and an increase of
the magnetic scattering cross-section, which in turn causes the increase
of the resistivity at low temperatures. These results also suggest the
existence of a weak magnetically ordered phase below 15-18 K, which
could be a universal feature of n-doped STO over a wide range of dop-
ing.

It will be certainly interesting to repeat some these experiments un-
der the influence of an static electric field, £. If, as previously hypoth-
esized, magnetic moments (probably residing at Ti*") close to mobile
Vs are the cause of the spin-orbit coupling and many of the MR effects
described in this Chapter, the application of £ in the right geometry
(field effect transistor) will modulate the concentration of these defects,
creating accumulation/depletion regions of them. The removal of £
would suppress such effects instantaneously if the Rashba effect were
the source of the spin orbit coupling. But, if it is an effect related to
the [V ], the suppression of E will not have any instantaneous effect.
Instead, these processes will follow the slow relaxation of such defects
at room temperature or below.
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Concluding remarks and
outlook

The main motivation of this thesis was related to the necessity of under-
standing the effects of oxygen vacancies on the transport and magnetic
properties of SrTiOj3 thin films and heterostructures based on STO, like
the famous LAO/STO interfaces. Thus, among the most general contri-
butions derived from this Thesis the following are highlighted:

e We have determined the enthalpy of formation of oxygen vacan-
cies in STO under different degrees of epitaxial strain. Our results
shows that AH decreases about 23% for an ~1.2% of positive or
negative strain. This offers a reliable information to understand
the effect of vacancies on the stabilization of strain in STO thin
films. In addition, we demonstrated that each V; releases two
electrons to the conduction band of STO, independently of the
degree or sign of strain.

e We established the conditions of pressure and temperature for the
formation and annihilation of oxygen vacancies in STO films. We
have concluded that the temperature is a key factor to achieve the
correct stoichiometry of the samples in terms of oxygen content,
which empathizes that extra care must be taken when selecting
the conditions for the post-annealing protocols in general in STO-
based heterostructures.

e We obtained the diffusion coefficient of oxygen vacancies at room
temperature, resulting in ~2x 10717 cm?/s for unstrained SrTiO;
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thin film. D is only significantly affected by tensile strain (show-
ing an increase of 350% for 2% strain), whereas a moderate com-
pressive strain does not show any appreciable effect on D value.
The rapid increase showed by D on tensile stressed samples should
be avoided for some applications such as resistive switching de-
vices.

e Nb:STO thin films grown under different degrees of epitaxial strain
exhibit distinct octahedral configuration, which is determined by
a delicate coupling between strain, cationic vacancies and the oc-
tahedral rotations of the substrate underneath. In addition, we
have determined through DFT calculations that samples under
compressive strain can promote an out-of-plane spontaneous po-
larization when a particular octahedral configuration is presented.
According to the simulations, the addition of oxygen vacancies
promotes the stabilization of this polar distortion, which can re-
sult in a ferroelectric-like response of strained SrTiOs thin films.

e SrTiOg thin films can reproduced most of the phenomenology ob-
served in LAO/STO interfaces, such as resistive switching effect,
ferroelectricity, Kondo-like upturn in resistivity, anisotropic mag-
netoresistance or magnetic ordering. All this phenomenology in
STO thin films comes from the creation of oxygen vacancies (and
the associated Ti®) to accommodate different degrees of epitaxial
strain. In this regard, other oxygen conductors with Ti**/Ti** ac-
tive redox pair (perovskites, spinels or browmillerites) could also
be predisposed to show this rich phenomenology.

Probably more important than the particular results obtained in this
PhD Thesis on STO thin films, the main interest of this work lies in the
possibility of extending the results in a more general way to other tran-
sition metal oxides, including interfacial phenomena like those at (001)
LAO/STO. This can lead to stablish general strategies to tailor certain
properties of these technological interesting materials by controlling the
anionic vacancies.
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Considerable research efforts are still needed in both SrTiO5; and
other transition metal oxides, to understand in detail the mechanisms
behind the effects produced by oxygen vacancies. But it is clear that
ionic defects will play a crucial role in enhancing or enabling inter-
esting technological applications in the future. For this objective, the
development of growth and characterization techniques as well as first-
principles calculations will be indispensable.
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Summary in Spanish/
Resumen en Castellano

Herbert Kroemer empez6 su discurso al recibir el premio Nobel en el
afio 2000 afirmando que: "Normalmente, se puede decir que la interfase
es el dispositivo”. Con esta frase, se estaba refiriendo al sorprenden-
te éxito de los dispositivos basados en peliculas delgadas de semicon-
ductores para aplicaciones fotonicas y electrénicas, cuyo estudio habia
comenzado 40 afios antes. Muchas de esas aplicaciones, tales como
transistores, células solares o laseres, sacan partido actualmente de los
fendmenos que ocurren en la interfase. Andlogamente, la incorporacion
de interfases entre 6xidos se espera que genere una nueva revolucion
tecnoldgica en los proximos afios. De hecho, dichas interfases estan ac-
tualmente en el punto de mira de una investigacion intensa en el cam-
po de la Fisica de la Materia Condensada. Estas interfases presentan
un amplio rango de fendémenos interesantes, tales como magnetismo,
superconductividad, conduccién idnica o ferroelectricidad, que pueden
encontrar aplicacion directa en baterias, celdas de combustible, almace-
namiento de informacion, entre otros.

Ademas, durante décadas anteriores se han ido desarrollado poten-
tes técnicas de deposicion como la deposicion por laser pulsado o el cre-
cimiento epitaxial por haces moleculares (PLD y MBE por sus siglas en
inglés, respectivamente) que han permitido la deposicion de interfases
bien definidas entre 6xidos complejos. Esta ingenieria a escala atémica
se usa actualmente para crear interfases abruptas, lo que abre un mundo
de posibilidades a la hora de explorar y hacer uso de propiedades fun-
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damentales de esas interfaces, ofreciendo también el potencial para su
uso futuros dispositivos.

Un buen ejemplo de esto ultimo es la conductividad encontrada en
la interfase entre el LaAlO3 (LAO) y el SrTiO3 (STO) por Ohtomo y
Hwang en 2004. A pesar de que se trata de dos materiales fuertemen-
te aislantes, en su interfase se forma un gas bidimensional de electro-
nes (2DEG, por sus siglas en inglés) de unas pocas celdas unidad. Este
nuevo fendmeno estimuld una intensa investigacion para entender el
mecanismo que lo provocaba. Al mismo tiempo, la expectacion creada
condujo al resurgimiento del campo de las interfases entre 6xidos.

Ademads de la conductividad, la interfase LAO/STO presenta otras
propiedades interesantes, como magnetoresistencia, superconductividad
y ferromagnetismo, muchas de las cuales estan presentes en los mate-
riales que la constituyen. Para explicar la fenomenologia observada en
esta interfase, se han propuesto tres escenarios posibles: la catdstrofe
polar, vacantes de oxigeno o mezcla de cationes. Aun a dia de hoy no
hay un consenso claro sobre cudl de los tres mecanismos describe mejor
la fenomenologia vista en dicha interfase, o de si en realidad se trata de
una combinacién de varios de ellos. Pero un aspecto sobre el que si que
existe bastante consenso es que las vacantes de oxigeno podrian jugar
un papel muy importante en sus propiedades. A esta conclusion se llega
por varios motivos: la observacién del 2DEG sdélo es posible si la capa
de LaAlOj se deposita a una baja presion de oxigeno, lo que favorece
la inevitable creacion de vacantes de oxigeno en el sustrato de STO;
ademas, el 2DEG ha sido observado también en otras interfaces en las
que el STO estd presente. Esto lleva a pensar que las vacantes pueden
inducir muchas de las propiedades funcionales reportadas tanto en la
interfase de LAO/STO como en los 6xidos en general.

Ademas de en esta famosa interfase, las vacantes de oxigeno podrian
ser la clave para la ingenieria de las perovskitas basadas en 6xidos. Es-
tos materiales tienen una excelente flexibilidad para aceptar cambios en
su composicion, mediante la sustitucion de ciertos cationes. Ademads,
su fuerte caricter polar hace que los electrones estén fuertemente co-
rrelacionados y, por lo tanto, haya un acoplamiento entre carga, espin y
grados de libertad de sus orbitales. Sin embargo, la posibilidad de mani-
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pular el anidn (es decir, el contenido en oxigeno) es igualmente intere-
sante, pero mucho menos explorada. Es bien conocido que la creacion
de vacantes de oxigeno es una forma de relajar la tensién en las lami-
nas delgadas, y que estas vacantes tienen efectos tanto en la estructura
como en las propiedades de transporte de dichos materiales. Ademas,
dado que las vacantes pueden llegar a ser méviles a temperatura am-
biente y estd positivamente cargadas, podrian ser susceptibles de ser
manipuladas mediante estimulos externos (como un campo eléctrico).
Estd reportado también que pueden tener influencia tanto en las propie-
dades eléctricas como magnéticas de ciertos materiales.

Por otra parte, los defectos tanto extrinsecos como intrinsecos estan
siempre presentes, siendo en algunos casos deseables e incluso cruciales
para inducir algunas propiedades. Muchas veces este tipo de defectos
también aparecen debido al estrés aplicado a las peliculas delgadas.

Entre la familia de las oxoperovskitas, el STO es un ejemplo para-
digmaético. Se trata de un aislante paraeléctrico, cuya estabilidad quimi-
ca, diamagnetismo y alta constante dieléctrica le convierten en uno de
los sustratos preferidos para el crecimiento de peliculas delgadas de
otras perovskitas basadas en 6xidos, tal como la ya mencionada inter-
fase LAO/STO. Mediante dopaje, estrés o presencia de defectos se le
pueden inducir multitud de propiedades funcionales con aplicaciones
por ejemplo en sensores de gas o c€lulas solares. Pero quiza las vacan-
tes de oxigeno son las mas propensas a inducir nuevas propiedades en el
STO. Por ejemplo, el STO con deficiencia en oxigeno es el primer Oxi-
do en el que se ha reportado superconductividad. Entre las propiedades
inducidas en el STO por las vacantes de oxigeno, quiza la conmutacién
resistiva y la ferroelectricidad sean las mas importantes, y son precisa-
mente las que se abordardn en esta tesis.

De este modo, la motivacion general de esta tesis es estudiar el
efecto de las vacantes de oxigeno y el estrés epitaxial en las propiedades
tanto estructurales como de transporte del STO en forma de peliculas
delgadas. Las conclusiones servirdn ademds para contribuir a la discu-
sion sobre el papel que juegan las vacantes de oxigeno en la interfase de
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LAO/STO, asi como en otras heteroestructuras que involucren al STO
como sustrato. Un aspecto novedoso del enfoque de esta tesis es que
alina tanto experimentos como calculos tedricos, lo que proporciona las
mejores herramientas para llevar a cabo el estudio propuesto.

Técnicas experimentales y métodos computacio-
nales

Todas las muestras estudiadas en esta tesis han sido fabricadas median-
te la técnica de deposicion por laser pulsado (PLD), que es una de las
técnicas mas empleadas para la fabricacion de peliculas delgadas de es-
pesor nanométrico. El equipo de PLD utilizado estd equipado con un
laser KrF Excimer (A=248 nm, duracion de pulso ~ 20 ns). El haz del
laser entra en una cdmara de alto vacio, en la cual es posible mante-
ner una atmosfera controlada de nitrogeno o oxigeno. Dentro de dicha
camara se encuentra un blanco del material que se desea depositar so-
bre el cual impacta el haz del l4ser. El impacto produce una pluma de
ablacion que transfiere las especies atomicas al sustrato, manteniendo
la estequiometria del blanco. El sustrato estd en contacto con un ca-
lentador lo mantiene a alta temperatura para facilitar la cristalizacion
del material depositado. En este tesis, se utilizaron sustratos de dife-
rente parametro de red, con el fin de modificar el estrés aplicado a las
peliculas delgadas, que van desde a= 3.79 A(LAO) hasta 3.98 A(KTO).
Lo que varia el estrés epitaxial entre -2.91 % y +2.15 %. Todos los sus-
tratos utilizados fueron previamente tratatos térmica y/o quimicamente
para obtener una terminacion superficial mas plana, este paso es crucial
para obtener una buena interfase entre la pelicula delgada y el sustrato.
Tanto las condiciones de deposicion de las peliculas delgadas de STO
(POy= 100 mtorr, T=1100°C, f=5 Hz and E~0.9 J/cm?) como el espesor
(~19 nm) se mantuvieron constantes para todas las muestras utilizadas
en este trabajo.

Una vez fabricadas las peliculas delgadas, el siguiente paso es su
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caracterizacion estructural mediante rayos X. Asi se evalia tanto su es-
pesor como su estructura cristalina mediante las técnicas de reflectivi-
dad (XRR) y difraccion (XRD). Mediante estas medidas se demostré
que todas las muestras mantenian el mismo espesor y que la calidad
cristalina de las muestras era excepcional. Ademas, las informacién so-
bre los parametros de red se extrajo usando la técnica de cartografia del
espacio reciproco (RSM), la cual da informacion sobre si las muestras
estdn bien tensionadas siguiendo el parametro de red impuesto por el
sustrato o bien se relajan debido a la elevada tensién aplicada.

Ademads, las rotaciones de los octaedros TiOg presentes en las pelicu-
las delgadas se determinaron estudiando las reflexiones de Bragg semi-
enteras. La determinacion del patron de rotacion en las peliculas delga-
das es una paso determinante para ver su influencia en las propiedades
del STO. Otra de las técnicas que da informacién sobre la calidad cris-
talina de las muestras es la microscopia electronica de transmision y
barrido (STEM), la cual permite una visualizacién directa de la estruc-
tura cristalina de las muestras, asi como la determinacion a nivel de la
nanoscala de las tensiones presentes en las peliculas delgadas e infor-
macion de los defectos presentes.

Otra técnica con un papel muy relevante en la parte experimental de
esta tesis es la microscopia de fuerza atémica, que permite caracterizar
la superficie de las peliculas delgadas a nivel atomico. Ademas, se han
utilizado varias variantes de este instrumento como son la microscopia
de fuerzas electrostéticas y la microscopia de fuerzas de Kelvin (EFM y
el KPFM por sus siglas en inglés respectivamente), las cuales permiten
aplicar un campo eléctrico utilizando la punta del AFM, asi como la
medida de la fuerza electrostdtica y la potencial de superficie de las
peliculas delgadas, respectivamente. Por dltimo, se han caracterizado
las propiedades de transporte de las muestras utilizando en la mayor
parte de los casos el método de van der Pauw y en otros una barra hall
litografiada sobre la superficie de la muestra.

Respecto a los métodos computacionales usados para realizar las si-
mulaciones de esta tesis, se han utilizado dos software distintos: Wien2k
y VASP. Se usaron ademdas como funcionales de correlaciéon de inter-
cambio la aproximacion de gradiente generalizada (GGA, por sus siglas
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en inglés) con las aproximaciones de Perdew-Burke-Ernzerhof (PBE) y
PBE para so6lidos (PBEsol). El célculo de los valores de polarizacion se
llevé a cabo usando tanto el método basado en las cargas efectivas de
Born como el método de Fase de Berry.

Resultados y conclusiones

Termodinamica de la formacion de vacantes de oxigeno

En esta parte del trabajo se estudiaron en detalle las propiedades es-
tructurales de las muestras, determinando el correcto crecimiento de las
mismas y el hecho de si estdn relajadas o no debido a la tension aplicada
por el respectivo sustrato. Una vez realizada la caracterizacion estructu-
ral de las muestras se estudi6 cudl era el nimero de electrones que cada
vacante cedia a la banda de conduccion del material asi como la influen-
cia de la temperatura en la creacién de vacantes y su posterior aniqui-
lacion. Para ello se realizaron sucesivos procesos de post-recocido en
las muestras a distintas presiones de oxigeno y temperaturas. Asi, se
comprobd experimentalmente que cada vacante dona dos electrones a
la banda de conduccién del STO independientemente de la tension que
se le aplica a la pelicula delgada.

Otro resultado muy llamativo es que la creacion de vacantes es in-
dependiente de la temperatura si el proceso de recocido se realiza por
encima de 600 °C, mientras que la aniquilacién de las vacantes s6lo es
completa a 800°C. Por debajo de esa temperatura no se consigue ani-
quilar las vacantes previamente creadas en el proceso a baja presion de
oxigeno. Este resultado es muy importante a la hora de disenar los pro-
tocolos para conseguir muestras totalmente estequiométricas y sus im-
plicaciones no sélo afectan al STO en forma de pelicula delgada, sino
que también se pueden extender al STO como sustrato.

Ademads, se estudi6 el coste energético de la creacién de una va-
cante dependiendo de la tension epitaxial aplicada a las peliculas delga-
das, observando que depende fuertemente de dicho parametro. Asi, la
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energia de formacion de una vacante (AH) disminuye aproximadamen-
te un 23 % tanto para estrés compresivo como tensivo, un resultado que
coincide con anteriores resultados tedricos reportados por otros grupos.
El valor de AH para la pelicula de STO sin tension epitaxial es de 0.51
eV.

Movimiento controlado de las vacantes de oxigeno

En este capitulo se estudié el movimiento controlado de las vacantes
de oxigeno dentro de las peliculas delgadas, mediante la aplicacion de
un campo eléctrico externo creado por la punta del AFM. Asi, la apli-
cacion de un voltaje positivo repele las vacantes de oxigeno (que estdn
cargadas positivamente), mientras que un voltaje negativo atrae dichas
vacantes. Esto demuestra la posibilidad de manipular la concentracion
de vacantes a nivel local en las peliculas delgadas. Este resultado podria
tener repercusiones en aplicaciones practicas como las memorias de tipo
commutacion de resistencia, debido a que las vacantes cargadas pueden
cambiar a nivel local la resistencia del material, produciendo diferentes
estados. Ademds de esto, la conductividad térmica a nivel local puede
verse afectada también por la diferente concentracion de vacantes.

Se determino el coeficiente de difusion de las vacantes de oxigeno
dependiendo del estrés epitaxial, obteniendo un sorprendente aumento
de la difusion de oxigeno para las muestras con estrés tensivo (aproxi-
madamente un 350 % para el 2 % de estrés positivo) en comparacion
con la muestra crecida sin estrés. Todas las muestras presentan un valor
del coeficiente de difusién del orden de 10~17cm?/s.

Ademas, con la finalidad de proponer el uso del STO en memo-
rias de tipo conmutacién de resistencia, se examinaron los principales
parametros de control en la produccién y estabilizaciéon de estos dis-
positivos tales como tiempo de pulso, voltaje aplicado, temperatura y
reversibilidad.
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Rotaciones de los octaedros TiO; y respuesta ferroeléctri-
ca en peliculas delgadas de STO en funcion del estrés
epitaxial

Este capitulo combina resultados experimentales y tedricos. En él se es-
tudia los patrones de rotacion de los octaedros dependiendo del estrés
aplicado a las peliculas delgadas. Se observé que dicho patrén de rota-
cion depende mucho del estrés y los defectos presentes, pero también
de las rotaciones que imponga el sustrato usado para el cremiento de
las peliculas. Asi, como regla general, las muestras crecidas con estrés
compresivo o sin estrés presentan un patrén de rotacién tipo atbtc®
compatible con el grupo espacial /4/mmm, mientras que las muestras
crecidas con estrés positivo adoptan el patrén de rotacion presente en el
sustrato usado en cada caso.

El mecanismo que da lugar a este curioso comportamiento del patrén
de rotacion se comprob6 mediante simulaciones ab-initio. Los pardme-
tros estudiados como posible origen de las distintas configuraciones oc-
tahédricas fueron: el estrés, las vacantes de oxigeno y las vacantes de
estroncio. De los resultados se concluy6 que el factor més determinante
es el estrés epitaxial. Este resultado abre la puerta a un posible con-
trol ad hoc del patrén de rotacion de las peliculas delgadas mediante la
aplicacion de estrés.

Ademads, experimentalmente se observo una respuesta ferroeléctri-
ca en las peliculas delgadas crecidas con estrés negativo cuando se mo-
dificaba localmente la concentracion de vacantes de oxigeno. El efecto
es breve (unos 20 minutos) pero sugiere que cierto patrén de rotacion
y concentracioén de vacantes puede inducir ferroelectricidad en el STO,
tal que lo convierta en un “relaxor ferroelectric”. Para confirmarlo se
realizaron cdlculos ab-initio con diferentes patrones de rotacion y gra-
dos de estrés. Se determiné que el patron de rotacién observado experi-
mentalmente para las muestras con estrés negativo podia estabilizar una
polarizacion fuera del plano en las peliculas de STO. Sin embargo, otros
grupos espaciales estudiados nunca llegaban a estabilizar dicha polari-
zacion para estrés negativo. El estrés positivo sin embargo, conserva la
polarizacion para numerosos grupos espaciales con distintos patrones
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de rotacion y normalmente presenta polarizacion en el plano.

Una vez determinado esto, se introdujo adicionalmente el efecto de
las vacantes de oxigeno. Se estudio tanto el efecto de una vacante ecua-
torial como de una apical. La conclusién principal fue que la presen-
cia de vacantes de oxigeno (tanto ecuatoriales como apicales) produce
una distorsion polar para las rotaciones observadas en las muestras con
estrés negativo, confirmando los resultados experimentales. Para este
caso, se estim6 mediante el método de Fase Berry que la polarizacion
espontdnea puede llegar a un valor méximo de ~20uC/cm?.

Los resultados de este capitulo abren el camino para controlar pro-
piedades muy importantes a nivel practico, como la ferroelectricidad,
mediante la manipulacion del patrén de rotacion de los octaedros junto
con la influencia de las vacantes de oxigeno en las peliculas delgadas de
STO.

Propiedades de transporte en las peliculas delgadas de
STO en funcion del estrés epitaxial

En este ultimo capitulo, se estudiaron las propiedades de transporte de
las peliculas delgadas de STO en funcién del estrés epitaxial. Para ello,
se midi6 la resistividad en funcién de la temperatura y se determind,
mediante ajustes, los diferentes procesos de scattering que podrian ex-
plicar el comportamiento de dichas curvas de resisividad. De estos re-
sultados estd claro que el estrés epitaxial controla la temperatura a la que
se produce la transicion metal-aislante en las peliculas delgadas (T,,;,),
aquellas con menos estrés presentan comportamiento metdlico mientras
que a medida que el estrés aumenta (tanto positivo como negativo) van
adoptando un comportamiento semiconductor o incluso aislante.
Ademas, en algunas muestras se observa un minimo caracteristico
en la resistividad seguido de un repunte con dependencia logaritmica.
Este comportamiento es cominmente asociado a la presencia del efecto
Kondo, mecanismo que estd relacionado con la existencia de momentos
magnéticos localizados en la pelicula, los cuales interaccionan de forma
anti-ferromagnética con los electrones de conduccién. En nuestro caso,
los Ti**, que se forman cuando se crea un vacante de oxigeno, jugarian
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el papel de momento magnético localizado. Sin embargo, las tempera-
turas de Kondo anormalmente altas obtenidas de algunos ajustes hacen
pensar que esta no sea la explicacion correcta del comportamiento de
la resistividad. Para comprobarlo, se midi6 el coeficiente Seebeck en
alguna de las muestras, este coeficiente se ve enormemente afectado si
efectivamente estamos ante un escenario de Kondo. Sin embargo, en
las medidas tanto aplicando campo magnético como sin €l, no se ob-
serva ninguna pista que sugiera que nuestras muestras presenten efecto
Kondo.

Adicionalmente, la resistividad puede ser modificada mediante la
aplicacién de un campo magnético externo. Conforme la magnitud de
éste aumenta, tanto la magnitud de la resistividad como la temperatura
a la que se produce el minimo disminuyen. Ademads, un efecto inespe-
rado aparece a muy bajas temperaturas, produciendo un cambio en la
pendiente de la resistividad a temperaturas cada vez mayores (T*) con-
forme aumente el campo magnético. Representando T,,;, y T* frente al
campo magnético se prevé que las dos temperaturas se crucen a mas o
menos 15 K, justo la temperatura a la que esta reportada la aparicion de
un orden magnético en cristales de STO reducidos. Esto nos hace pensar
que el campo magnético induce algin tipo de orden magnético en los
Ti®* presentes en la muestra, tal como la interaccién Ruderman-Kittel-
Kasuya-Yosida (RKKY). Esta suposicion es apoyada también por el he-
cho que dichos efectos en la resistividad con el campo magnético no se
producen en muestras con mas grosor. Esto apunta ademdas a que los
Ti®* estdn principalmente concentrados en la interfase entre la pelicula
y el sustrato, y que al aumentar la contribucidn relativa de la interfase
el efecto no se aprecia. La competicion entre estos dos efectos se puede
apreciar también en la magnetoresistencia anisotropica, la cual cambia
de signo a campos magnético altos cerca de 15 K sélo en las muestras
con espesores mas bajos. Para explicar todos resultados se propone el
modelo basado en una transicion de Anderson en lugar del modelo de
Kondo.

Por dltimo, se estudié también la magnetoresistencia con el campo
magnético fuera del plano, determinando mediante ajustes con el mo-
delo de Hakami-Larkin-Nagaoka (HLN) el valor de los diferentes tiem-
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pos de scattering (ineldstico, eldstico y espin-Orbita). La presencia del
acoplamiento espin-Orbita es remarcable sobre todo en las muestras con
mayor estrés negativo (i.e. con mayor nimero de defectos). De los valo-
res se determiné que el mecanismo de Elliot-Yafet para la relajacion del
espin es el que tiene lugar en nuestro sistema, apuntando directamente
a los defectos como origen del acoplamiento espin-orbita.

Conclusiones generales

Aparte de la importancia de los resultados particulares de esta tesis, se
pueden extraer conclusiones generales con repercusiones importantes.

e El entendimiento de los mecanismos para la formacion de una

vacante de oxigeno asi como su difusion pueden tener profundas
implicaciones en aplicaciones como sensores, membranas, catéli-
sis o celdas de combustible sélido.

Las condiciones usadas en los procesos de recocido han demos-
trado ser vitales para conseguir muestras totalmente estequiométri
cas. Esto debe tenerse muy en cuenta para las heteroestructuras
que involucren al SrTiO3 como sustrato pero también para otros
oxidos en general.

El control del patrén de rotacién de los octahedros en peliculas
delgadas de STO mediante el estrés epitaxial puede habilitar pro-
piedades funcionales como la ferroelectricidad. Asi, la manipula-
cién de estas configuraciones octahédricas junto con la presencia
de vacantes de oxigeno puede representar una forma de contro-
lar estas interesantes propiedades no sélo en el STO, sino maés
generalmente en otras oxoperovskitas.

El STO puede reproducir la mayoria de los fendmenos observa-
dos en la interfase de LAO/STO, como el efecto de conmutacion
resistiva, ferroelectricidad, efecto Kondo, magnetoresistencia an-
isotropica o orden magnético. Toda esta fenomenologia en las
peliculas de STO tiene como origen de la creacion de vacantes de
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oxigeno (y de los Ti** asociados) para acomodar los diferentes
grados de estrés epitaxial. Asi, otros conductores de oxigeno con
el par redox Ti**/Ti3* activado (perovskitas, espinelas o browmi-
leritas) podrian presentar también este tipo de fenomenologia.
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