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Abstract

This dissertation describes the basic structural, electronic transport and magnetic properties of epi-
taxial Lag.7570.3MnO3 (LSMO) thin films on single crystalline substrates grown by chemical solution
deposition. In addition, new features such as spontaneous outcropping of insulating nanodots on the

LSMO surface and nanoscale reversible resistive switching have also been addressed.

The thesis is organized in the following way: first, a short introduction to manganites is given.
In the second chapter, a study of the new mechanism for the creation of self-assembled insulating
epitaxial nanostructures in a LSMO film surface is presented. These two crystalline phases, LSMO
thin film and insulating nanodots, are investigated by transmission electron microscopy (TEM), dis-
playing a coherently strained structure, even though the strain state and the lattice symmetry of the
LSMO film underneath the islands have been modified. Insulating islands induce an isotropic strain
to the LSMO film underneath the island which decreases the magnetoelastic contribution to the mag-
netic anisotropy. It is shown that the size and concentration of the nanodots can be tuned by means
of growth kinetics and through modification of the La excess in the precursor chemical solution. Fur-
thermore, nanoscale electrical analysis was performed by C-SFM in order to determine the insulating

behavior of the nanodots.

In the third chapter, we report our efforts to give some insight into the role that interfacial strain
generation and interfacial strain accommodation play on the thin film properties. On this account,
the dependence of the LSMO films magnetoelectronic properties on the film thickness is scrutinized.
The changes of the magnetoelectronic properties have been examined assuming a magnetoelastic
model and we found that these changes on magnetoelectronic properties cannot be explained merely
by the film strain state. Instead, the Curie and metal to insulator transition temperatures are also

influenced by other factors, such as chemical inhomogeneities and structural disorder in the film.

In the fourth chapter, in order to elucidate the intrinsic or extrinsic origin of the Joule heating effect
in the resistance bistability of LSMO thin films we accomplish a detailed study of the heating sources.
We report macroscopic transport measurements and local electrical behavior at the nanoscale, ob-
tained by conducting Scanning Force Microscopy (C-SFM). We have demonstrated that, under ad-
equate measuring conditions, a regime of bistable resistivity in LSMO thin films is not achieved at
T = 300 K. We otherwise suggest that this phenomenon would only occur in LSMO films when

measuring at temperatures below 7"« 250 K.

In the fifth chapter, a new stable resistive switching based methodology capable to program,



store and read out multiple levels in a nanoscale regions were performed modifying the intrinsic
properties of the LSMO film. We demonstrate that the number of distinguishable resistance levels
can readily reach 10 and even higher. We overcome the main handicaps of resistive random-access
memory (RRAM) approaches, except for unclear driven mechanism of resistive switching, namely
scalability, low cost, high area density of storage data and spatial uniformity of resistive switching

process.

The experimental techniques and procedures used in this thesis are summarized in chapter 7. The
growth technique of epitaxial thin film, chemical solution deposition, and the synthesis of samples
are described. Also different chemical characterization, structural, electronic transport and magnetic
techniques are presented. In addition, the optical lithography process employed for electronic trans-

port measurements is explained in this chapter.



Resumen

Esta disertacion describe las propiedades estructurales, de transporte electrénico y magnéticas basi-
cas de peliculas delgadas de Lag.7570.3MnO3 (LSMO) crecidas por depésito de soluciones quimicas
en substratos monocristalinos. Ademds, nuevas caracteristicas, tales como, el afloramiento esponta-
neo de puntos nanométricos aislantes en la superficie de la pelicula de LSMO e interruptores resis-

tivos reversibles a la nano escala han sido abordados.

Esta tesis esta organizada del siguiente modo: primero, se da una breve introduccién sobre man-
ganitas. En el segundo capitulo, el estudio de un nuevo mecanismo para generar estructuras aislantes
y nanométricas auto-ensambladas en la superficie de la pelicula de LSMO es presentado. Estas dos
fases cristalinas, la pelicula delgada de LSMO y los puntos aislantes, son investigados por micro-
scopia electrénica de transmisién (TEM), mostrando una estructura coherentemente tensionada, si
bien el estado de tensién y la simetria de la red de la capa de LSMO debajo de los puntos ha sido
modificada. Estas islas aislantes provocan una tensién isotrépica a la pelicula debajo de las mismas,
lo cual, hace disminuir la contribucién magneto-eléstica en la anisotropia magnética. Se muestra que
el tamafio y la concentracion de las islas puede ser modificado a través de la cinética del crecimiento

y modificando la cantidad de exceso de La en la solucién precursora inicial.

En el tercer capitulo, se intenta poner en evidencia el papel que juega la generaciéon de tensién en
las interficies asi como su acomodacién cuando se cambian las propiedades de la pelicula delgada.
Por este motivo, la dependencia de la propiedades de magneto transporte han sido analizadas. Los
cambios de estas propiedades han sido examinados en el marco de un modelo magneto elastico,
encontrando que dichos cambios no pueden ser justificados solamente con el estado de tensién. Sino
que, la temperatura de transiciéon de Curie y metal-aislante estan influenciadas por otros factores

como pueden ser inhomogeneidades quimicas y desorden estructural presente en la pelicula delgada.

En el cuarto capitulo, con el fin de dilucidar el origen del calentamiento debido a efecto Joule,
si se trata de un efecto intrinseco o extrinseco, en la biestabilidad resistiva de las peliculas delgadas
de LSMO hemos llevado a cabo un estudio detallado del origen de este calentamiento. Presentamos
medidas del transporte electrénico macroscépicas y locales obtenidas con un microscopio de sonda
local en modo deteccién de corriente (C-SFM). Demostramos que, bajo adecuadas condiciones de
medida, el régimen de resistencia biestable no puede ser conseguido a una temperatura de 300K.
Ademas, sugerimos que este fenémeno sélo podria ser alcanzado en peliculas delgadas de LSMO a

temperaturas entorno a 250K.



En el quinto capitulo, una nueva metodologia basada en la generacién de estados resistivos esta-
bles, capaz de programar, almacenar y leer multiples niveles de informacién en regiones nanométri-
cas fue llevada a cabo modificando las propiedades resistivas intrinsecas de las peliculas delgadas de
LSMO. Demostramos que el nimero de estos diferentes niveles puede llegar al menos a 10 pudiendo
ser incluso mayor. Con este concepto de memoria resolvemos algunos de los principales escollos
de la memorias resistivas de acceso aleatorio (RRAM), salvo en el conocimiento del mecanismo que
gobierna, como son la escalabilidad, el bajo coste de produccién, una alta densidad de almacenaje de

datos y la uniformidad espacial del interruptor resistivo.

Las técnicas y procedimientos experimentales usados en esta tesis son presentados en el capitulo
7. Tanto la técnica de crecimiento de las peliculas epitaxiales, depdsito de soluciones quimicas, como
la sintesis de las muestras es descrita. También se explican las diferentes técnicas utilizadas para la
caracterizaciéon quimica, estructural, de transporte eléctrico y propiedades magnéticas. Ademés, el
proceso de litografia 6ptica empleado para las medidas de transporte electrénico se explica en este

capitulo.



Motivation

Materials science has been at the frontier of technological development since the bronze and iron
ages. The ability to fabricate functional structures and performing devices in different materials is
central to the production of microelectronic devices, data-storage systems, and many other basic

products of the actual society.

Within the class of inorganic materials, oxides display perhaps the most diverse range of proper-
ties. Oxides exhibit the full spectrum of electronic and magnetic behavior: insulating, semiconduct-
ing, metallic, superconducting, ferroelectric, piezoelectric, ferromagnetic and multiferroic effects. In
the case of manganese oxides, electronic transport and magnetic properties and crystal lattice can be
controlled by utilizing the interaction between charge, orbital, spin, and lattice degrees of freedom
that cause drastic changes in these properties. These compounds are thus part of the strongly corre-
lated electron systems. The strong coupling between the electrons and the lattice brings about that
a small change in the chemical composition, can induce large changes in the physical properties. A
similar change can occur due to external effects, such as a magnetic or electric field, a hydrostatic
pressure, irradiation effects or the temperature. The most immediate excitement with manganites
could be their ability to display electrically controlled memory effects for resistive random-access
memory (RRAM). Among of manganite family compounds, with a high Curie temperature T;. of 370
K and with almost 100% spin polarization, Lag 7S79.3MnO3 manganite appears an attractive mate-
rial for applications at room temperature and it is also considered as one of the most prototypical

compounds.

Owing to the dependence of these properties on crystal structure , it is often optimal to grow epi-
taxial oxides. While polycrystalline oxide films may have sufficient properties for some applications
and studies, the superior properties of highly crystalline epitaxial films are most attractive both for
applications and fundamental studies of material and surface properties. In this concern, among the
different deposition techniques, chemical solution deposition method is considered to be one of the

most promising approaches for cost-effective production of thin films.

For the commented reasons above, the study and the properties control of epitaxial Lag.757¢.3-
MnOs thin films grown by chemical deposition methods are very interesting both from an applied

and from a fundamental point of view.
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Chapter 1

Lanthanum manganites background

This introductory chapter explains the historical and fundamental background of the manganites
concerned with the present thesis. More specific introductions on the topic covered in each chapter

of the thesis will be given throughout the corresponding chapters.

1.1 Introduction

The term manganites refers to a whole range of perovskite manganese oxide compounds of the
generic formula A;_,B,;MnO3 where A and B can be a trivalent or divalent element, mostly rare
earth (e.g., La, Nd, Pr, Sm) or alkaline earth (e.g, Sr, Ca, Ba, Pb)*. The doping parameter x is equal
to the density of carriers. Originally, the interest in manganites stemmed from the discovery of their
ferromagnetism and its correlation with electrical conductivity by Jonker and van Santen®.

In order to account for the simultaneous appearance of ferromagnetism and metallicity in the
mixed-valence manganites, Zener!®* first proposed the double-exchange mechanism. It consists of
an electron hopping from Mn?** to a neighbouring oxygen and simultaneously a second electron
hopping from the oxygen to a neighbouring Mn**. The model was developed later by Anderson and
Hasegawa® and then extended by de Gennes*>.

These models allowed for the understanding of many of the properties of manganites at the time
and the interest in these materials subsided as they were thought to be completely understood. But
the discovery of a magnetoresistance effect in manganites ', epitomized by Jin et al. as the “colos-

sal magnetorresistance” (CMR) (observed in the vicinity of the Curie temperature (7;) as well as the

*Depending on the special context, one also finds the terms rare-earth manganites, CMR manganites, or mixed-valence

manganites.



1.2. Crystal structure

metal-insulator transition temperature) associated with metal-insulator transition and granular mag-

78,86

netoresistance in the 1990’s , sparked a renewed interest in these compounds for their potential

technological applications and for the fundamental theoretical questions they gave rise to.

1.2 Crystal structure

X¢1 7T o pma has a perovskite structure with a rhombohedral distortion. In the pseudocubic
description, the unit cell angle and the lattice parameter of LSMO are 90 26 and 3 873v 92 re-
spectively. Because of this small deviation from the cubic symmetry, it is convenient to adopt the
pseudocubic notation for crystallographic planes. In figure 1.1, pseudocubic crystal structures of two
unit cells of perovskites, TpuXrgand x¢1 7 o pms, are shown.

In LSMO, the large sized x¢** trivalent ions and 72 divalent ions occupy the A-site with 12-
fold oxygen coordination. The smaller o p-ions in the mixed-valence state o p3* o p** are located
at the centre of an oxygen octahedron, the B-site with 6-fold coordination. For the stoichiometric

oxide, the proportions of o p ions in the valence states (3+) and (4+) are, respectively (1 ~ )and ( ).

“oe ‘
-eo'. ' @"o
o'g o ¢

Fig. 1.1: Schematic crystal structure of the perovskite unit cell for TuXrs (STO) and x¢1 T 0 pmg

(LSMO). Sr or La/St, and Ti or Mn occupy the A- and B-sites, respectively. The unit cell contains a
Mn(Ti)-ion surrounded by an oxygen octahedron and bounded in a simple cubic structure of A-site

elements.

STO is a cubic perovskite that has a parameter ¢ = 3905v , larger than that of LSMO by
0 83%. If the STO substrate is (001) oriented, then the STO and LSMO perovskite unit cells have the
following correspondences: the octahedral site receives ;1 Ain STO and o p in LSMO, while the other

cation site receives 7in the former and x¢; 7 in the latter.

The eponymous mineral 3 is named after a village in Russia.



1. Lanthanum manganites background

Films of LSMO grow epitaxially * with (001) orientation on (001) oriented STO substrates due
to the cubic symmetry and constraints imposed by epitaxy. However, the small lattice mismatch
between the LSMO film and these substrates cannot be released easily and built-in stresses that might
produce effects on transport and magnetic properties.

To understand the relationship between structural and electrical properties of manganite films,
Hwang et al. 7 investigated structural-electrical correlation of CMR manganite films using 7, and the
Goldschmidt tolerance factor (T'F) given by:

(0.1 4.5)-0

TF = 4074070 (1.1)
\/§dMnfO

where d( 4, Ay -0 1s the distance between A site (4 74 3) and oxygen (O) ions and dysy,—o is
the distance between Mn and O ions. The Curie temperature (7;) is maximum around =z = 0.3
(Fig.1.2) and for < r4 >~ 1.24 A which is for Lag7Sr9.3MnO3. The reduction of < r4 > from this
optimum value leads to an increase in distortion of the crystallographic structure which weakens the

ferromagnetic double exchange and increases the tendency to localize the charge carriers”.

(ry) (&)
1.15 1.20 1.25 1.30
400 T T T
300 Lay,Cag
= FMM
EE’ 200 -1
= warming
qper‘.—-Tc“
100 | closed-T," |
a (La.¥)q4Cagy
o (La.Prjg.Ca,,
& Laga( Ca-ST!a =]
FMI o Lags(Sr.Bajys
ola "l 1 I | I
0.89 0.90 0.91 0.92 0.93 0.84 0.95

Tolerance factor

Fig. 1.2: Phase diagram of temperature versus tolerance factor for Ay 7 Al s MnOs (after”).

Similar conclusions are reached by Maignan et al.'%! and Fontcuberta et al®'. They report that

changes of the lattice constant and thus the one-electron bandwidth, by varying the radius of the A

*The term “epitaxy” describe the phenomenon of the oriented growth of crystals of one substance on the crystal surface
of another substance. The term has been generalized to thin crystalline films grown in a well-defined orientation on
a single crystal substrate. The term epitaxy comes from the Greek roots epi, meaning “above”, and taxis, meaning “in

ordered manner”.



1.3. Electronic structure and magnetic exchange

cation, 7 ,inv 73 formula, the metal to insulator transition temperature can be controlled. They
conclude that the narrowing of the electronic bandwidth is the fundamental parameter controlling

the observed CMR.

1.3 Electronic structure and magnetic exchange

The physics of manganites is mainly determined by the mixed valency of the manganese ions. A first
valuable step in understanding the mixed-valence manganites is to imagine a simple ionic scheme as
depicted in figure 1.3. ¢ p2*, 0 p3*,and o p** valence states, which can all occur in manganites de-
pending on the composition, have 5, 4, or 3 electrons in the 3d shell, all with parallel spins according
to Hund’s first rule.

Mrf-i- MI]3+ Mn4+

d -7 ~ 3 3

A} -
S

d

=
. —r\_
12,/= fE

Jahn-Teller
distortion
A 0.0 A
I Viar- ¢ v
oV ol N ¢« v

Fig. 1.3: Scheme of 3d electronic states and orbitals in o p>*, 0 p3* and o p*™* ions in perovskite manganites
in octahedral coordination. The effect of a tetragonal distortion is lowering the energy of o p>* by

0, while the others remain unchanged. Abbreviations denote octahedral crystal field splitting,

Hund’s rule onsite coupling energy, 0  Jahn-Teller splitting energy resulting from distortion of

the oxygen octahedron. Large dashed arrows indicate spin-conservative electron transfer between Mn

ions which proceeds via intermediate O 2p orbitals. (Adapted from Dorr®).

In the cubic environment of the octahedron, hybridisation and electrostatic interaction of the man-
ganese with oxygen e electrons will create a crystal field for the outer 3 electrons in o p3*. This

field lifts the 5-fold degeneracy of electrons present in free ¢ p3* ions by splitting the energy lev-
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els and forming lower lying triply degenerate ¢, states and a higher doublet of ¢, states, as shown
in figure 1.3. The ty, triplet consists of the d,,, d,. and d,.-orbitals, while the e, doublet contains

the d,2_,2 and ds.2_,2 orbitals. The filling of these levels follows Hund’s first rule where parallel

y
spins are energetically favorable due to minimisation of Coulomb repulsion energy. The minority
(antiparallel) spin levels are very high in energy. This implies that only majority spins conduct. For
this reason, manganites are called half-metallic ferromagnet. This is illustrated in Fig.1.4 where the

electron levels are sketched in the vicinity of the Fermi level Er.

SITiO 3 La1-,SrMnO3 Ni

——f— -

Fig. 1.4: Schematic of the electronic band structures of SrTiOs3 (left), Lai_5 S, MnQOs (middle) and, for com-
parison, Ni (right). Dark bands are filled, white bands empty, Er denotes the Fermi energy, and the
arrows indicate the electron spins. STO is a band gap insulator. LSMO is a half-metallic ferromag-
net1?? where one electron spin (here up) shows metallic and the other (down) insulating behavior in
coexistence. Ni, on the other hand, is a conventional ferromagnetic metal with simultaneously occu-

pied up and down spin states.

The divalent ion Mn?' has a very stable 3d° configuration, a half-filled shell tgge? with § = 2
and a spherically symmetric electron density. Trivalent manganese is 3d*, tggeg with S = 2, whereas
quadrivalent manganese is 3d3, tgg with § = % The spin-only moments of these ions are 5., 415
and 3, where pp is the Bohr magneton, respectively.

For the particular case of La;_Sr, MnOs, the Mn site has a mixed valence state of x Mn?* (holes)
and (1 — 2) Mn?**. For x < 0.5 carriers are holes while for = > 0.5 the carriers are electrons with

184’ in

concentration 1 — z. The ferromagnetic phase is stabilized by the double exchange mechanism
which two simultaneous electron hopping processes are assumed. One electron is transferred from
Mn?T to a neighbouring oxygen 2p orbital, and a second electron from this oxygen 2p orbital to an

adjacent Mn?" ion, with the initial and final states being degenerate and consequently coexisting and
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coupling the Mn spins ferromagnetically. In general one could say that double exchange means the
magnetic interaction mediated by itinerant spin-polarized d electrons which couple to the localized
core moments according to Hund’s rule.

The above explanations provide a phenomenological understanding of the ferromagnetic and
conductive ground state, but the origin of the magnetoresistance effect needs further considerations.
In a semiclassical approach the double-exchange model yields a certain relation between the electron
transfer probability between the two Mn ions and the angle © between their magnetic moments. The
transfer probability is proportional to cos(©/2). If an external magnetic field is strong enough to
align the Mn moments parallel to each other (© = 0°), the transfer probability becomes unity and the

resistance drops dramatically. The magnitude of the MR is usually defined as:

MR = W (1.2)

where p(0) and p(H ) designate resistance in the zero field and in the applied field, respectively. In
normal ferromagnetic materials the magnetoresistance effect is just a few percent. But the manganese
perovskites have shown magnetoresistance values close to 100% in magnetic fields of a few Teslas.

This colossal magnetoresistance is generally observed close to the Curie temperature.

The physics of the CMR in the manganites is obviously more complex. Many important factors
other than the above simple double-exchange scenario, such as electron-lattice interaction, antifer-
romagnetic superexchange interaction between the t5, local spins, intersite exchange interaction be-
tween the e, orbitals, intrasite and intersite Coulomb repulsion interactions among the e, electrons,

etc., are necessary to interpret important experimental results.

1.4 Phase diagram

Phase diagrams of the mixed valence perovskite manganites are rich in different magnetic, transport
as well as structural phases. The phase diagram of manganite La;_,Sr,MnQOs is depicted in Fig.1.5
where it can be seen that it has an anti-ferromagnetic and insulating behavior at high and low doping
concentration (z) values and a ferromagnetic metallic behavior in a certain range of concentrations
centered around r = 0.33 with highest curie temperature (7, = 370K ', This is the reason why it is

considered as a good candidate for room temperature applications.

SDifferent definitions of the magnetorresistance ratio appear in the literature, including [p(0) — p(H)]/p(0), p(H) —
p(0)/p(H) and p(0)/p(H).
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Fig. 1.5: Lay_,Sr,MnOs5 phase diagram system for 0 < x < 1.0 (from Szewczyk et al.’™®). C, T, R, O,
O', and O denote, respectively, the cubic Pm3m, tetragonal 14/mcm, rhombohedral R3c, two
orthorhombic Pbnm, and orthorhombic Fmmm structural phases. AF-A, AF-C, and AF-G stand for
the antiferromagnetic phases of the A,C, and G type, respectively. OO denotes the region of stability

of the orbitally and charge ordered, insulating, ferromagnetic phase. “Ins.” stands for “insulating”.

In addition to the ferromagnetic ordering, LSMO exhibits different antiferromagnetic spin ar-
rangements at low temperatures, from 200 K and below. These are A—, C'—, or G—type antiferro-
magnetism. In an A—type lattice spins in the individual layers are ferromagnetically ordered but
antiferromagnetically ordered to the spins in the adjacent layers. C'—type is characterized by ferro-
magnetic ordering to the sites above and below but antiferromagnetic to the four nearest neighbours
in the plane. When all of the six nearest neighbours are antiferromagnetic, the arrangement is called

G —type. The end-members are paramagnetic at room temperature.

At lower temperatures with x = 0.1 doping the LSMO present charge ordering. In order to reduce
the Coulomb repulsion, electrons in a solid having ionic character may become localized in such a
way that a lattice with an ordered arrangement of cations with different valences are formed. The
localization of the charges renders the material insulating and also promotes antiferromagnetism.

Thus charge ordering and double exchange are competing phenomena.

The end member of the phase diagram SrMnOs (x = 1) crystallizes in a simple cubic Pm3m
structure. This cubic structure extends to lower values of z, with a transformation to a tetragonal
I4/mem phase around z = 0.7 at room temperature and increasingly higher values of x at lower

temperature. Upon decreasing temperature in the approximate composition range 0.5 — 0.6, the
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tetragonal structure transforms to an orthorhombic § v v v structure. With further decrease of , one
observes at room temperature the structural transformations from the tetragonal to the rhombohedral
3 3aphase, which is stable for 0 17 < < 0 45, and then to the two forms of the orthorhombic  p~y

structurer for0115< <01l7andw for0< <O0115.

1.5 Electronic transport

The temperature behavior of the electrical resistivity depends strongly on the doping level (Fig. 1.6).
As the temperature decreases, i < 0 is observed, corresponding to the metallic phase; on the

other hand above 1 we have w > 0.

T ™, T T

Resistivity ({2 cm)

1 1 1
] 100 200 200 400 500
Tempearatura (K}

Fig. 1.6: Temperature dependence of the resistivity in zero field for x¢» T o pmws. Arrows indicate the

critical temperature for the ferromagnetic transition. Open triangles represent structural transitions.

(From Urushibara et al.1%¢)

At low doping, LSMO is insulator at 300 K and above. One of the remarkable features of this
compound is that the metallic behavior can be induced by increasing the relative amount of o p4.
This is done by substitutional doping, i.e. x¢*" are partly replaced with 72". From closeto =02

andupto =04o0fc p*", the materials are metallic at room temperature.

1.6 Applications of manganites in devices

Perovskite manganites, demonstrated a large potential for applications based on their various phys-

ical and chemical properties3”4767173 The magnetic field sensitivity of the transport properties, the
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strong metal insulator transition at the Curie temperature, the electric field polarizability of the mate-
rial and its subsequent effect on the transport properties, the half metallicity of the electronic bands,

etc, could possibly be exploited in a variety of devices, few of them are described below.

e The magnetoresistance of manganites might be used in magnetic sensors; magnetoresistive
read heads and magnetoresistive random access memories. Magnetic sensors can be made
from either thin films or single crystals and can be used to sense the magnitude of a mag-
netic field in one or several directions by choosing the right crystal form and demagnetizing
factor. A good low field magnetoresistive response, however, can be obtained in manganite
samples with a high density of grain boundaries and in tunnel spin valve structures. A simple
prototype position sensor based on a thin film with permanent magnet bias has been already

developed 1.

e The electric field effect has also been observed in manganites. Here the top layer can be para-
magnetic, such as STO, or a ferroelectric layer, such as PZT (PbZr(2T.803), and the bottom
layer is a CMR material, but the changes are more profound in the case of PZT, where only
3% change in the channel resistance is measured over a period of 45 min at room temperature,
which makes this material attractive for non-volatile ferroelectric field effect device applica-

tions.

e The large temperature coefficient of resistance (I'C'R, calculated as (1/R)(dR/dT")) just below
the resistivity peak makes these CMR materials interesting for use in bolometric detectors used

for detecting and measuring radiation.

e Atlow temperature, the combination of high-T,. superconducting cuprates thin films and CMR

manganites could lead to new spin-injection devices®.

e Chemical applications include catalysis, such as catalysts for automobile exhausts, oxygen sen-
sors and solid electrolytes in fuel cells. The catalytic activity is associated with the Mn3T —

Mn*t mixed valence and the possibility of forming oxygen vacancies in the solid.

e Resistive memory (RRAM) is one of the strong emerging technologies in the modern memory

tield. This type of memories has the potential to replace several current memory types.

However, for a great number of these possible applications, these materials have to be prepared
in thin film form and because of this reason many research work has been carried out to get the best

structural and physical properties of these thin films. Composition of thin films, oxygen content,

10
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film thickness, lattice strains induced by the lattice mismatch, among others, play a crucial role in

determining its magnetic and transport properties.

1.7 Literature review

Obviously, the above introduction to the physics of doped lanthanum manganites is far from being
complete, thus the section will be closed by a chronological listing of some review articles on the field.
The very different approaches of the corresponding authors are another indicator of the extreme

complexity of the topic.

e The article of Ramirez'?®

is entitled Colossal magnetoresistance and considers not only the
mixed-valence manganites, but also other compounds that show the CMR effect, such as certain

spinels and pyrochlores.

e One of the most complete compilations of knowledge on mixed-valence manganites can be
found in the paper by Coey et al.¥”. The authors tackle the topic from the materials science
point of view. A profound base of knowledge concerning the historical results on manganites,
fundamental magnetic interactions in solids, magnetic semiconductors in general, as well as
bulk and thin-film preparation is given. The electronic structure is discussed in the ionic picture
as well as in the band picture, and the most important results from measurements of magnetic

properties, electronic and thermal transport, and of the optical response are summarized.

e Moreo and Dagotto et al.*>'10 (1999-2001) strongly stress the importance of phase separation sce-

narios in theory and experiment.

164 (

e The article of Tokura and Tomioka *>* (1999) makes an overview in the light of the mechanism of

the colossal magnetoresistance.

e Nagaev!''3 (2001) reports experimental and theoretical interpretation for CMR materials putting
in evidence similarities between the transport and magnetotransport properties of the ferro-

magnetic semiconductors and manganites.

e Prellier et al.'?” (2001) reviews the different experimental techniques and the effects of the depo-
sition procedure of the manganite thin films, as well as the relationship between the structural

and the physical properties.

11
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e The article by Salamon et al.'3® (2001) points out the significance of the manganites as a model
system for modern solid-state theory due to the many degrees of freedom, and emphasizes the
role of theory for a complete understanding of those compounds. The key feature of the paper
is that listings of the most important phenomenological facts in manganite physics are given
for different temperature regimes, since manganite behavior is very different above and below

T..

e The review papers of Haghiri-Gosnet et al.®” (2003) and Dérr? (2006) lay a special focus on
manganite thin films and possible device structures. Besides summaries of general manganite
physics, the role of epitaxial strain in thin films is discussed as an additional and controllable

degree of freedom.

e Van Tendeloo et al.'’® (2004) review the microstructural changes through a transmission electron

microscopy study of bulk as well as thin film colossal magnetoresistance materials.

e Tokura'® (2006) discusses the modifications in the electronic phase diagram as well as in the
magnetoelectronic properties near the bicritical point that is formed by such a competition of

the two phases.

12



Chapter 2

Spontaneous Outcropping of
Self-Assembled Insulating Nanodots in
Lag 7STg 3MnO3 thin films

“Knowledge is in the end based on acknowledgement.”

Ludwig Wittgenstein

2.1 Introduction

Nanoscale manipulation of functional materials is generating a very broad interest in many fields
such as electronics, optics, magnetism, ferroelectricity, or superconductivity owing to the capability
of modifying the fundamental properties or even to generate dramatically new functionalities. Nano-
magnetism has become a very rich arena where new phenomena are being discovered with many
potential applications in magnetic recording, spintronics, sensors, biomedicine, etc 133,185 Also, it has
been shown that vortex pinning centers can be generated in superconducting films grown on top of

surface nanotemplates™, similarly to nanocomposite films®.

Two general approaches, lithography and self-assembling, have been already found to be ex-
tremely successful in metallic and semiconducting nanostructure generation in surfaces'>14%15/185,
Complex oxides, instead, have only recently become an object of intense study. The formation of self-
assembled oxide nanostructures by vapor deposition techniques have been found to follow either

the Volmer-Weber or Stranski-Krastanov mechanisms, similarly to semiconductor systems158, while

13
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chemical solution deposition (CSD) (see sec.7.1) has been only recently started to be used as a power-
ful bottom-up nanofabrication methodology ™. Three-dimensional self-organized nanocomposite
films have also very recently appeared as promising candidates for the generation of new physi-
cal phenomena, such as multiferroic behavior !¢, but also to tune their physical properties, such as

magnetoresistance in a percolative transport system 2.

Among the complex oxides, rare-earth manganites of the type Ln_, A, MnO3 (Lnis a rare earth,A
is a alkaline earth) have become an extremely rich family of compounds displaying a wide variety
of behavior, such as ferromagnetism, metallic conductivity, antiferromagnetism, colossal magnetore-
sistance, charge order, phase separation, insulating states, etc.?”/13163 Additionally, a strong link
between these states can be induced, either by modified composition, oxygen stoichiometry or strain
state, or by several types of external parameters, such as temperature, pressure, magnetic, and elec-
tric fields, X-ray irradiation, etc. The metallic ferromagnetic phase Laj_, S, MnO3 with x = 0.3—0.4
has been found to be one of the most robust manganites and hence it is often selected as a model

system to investigate nanoscale phenomena.

2.2 Results and discussion

In the present chapter, a new strategy is proposed to generate self-assembled nanostructures from a
nanocomposite film which can be explained by the classical Stranski-Krastanov growth mechanism.
We propose that the same elastic strain energy, behaving as driving force for the formation of nan-
odots over a wetting layer, controls the topological arrangement of a phase segregated nanocompos-
ite system consisting of a wetting layer with nanodots on its surface. The crystalline phase, having
the higher interfacial misfit, will outcrop as self-assembled nanodots at the surface of the strained

film.

2.2.1 Evolution of surface morphology

The surface morphology of the CSD-LSMO films was found to strongly depend on thermal annealing
conditions. While at 900°C a granular structure (epitaxial grains with a grain size of a few tens of nm)
is observed in the scanning force microscope (SFM) images (Fig. 2.1(a)), at 1000°C for 1h a change in
the morphology occurs, and flat square grains (with local roughness ~ 1nm) are formed (Fig. 2.1(b)).
These terraces have a typical size of about 200nm?2. In spite of an atomically flat grain surface, the

global roughness, 5.5nm, has not improved, mainly due to the presence of intergranular parallelepi-

14
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pedic pinholes, probably crossing the whole film. A grain coalescence process occurs and these flat

terraces are further extended forming a quasi continuous flat surface. In this case, atomically flat

surfaces are developed over more than 90% of the surface area”.

1000°C-1H
900°C-1H

o T ¥ T d T
o 50 100 160 200 250 300 nm

(b)

Fig. 2.1: Topographic SFM images (5pm x 5um), LSMO films grown during 1 h on an STO substrate at
900°C and 1000°C, respectively.

Strikingly, however, annealing the films at 1000°C for extended periods (several hours) leads to
the spontaneous formation of self-assembled nanodots at the film surface. Figure 2.2(a-c) displays
three typical SFM images, with the corresponding profiles, obtained on films with different island
sizes developed on atomically flat LSMO films. As it is seen, polyhedral nanodots with heights up
to v~ 50 nm and a fairly narrow size distribution outcrop on the atomically flat LSMO surface. The
annealing conditions (temperature and time), together with the metal concentration in La-Mn ratio,
allow tuning the size and concentration of the polyhedral nanodots. For instance, the equivalent
diameter (D), mean height (h), concentration (N) of the nanodots, and total volume of the outcropped
nanodots per unit surface (V) seen in figure 2.2(a-c) were estimated to be: a) D ~ 60 = 20nm, h ~
44 3nm, N = lddots/pm?, V =~ 0.45 x 103nm?3/um?; b) D =~ 336 + 56nm, h ~ 40 + 10nm,N =
2dots/um?, V = 45.2 x 103nm3/um?; c¢) D ~ 270 & 60nm, h ~ 50 + 20nm, N = 8dots/um?, V =~
114.5 x 103nm?3/pum?

The increase of the nanodot volume with annealing time suggests that the outcropping process

is kinetically limited while the reduction of the nanodot concentration N with the annealing time

15
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Fig. 2.2: Topographic SFM images (5pm x 5um,), binarized area and profile across several nanodots of LSMO
films with different concentrations and size of LSO nanodots. a,b) Stoichiometric LSMO films grown
at 1000°C on an STO substrate during 8 and 12 h, respectively; c¢) LSMO film grown at 1000°C

during 12 h on STO with 20 mol % excess of La propionates precursor content in the starting solution.

indicates that coarsening occurs simultaneously pointing out the importance of surface diffusion.
On the other hand, the strong increase in the total nanoislands volume for samples with La excess
(Fig. 2.2c) clearly demonstrates that the nanodot size and concentration can be tuned through the
initial composition and annealing process. A high resolution TEM cross-section investigation was
therefore carried out to investigate the structure of the film and the possible influence of the phase

segregation process on the film physical properties.

2.2.2 Structural analysis

Heteroepitaxial growth of LSMO films was confirmed by XRD analysis (Fig. 2.3), indicating a cube-
on-cube orientation relationship (100)LSMO/ /(100)STO (pseudo-cubic indexation for LSMO will be
used throughout for simplicity). No peaks corresponding to secondary phases or organic contami-
nants were found in these diffraction patterns. Similar results have been obtained in all samples for

different thermal treatments.

Figure 2.4 presents typical reciprocal space maps scanned around the (103) reflections of STO

and LSMO. The coordinates system is oriented with the horizontal axis, @);//[100], parallel to the
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Fig. 2.3: Typical 0 — 20 x-ray diffraction patterns for a Lag 7579.3MnOs film grown by chemical solution

deposition on SrTiO3 substrate for different thermal treatments.

substrate interface and the vertical axis, @, //[010], perpendicular to the substrate. In figure 2.4, rlu
means “reciprocal lattice units” and 1 rlu = 2/X with A\ = 1.54184 A, Figure 2.4 clearly reveals that
the in-plane component @, of (103)LSMO matches perfectly with the STO lattice parameter in the
three cases, indicating that the films are fully strained (in the case of 1000°C-12h a,, = 3.905 A, the
same value to the STO lattice parameter 3.905 A2), while a compressive strain occurs perpendicular

to the substrate with values around a; = 3.851 A .

O]
(on
(@)
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Fig. 2.4: Strain states of thin films. XRD reciprocal space maps around the LSMO(103) reflection from the films
grown on STO(0 0 1) for 900°C-1 hour (a), 1000°C- 1 hour (b) and 1000°C-12 hours (c). According
to the data, the lattice constant of in-plane (—\/2Q,) and out-of-plane (3\/2Q,, ) can be deduced.

The diffraction averaged in-plane and out-of-plane strains of the LSMO films are therefore tensile,
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€/ = (a;) — apuk)/apuir = +0.826%, and compressive, €, = (a1 — apuk)/apur, = —0.568%, respec-
tively, where ap,;, = 3.873 A7!. The fully strained structure was found to exist independently of the
thermal treatment and is consistent with the fact that critical film thickness is below the critical value
for misfit dislocation formation measured for PLD-LSMO to be > 100 nm'%2. We note that this fully
strained state is not usually observed in films grown by CSD?*12°,

Lattice parameters derived from both reciprocal space maps and 6 — 26 scans are represented in

table2.1.

Thermal treatment | a(4) | ¢(A) €//(%) | eL(%) co—20(A)
900°C,1H,0.3M 3.902 | 3.851 | 0.749 —0.568 | 3.852

1000°C,1H,0.3M | 3.904 | 3.852 | 0.800 | —0.542 | 3.856

1000°C,8H,0.3M 3.854

1000°C,12H,0.3M | 3.905 | 3.851 | 0.826 | —0.568 | 3.850

Tab. 2.1: In-plane (a = —\/2Q);) and out-of-plane (c = —3X/2Q),) cell parameters derived from the reciprocal
space maps displayed in Fig. 2.4. Out-of-plane co_op from 6 — 26 X-ray diffraction pattern.

2.2.3 Microstructural analysis

A typical low magnification image of a 12 h annealed stoichiometric film, viewed along [010] is
shown in figure 2.5a. The LSMO film thickness was found to change smoothly from one observed
area to another with values comprised between -~ 20 and -~ 26nm. The image clearly shows flat
islands with lateral facets and sizes in the range 20 — 55nm in height and 90 — 280nm in length. The
nanodots facets are found to form an apparent angle of about 45° with the substrate surface. It is
furthermore observed that the nanodots penetrate into the LSMO film, which is therefore thinner
below the nanodots which in some cases reduce considerably its thickness.

EELS analysis were performed across the nanodot-film and film-substrate interfaces. Results are
shown in figure 2.5b. The set of spectra were taken every 3.5nm using an electron probe with a beam
diameter of 0.5nm. The positions of the starting and final spectra are indicated by 1 (substrate) and
2 (nanodot), as indicated in inset and plot. As expected, the O-K edge peak at 532 eV is observed
through the whole profile. It is also clearly observed that the La M5 4 edge persists across the film-
nanodot interface while the Mn L3 » line is confined within the LSMO layer. This indicates that the
nanodots have a significant content in La and lack of Mn. EELS did not yield reliable information

about Sr because of the unfavorable energies associated to its edges'”>. However, energy dispersive
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Fig. 2.5: TEM-EELS analysis of an LSMO film grown on an STO substrate during 12 h at 1000°C. a) Low
magnification cross-sectional TEM image showing a general view of the system; b) EELS line scan

across the interfaces nanodot-film and film-substrate, as shown in the inset. The scan was performed
from 1 to 2.

X-ray spectroscopy (EDS) results gave significant amounts of Sr (20 — 30wt%).

In addition to the outcropped LSO islands, TEM observations revealed the occurrence of rounded
inclusions, about 10 — 20nm in diameter, embedded within the LSMO film. Figure 2.6a is a low mag-
nification cross-section image including an LSO island and such an inclusion, labeled Ruddelsden-
Popper” (R-P). In order to gather high spatial resolution chemical information from such inclusions,
energy filtered imaging was carried out using a Cs corrected electron microscope operated at 200 kV,
enabling a spatial resolution of 1 nm. To that purpose, an inclusion in contact with the roots of an LSO
island was selected enabling direct comparison between both phases. Figure 2.6b and ¢ presents the
conventional elastic-electron image corresponding to the analyzed area, and the La-M5 4-edge distri-
bution map, respectively. Clearly, the island appears La-rich while the inclusion exhibits a contrast
even darker than the surrounding LSMO matrix, as expected from stoichiometric balance considera-

tions.

In the analyzed LSMO [010] zone axis images, such inclusions typically exhibit either cubic-like or

*The Ruddlesden-Popper phases of the manganites are characterized by the general formula (RE, M )n+1MnnO3n1.
They consist of n connected layers of vertex-sharing MnOs octahedra separated by rock-salt type layers (RE, M)O; n = 0o

corresponds to the usual three-dimensional perovskite.'*
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RePr> i LSMO

Fig. 2.6: TEM cross-section analysis of inclusions embedded within the film. (a) Low magnification magnifi-
cation image showing the three-phases building the epitaxial system: An (x¢ ) A island, an
embedded R-P type inclusion, and the LSMO film; (b,c) correspond to the elastic electron and x ¢
0 5 4 edge filtered images, respectively, of an area including an (x¢ ) X island and a neigh-
boring type inclusion; (d) high resolution image of an (3 inclusion viewed along its [100]
zone axis; (e) FFT spectrum corresponding to (d); (f) [001] zone axis FFT spectrum corresponding to

an 3 type inclusion different from (d) (not shown).

tetragonal-like structural projections. As an example, figure 2.6d and e shows a high resolution TEM
image of an [100] oriented inclusion and its corresponding FFT (fast Fourier transform) spectrum (e),
respectively. Figure 2.6f is a [001] zone axis FFT spectrum corresponding to a different inclusion. This
indicates that these inclusions hold an epitaxial relationship with the surrounding LSMO matrix.
Considering that the observed two types of projection correspond to two major zone axis, namely
[001] and [100] or [010], the lattice parameters derived from the FFT spectra yield lattice parameters

38and 19 7 v , which fit with the p = 2 R-P structure3®(S.G. I4/mmm, ¢ ¢,a 20
v )18 Thus, the epitaxial relation is given by (001)[100]R-P//(001)[100]LSMO. This structure is

formed by the insertion of a rock-salt-like unit, 7, every p(= 2) perovskite-type blocks, 7o p7s.
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The Sr cations can in fact be replaced by La, resulting in an increase of the lattice parameters4®. As
a general behavior, [001] images exhibit rather perfect crystallinity, while [100] or [010] ones feature
strong disorder, both in the stacking sequence and in the lateral continuity of atomic layers. In fact,
stacking disorder is common in these phases'#’. Thus, it is likely that both, structural mismatch and
cationic balance are further accommodated through structural and chemical disorder (mostly in the
form of stacking faults and lateral discontinuity of atomic layers) in addition to elastic strains within

the inclusions.

Figure 2.7a and c compares high resolution cross-sectional TEM images corresponding to an is-
land partly embedded in the film, with an island free film region. Strain contrasts can be observed
associated to the root of the island, while the free-film exhibits a high structural perfection. The most
significant lattice spacings obtained from the high resolution image of the island are: 8.37 and 5.41 A,
which, to the authors knowledge, do not correspond neither to the sesquioxide Srg.2Lai 80297 4 nor
to any other Sr-La-O reported phase, namely: Sr3LasOq 43 LaySrO7%2, LagSre0523, and LasSrO,>2.
A structural determination of these nanodots falls beyond the scope of the present study. However,
careful analysis of the buried roots of the island reveal that they sustain an epitaxial relationship both
perpendicularly and parallel the film. This is indicated in figure 2.7c showing a SAD (Selective Area
Diffraction) pattern taken across the island-film interface, where the coincident lattice is marked by
a dashed line. Matching distances are found to be d,, = 4.055 Aand d; = 4.048 A, parallel and
perpendicular to the interface, respectively, yielding misfit strains ¢,, = 4.7% and ¢, = 4.5%. Spot
splitting between both diffraction patterns are better observed for higher order reflections, as for
instance between the (002)LSMO and (-200)LSMO spots and those labeled 1 and 2 for the island,
respectively.

In order to investigate the interaction of mismatch strains originated at the island interface with
those originated at the substrate, SAD patterns containing the LSMO-STO interface beneath and far
from the islands were compared. The SAD pattern shown in figure 2.7b corresponds to the island
free region. The solid square indicates spots due to the STO substrate while the dashed square shows
the spots coming from the LSMO film. The pattern is consistent with the rhombohedral structure
of LSMO (S.G. R-3¢c) and indicates a cube-on-cube epitaxial relationship. Spots contributed by both,
STO and LSMO, appear more intense and are elongated along [001], perpendicular to the interface.
Careful inspection of higher order spots reveals splitting in that direction, as demonstrated in the
magnified view of the (-103) STO and LSMO reflections. On the other hand, within experimental res-

olution, the pattern indicates complete matching between film and substrate parallel to the interface,

21



2. Spontaneous Outcropping of Self-Assembled Insulating Nanodots
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Fig. 2.7: (a) Cross-sectional HRTEM image of the LSMO film and STO/LSMO interface in an area far away
from the LSO nanodots influence; (b) electron diffraction pattern of a selected area displayed in (a) cov-
ering STO substrate and LSMO film; (c) HRTEM image of the LSMO film under a nanodot showing
the STO/LSMO and LSMO/island interfaces; (d) SAD pattern taken across the island-LSMO inter-
face illustrating the matching distances between both phases. 1 and 2 mark spots originated by the
island; (e) electron diffraction pattern taken at an area covering LSMO film under a nanodot and the

STO substrate.

ie, a;/(LSMO) « a;/(STO) = 3.905 A . Thus, LSMO film regions not affected by the interaction
with nanodots appear under an in-plane tensile stress and the corresponding compression perpen-
dicular to the substrate, in agreement with the averaged view provided by X-ray diffraction (Fig. 2.4).
When v = 1/2, the unit cell volume is preserved under strain, otherwise, it changes. The strain values
determined for the LSMO regions not affected by the interaction with the nanodots are ¢,, = +0.83%
and €; = —1.03%. These values yield a Poisson ratio v = ¢ /(e — 2¢//) of 0.38, close to that de-
termined by Maurice et al.'%2 for a La, /3571/3MnO3 film, v = 0.34, thus signaling that the unit cell

volume of these strained films was increased compared to the bulk value.
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Figure 2.7e corresponds to the SAD pattern obtained across the LSMO/STO interface in the re-
gion beneath an LSO nanodot. Again, the diffraction spots due to the STO and LSMO structures are
connected by solid and dashed squares, respectively. In this region, the film also corresponds to a
rhombohedral LSMO phase. However, careful inspection of the pattern did not reveal any signature
of spot splitting or even elongation in any direction, i.e., diffraction spots coming from the two dif-
ferent lattices are apparently fully coincident. Thus, within our experimental accuracy, comparison
between the SAD patterns obtained from regions far from and below the nanodots, does not reveal
any apparent difference concerning the in-plane lattice parameters. However, the c-axis parameter
of the LSMO film becomes tensile stretched below the LSO nanodots by - +0.83%, resulting in an
expanded LSMO unit cell volume AV/V « +2.5%, as compared to the bulk LSMO unit cell.

2.2.4 Discussion

The results reported above indicate that a complex chemical segregation phenomenon lies at the
root of the new mechanism of surface nanodot formation. The observation of a coarsening effect,
enhanced by temperature, and a higher La concentration suggest that the LSO nanodots arise as a
consequence of a kinetically limited surface outcropping process, probably cooperatively driven by
the thermodynamic instability leading the simultaneous formation of the outcropped LSO islands
and the Sr3Mn,O7 embedded inclusions, and a reduction of the total elastic energy of the resulting
three phase nanostructure. The observed topological distribution of segregated phases is governed
by the energy cost associated with the creation of new interface and surface area. In this sense, it is
worth noting that the n=2 R-P structure consists the alternation of two perovskite layers with a single
rock-salt-type layer!”!. Therefore, there exists a favorable structural compatibility between this struc-
ture and the LSMO and STO ones, that would explain why this phase remains typically embedded
in the film and occasionally in contact with the STO surface (Fig. 2.6a), while the LSO phase tends to
minimize its interface area with the film. Thus, to a first approximation the contribution of the R-P
inclusions to the elastic energy of the coherently strained LSMO film can be neglected. In this way,
the elastic energy per unit surface can be approximated by E.;(LSMO) o €*t, where ¢ is the lattice
misfit and ¢ the film thickness. This energy is the driving force for defining a critical thickness for mis-
fit dislocation formation. If a coherently strained LSMO/LSO nanocomposite film would be formed
with the same epitaxial order described above, and with respective surface occupancies (1 — z)/x,

the total elastic strain energy per unit area E7)° could be written as:
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e — (1 — 2)Ey(LSMO) + 2Eo(LSO) + Eiy (2.1)

el

where E,(LSO) is the corresponding elastic energy of an epitaxial LSO film growing on STO,
which is higher than E,;(LSMO) due to the enhanced misfit strain and E;,,; is the elastic strain energy
associated to the LSMO/LSO interfaces, which would depend on the geometrical arrangement of the
two phases within the nanocomposite film. In the present case, due to the high lattice misfit of LSO
with both the STO substrate and the LSMO phase, it is anticipated that E7¢ will be high. Previous

0,%9112 gshowed

investigations of nanocomposite epitaxial films, such as LCMO/MgO or LSMO/Zn
that a columnar phase separated structure could be formed with stress accommodation through a
structural phase transition of LCMO. The main difference in the present system is that both phases of
the nanocomposite are elastically strained while in LCMO/MgO nanocomposites, one of the phases
(MgO) was not strained because the substrate was also MgO. Our observation of an outcropping
phenomenon should be driven then by a decrease in the total elastic energy of the nanocomposite
film in a way which can be considered somehow similar to that described in the Stranski-Krastanov
growth mechanism for films with a single composition. In the present case, a generalized theoret-

ical analysis would require consideration of the complex equilibrium phenomena revealed by the

observed chemical segregation.

In the Stranski-Krastanov nanodot formation mechanism 14915

, a strained wetting layer persists
while coherently strained nanodots are formed at the surface driven by an elastic relaxation term
(negative energy term), even if an extra surface is formed (generally contributing with a positive en-
ergy term). The more complex problem of morphological evolution of nanocomposite films still lacks
of theoretical analysis and so there is no prediction of the novel outstanding behavior reported here
for the LSMO/LSO system: the spontaneous formation of nanodots at the surface with a composition
La-Sr-O naturally selected on the basis of minimization of the elastic energy of the nanocomposite
film. The remaining wetting layer keeps the composition having the lowest elastic energy with the
substrate, i.e., LSMO. A thermodynamic analysis of the new self-assembled nanostructure could be

made where the increase of the energy of the self-assembled island /LSMO nanodot-film £°¢, as com-

pared to an equivalent LSMO/LSO nanocomposite film (Eq. (2.1)), can be then written as:

E* = 2 [Eq(LSMO) — Ey(LSO)| — Eip + E™ + B2 (2.2)

Where E7 is a positive term including the extra surface and interface energies associated to the

nanodots formation, E7? is the elastic relaxation energy of the LSO nanodots and the other terms are
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defined in (Eq. (2.1)). For a parallepipedic nanodot with dimensions a x b x h, E" can be written

a5116,149:

h
End = <t - 1) ab—T1(a+b)h (2.3)

where v = ug —u; — uy and I'y = wcosb + ugcotd — uicotd — 2uccscd. The u terms correspond
to surface energies (per unit area) of substrate, of the island’s top and edge side facets and the dot-
substrate interface, respectively, h is the dot height, u is the angle of the lateral surfaces with the
substrate, and ¢ is the thickness of the equivalent flat film.

The third term E"? in (Eq. (2.2)) is the elastic relaxation energy of the epitaxial nanodots asso-
ciated to a non-uniform strain distribution within the island and it can be written for 3D islands

as'1°:

B = AR [b In (g‘h +1In (&)ﬂ (2.4)

A is defined as A = f%(1 — v)/mu, where p is the shear modulus, v is Poisson’s ratio, f = (o, +
op)/2 is the elastic force monopole along the island edge induced by the lattice mismatch, o; are the
diagonal island stress tensor components and © = ¢”~3/2, where  is a numerical factor!'®. The
spontaneous occurrence of outcropping means that the self-assembled phase-separated state has a
lower energy E°¢ < E"¢. In Equation ((2.2)), the only term that it is usually positive is E7¢, while
the other three are negative, and hence in the present LSMO/LSO nanocomposite films they are
dominant. We can then conclude that the outcropping process is enhanced when the in-plane stresses

between the island and the wetting layer is large.

2.2.5 Macroscopic physical properties

We turn now to the analysis of the consequences of the new self-assembled nanostructures on the
local properties of the LSMO films.We first measured, however, the macroscopic magnetic and trans-
port properties of the films through magnetic hysteresis loop measurements, including the anisotropic
magnetic behavior, and the temperature dependent magnetoresistance.

The dependence of the magnetization with the temperature was measured under 5mT in all the
samples and we found that a sharp ferromagnetic to paramagnetic transition occurs with a Curie
temperature 7, «~ 365K and high field magnetization measurements at 10K indicated a saturation
magnetization oM «~ 590mT, a value very close to that of bulk LSMO3%162166 see figure 2.8a. The

temperature dependence of the resistivity measured at zero magnetic field and under a magnetic
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Fig. 2.8: (1) Temperature dependence of the magnetization measured at 5mT for a typical LSMO film with
(La, Sr)O, nanodots and electrical resistivity measured at zero magnetic field and under a magnetic
field of 5 T; (b) isothermal magnetic hysteresis loops of an LSMO film measured at 300 K with the

magnetic field oriented parallel (bullets) and perpendicular (squares) to the film substrate.

field of 5T is also displayed in figure 2.8a. The observed resistivity [p(300K) = 8.42 x 10~%Qcm]
and maximum magnetoresistance (AR/R «~ 11%) are very typical of those observed in high quality

single crystalline thin films 38162166,

These results mean that the CSD grown LSMO films exhibit intrinsic macroscopic magnetic pa-
rameters (M, and T,) and transport properties very close to those of bulk values and that the bare
macroscopic behavior of the films is not modified by the additional strain induced by the interfacial
LSO nanodots. Isothermal magnetization loops revealed the macroscopic anisotropy of the films.
Figure 2.8b displays typical loops measured at 300 K under in-plane and out-of-plane configurations.
The magnetization curves reveal that the macroscopic behavior corresponds to an in-plane easy axis
orientation with an anisotropy field pgHx «~ 500mT, as deduced from the saturation field on the
hard axis magnetization hysteresis loop. This planar easy magnetic axis is that expected for in-plane
tensile LSMO/STO films 3% where both the shape anisotropy energy (Es = 340M2) and the mag-
netoelastic coupling contribute to the in-plane easy axis magnetic anisotropy. Magnetoelastic energy
can also contribute to the magnetic anisotropy. This term can be written for strained thin films as
(Eme = —%)\ [a 1cos?(0) + | sin2(0)] ) where 6 is the angle between the strain and magnetization, A is
the magnetostriction coefficient (A > 0), and o; is the stresses along the two mutually perpendicular

directions (0; = 3€Y with Y the Young’s modulus, Y = 5 x 101 Nm~2). 41152

The observed anisotropy field (1oHx ~ 500mT) is very close to that estimated from the shape

anisotropy (uoMs ~ 465mT), therefore, we must conclude that the overall in-plane macroscopic
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magnetic anisotropy of the nanostructured LSMO films is preserved when interfacial Sr-La oxide
nanodots are created and it is dominated by shape anisotropy. This is consistent with the estimated
ratio of E,,./Es ~ 0.1, taking into account that at 300 K, A\ ~ 104,152 Actually, below the self-
assembled nanodots the LSMO film has a null magnetoelastic coupling term because o, = o) and
hence Ee = —3/2X\(0Lcos?0 + osin®0) = —3/2Xa(cos®0 + sin*0) = —3/2Xo; which means that,
below the islands, this term does not contribute to the magnetic anisotropy (there is no dependence

on the orientation of the magnetization).

Nanoscale electrical analysis was performed by C-SFM. By applying a voltage between the LSMO
surface and the conducting tip, a current flow is generated. By simultaneously measuring topogra-
phy and current images, the nanoscale electrical response of the surface is obtained. The measure-
ments were recorded at room temperature, either in a dry nitrogen gas environment or under vacuum
conditions (10~ mbar).

Figure 2.9a shows a typical topographic image with its corresponding current map (Fig. 2.9b) ob-
tained at a bias of 2.7V scanning at a speed of 0.5ums ™! and with 50nN load. The flat regions in the
current profile measured on the LSMO film are due to the saturation of the current amplifier, fixed
to 5nA in the experimental set up used. Moreover, the current recorded on the LSO islands drasti-
cally drops to zero or negligible values, which accounts for a non-conducting nature. In conclusion,
this kind of experiments confirm that the LSMO film preserves a conducting character, despite the

presence of the LSO nanodots, which otherwise are found to be insulating.
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Fig. 2.9: (a) SFM topography image of an LSMO thin film grown on an STO substrate at 1000°C during 12
h with the nonmagnetic-insulating (La, Sr)O, nanodots imaged on the surface; (b) C-SFM image
corresponding to the same surface displayed in (a) at Vi, = 2.7V; (c) profile following the lines
indicated in (a) and (b) of the topography and the current measured with C-SFM. The maximun

current detected are limited by the current amplifier, fixed to 5 nA in the experimental set up used.

2.3 Summary

Summarizing, we have presented a new mechanism for the creation of self-assembled epitaxial
nanostructures in a film surface. When an epitaxial nanocomposite film is formed, based on the
phase separation of two crystallographic dissimilar structures, diffusion towards the surface of the
film of the minoritary phase may occur spontaneously leading to the formation of self-assembled
islands. The two crystalline phases investigated here have been LSMO and an unknown insulat-
ing LSO phase which appear by TEM to display a coherently strained structure, even though the
strain state and the lattice symmetry of the LSMO film underneath the islands have been modified.
We have shown that the concentration and size of the insulating nanoislands can be tuned through

modification of the initial composition of the chemical solution and growth kinetics control. It is pro-
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posed that the driving force for the generation of the nanodots is a partial release of the elastic energy
when the nanodots are formed at the surface. This is the same driving force for island formation in
the Stranski-Krastanov mechanism and hence the new mechanism reported here can be considered
as a generalized case, though the problem is considerably more complex because it also involves
compositional separation of two phases. The spontaneous outcropping of self-assembled nanodots
on top of an epitaxial wetting layer with a different composition appear then as a new opportunity
to modulate at the nanoscale the physical properties of the underlying wetting film or to generate

nanotemplates in a film surface.

2.4 Methods

LSMO films with superficial Sr-La oxide nanodots were deposited on (100) Sr7'iO3 (STO) substrates
by spin coating at 6000 rpm for 2 min and annealed at temperatures in the range 900-1000°C un-
der flowing oxygen gas for different annealing times up to 12 h. Final film thickness was estimated
to be in the range ~ 20 — 26nm by SFM in lithographed sample and cross-sectional TEM. X-Ray
diffraction reciprocal space maps were obtained using a Bruker D8 Advance difractometer equipped
with a four-angle goniometer and a general angle diffraction detection system (GADDS) 2D detec-
tor (Cu K, radiation, no monochromator). The films surface morphology was investigated with a
PicoSPM SFM from Molecular Imaging, using intermittent contact mode at room temperature. Sta-
tistical analysis of the SFM images were carried out by the software Mountains (Digital Surf). Ad-
ditionally, current sensing SFM (C-SFM) measurements were performed to analyze the conducting
character of the nanostructured films with an Omicron Instruments UHV AFM/STM system by stan-
dard contact mode with silicon SFM tips coated with a boron-doped diamond conducting film with
k = 2.8N.m~!(CDT-FMR, Nanosensors). The analysis of this image were carried out by the soft-
ware WsXM from Nanotec!'!*. TEM investigations were carried out with a 200 kV Jeol JEM-2010F
field emission gun microscope equipped with an electron energy loss spectrometer (EELS) with a
nominal energy resolution of 0.8 eV, and a Jeol JEM-2011 microscope equipped with an EDS. Energy
filtered images were obtained using a 200 kV Cs corrected F20-SACTEM Tecnai microscope fitted
with a GIF-Tridiem energy filter. Cross-sectional samples for TEM examination were prepared by
the conventional cutting, gluing and grinding procedure, followed by a final Ar milling step down
to perforation. Magnetic measurements have been performed using a superconducting quantum
interference device (SQUID) magnetometer provided with a 7T magnet to check the properties of

the LSMO layers. Electrical resistivity and magnetoresistance were obtained using a physical prop-

29



2. Spontaneous Outcropping of Self-Assembled Insulating Nanodots

erties measurement system (PPMS, Quantum Design) equipped with a 9T magnet with a standard

four-point probe method.
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Chapter 3

Thickness dependence of

magnetotransport properties in

Lag 75Tg 3MnO3 thin films

“If people never did silly things nothing intelligent would ever get done.”
Ludwig Wittgenstein

3.1 Introduction

In heteroepitaxial growth, commonly, a lattice mistmach exists between the growing material and
the substrate. In such cases, the first layers conform to the substrate and the film is strained. With
increasing film thickness this strain will relax through the appearance of misfit dislocations, and the
film properties should approach those of the bulk. A film under strain will have different properties
compared to a strain-free film. For the case of manganite films, this behavior is generally correlated
with the Mn-O-Mn bond angles and Mn-Mn distance changes. Because the physical properties of thin
films are influenced by the mismatch strain between film and single crystal substrate, the control of

the internal microstructure is essential in order to understand physical properties variations.

In the past few years, many papers concerning strain effects in manganite films have been pub-
lished. Most of the reported studies correlate, both tensile and compressed strains, with a degra-
dation in Curie temperature (7..) of La;_,Ca, MnO3 manganite thin films 681126172 and L.SMO thin

films 3,46,47,67,92,130,165
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3. Thickness dependence of magnetotransport properties

In particular for LSMO films, the degradation of magnetoelectronic properties have also been
checked following a dynamical way to manipulate macroscopic properties (resistivity and magne-
tization). Using piezoelectric substrates which allow a variation of the strain state of the film by
applying a voltage at the piezoelectric substrate 11187, A relationship between the resistance change
AR/R and the strain ¢, in the LSMO film is derived, indicating that the relative change in the resis-
tance is proportional to the induced strain in the LSMO film.

Similar results have been reported by Thiele et al. 160 using piezoelectric Pb(M g, /3N by /3)0.72Ti0,28 O3
substrates,where up to 19 K strain-induced shifts of the ferromagnetic Curie temperature 7. were

found in La0.7S7"0,3M7”LO3 (t = 20nm).

This interpretation seems to be reasonable and likely to be correct, but the mechanism based
on strain alone may not be sufficient to account for all aspects of the experimental results such as
the thickness and temperature dependencies of the magnetic and MR properties. In fact, magnetic
disorder or loss of oxygen at interfaces, oxygen vacancies, chemical fluctuations or inhomogeneities

and structural defects can also play an important role.

Starting from a fully strained Lag 7579.3MnO3 thin film displaying almost bulk magnetic prop-
erties, and contrary to what has been previously reported, in this chapter we give evidences of a
degradation on the magnetic behavior (7;) of the CSD-LSMO thin films as thickness is increased
and a fully relaxed state is approached. We try to give insight into the role that interfacial strain

generation and interfacial strain accommodation play when manipulating thin film properties.

3.2 Results and discussion

In this chapter, the dependence of the LSMO films magnetoelectronic properties on the film thickness
is presented for the nominal thickness (t) of 15, 24, 35 and 60 nm using the same growth conditions.
The changes of the magnetoelectronic properties have been examined assuming a magnetoelastic
model. It is found that these changes on magnetoelectronic properties cannot be explained merely

by the film strain state.

3.2.1 Surface morphology

Varying the concentration of precursors solution we have obtained thin films with different thickness

which were measured by using SFM on resistivity tracks, TEM cross-sectional analysis or SIMS depth
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profiles. Thus, thin films were deposited on STO substrates from four different solutions with con-
centrations of 0.2M (15nm expected thickness), 0.3M (24nm) , 0.4M (35nm) and 0.5M (60nm), yielding
nominal thickness of 15, 24, 35 and 60 nm respectively (Fig.3.1).
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Fig. 3.1: Thickness of the LSMO thin films as a function of the concentration of the precursor solution concen-

tration.

The surface morphology were examined by SFM. Fig.3.2 displays different stages of surface mor-
phology evolution as film thickness increases for samples grown at 1000°C during 12h.

As explained in chapter 2, the LSMO film with thickness of 24 nm presents a process of formation
of outcropped insulating nanodots on its surface with a size and distribution which can be controlled,
see Fig. 3.2(b). Strikingly, for thickness above 35 nm these nanodots disappear from the LSMO sur-
face (Fig.3.2c), leading to a flat surface with granular morphology with a root-mean-square*(rms)
roughness of 2nm and some holes which may cross the whole film down to the substrate. The mor-
phology of the thickest film (¢ = 60nm) is shown in figure 3.2d. This film exhibits an enhanced rough
surface with a rms roughness of 4nm and profuse vertical holes which may arrive down to the sub-
strate as we demonstrate by cross-section TEM images (Fig.3.4). The observed holes are indicative
that a dewetting process is happening in this stage. In this regard, we grow LSMO films for more
extended processing times (15 hours) and at the same processing temperature. These films display

parallepipedic like hole geometries characteristic of the dewetting process (not shown).

But, there are methodological reasons which limit the thickness range under study to 24-60 nm
for films grown at 1000°C-12h, namely that for thicknesses lower than 24nm (0.3M), i.e, the films
with a expected thickness of 15nm (0.2M) do not fully wet the substrate?%>145 (see fig. 3.2a) and for

*The rms were calculated in a region free of holes.
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Fig. 3.2: Surface morphology as a function of film thickness. Topographic (5um x 5pm) SFM images of LSMO
thin films (1000°C-12h) on STO of different thickness: (a) dewetted film with expected thickness of
15nm, (b) 24 nm, (c) 35 nm and (d) 60 nm. The profiles have been obtained across the dotted line.

thicknesses over 60 nm a saturation of the precursor solution concentration (> 0.5M/) occur. In order
to overcome the lower limit, i.e, to obtain films with lower thickness a reduced annealing temperature
and shorter time were used. In this way, films with thickness of 10nm (0.1M) and 8nm (0.06M) were

reached at 900°C during 1h (Fig.3.1).

On the other hand, the formation of holes, could be avoided by suitable thermal treatment of the
resulting thin films. Thus, the 10nm and 8nm thick films exhibit a flat surface and free of holes with
a rms roughness of 1 and 0.5nm, respectively (Fig.3.3). We note that the islands observed in the 8 nm

thick film are not insulating, they remains metallic. This film will be used in chapter 5 where their
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metallic behavior is evidenced by conductive SFM (Fig.5.9).

0 nm

Fig. 3.3: Topographic SFM images of LSMO thin films (900°C-1h) on STO of different thickness: (a) 8nm and
(0)10 nm.

Figure 3.4(a) and (b) show low magnification cross-sectional TEM images taken from two differ-
ent areas within the sample where the pinholes observed by SEM are shown. In (a), it is observed
that the pinhole gets down to the substrate, while in (b) there is still a certain amount of manganite
on the substrates. The areas around the pinholes are a slightly thicker, in agreement with SFM mea-
surements, and may present a high density of inclusions, see (b). The nature of these inclusions have

also been studied by TEM and will be discussed later on in this chapter.

Fig. 3.4: Low magnification cross-sectional TEM images of LSMO/STO for 60 nm film thickness recorded
around two holes. Hole of LSMO film falling down to the substrate (a) and preserving a small thick-
ness of LSMO (b).

Pinhole formation is a typical feature of thin films grown by CSD which is associated to pyrolysis
process of the metal organic precursors. These compounds usually display a coarsening process
during high temperature growth, a process driven by the need to minimize the surface energy of
the film. At the more advanced stages of the film evolution, the irregular shapes are transformed to

parallelepipedic pinholes where the facets having the lowest energy develop clear energy?>4074
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3.2.2 Structural analysis

The crystal structure of the films has been investigated for different film thicknesses by using a
diffractometer with CuK, radiation in Bragg-Brentano geometry. Rather narrow rocking curves
were measured for out-of-plane reflections of the films (FWHM 0.15°-0.3°). In Fig. 3.5a, we dis-
play 6 — 260 scans around (003) reflections for several LSMO films for different thickness. We can
observe a double peak corresponding with a K1 and K, radiation. A shift of the peak position of
the (003) reflection of the LSMO films, towards smaller angles, takes place as the thickness increases.
The values of the out-of-plane parameter, ¢, of the different films as derived from diffraction patterns
are plotted in figure 3.5b. The approach to obtain the c values is based in pseudo-voigt function fit
(see experimental procedures, sec.7.4). The values obtained are in complete agreement with the val-
ues measured by reciprocal space maps (displayed next). Thus, in order to achieve a perpendicular

film lattice parameter, § — 26 scans may be chosen as a fast, simple and accurate method.
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Fig. 3.5: (1) X-ray diffraction pattern around (003) reflections for several thickness of LSMO films. (b) Plot of

perpendicular film lattice parameter derived from 6 — 26 scans.

Since the cell parameter of bulk LSMO is 3.873 A7, the obtained values for ¢ indicate that LSMO
films are under compressive strain in the out of plane direction for thick film of 24 nm (fully strained)
and for 35 nm (partially relaxed), while for the thickest film (¢ = 60nm) a fully relaxed state is reached.
In order to perform a direct measurement of the in-plane lattice parameters of LSMO films, another

technique such as reciprocal space mapping is needed.

The reciprocal space maps of (103) LSMO and STO substrate are shown in figure 3.6 for films
with different thickness. In-plane parameters are expanded from a value which match perfectly with

that of the substrate, fully strained state, to a bulk LSMO film position. As we have obtained with
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3.2. Results and discussion

6 — 20 scans, out-of-plane parameters are reduced in relation to bulk parameter reaching a completely
relaxed state for 60 nm thickness film. This very low thickness contrast with the thickness values
reported in literature. For instance, Maurice et al.'* report, for La, /3572/3MnO3 films grown on STO
by pulsed-laser deposition (PLD), a relaxation above a thickness of 100nm, while recovery of the

parameter never occurs in the thickness range that they explored (up to 432nm).

In figure 3.6d, we plot the lattice parameter values derived from reciprocal space maps where it

is seen that the films evolve from a fully strained state to a fully relaxed state.
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Fig. 3.6: LSMO films X-ray reciprocal space maps recorded around (103) reflections. Data in (a) correspond
to the thinnest film (t = 24nm) where the film peaks have the same Q, value than the substrate,
indicating a fully strained state with the substrate. (b) t = 35nm thickness film showing a partially
relaxed film state. (c) Thickest film t = 60nm displaying a complete relaxed film state. The observed
doublet is due to K o1 and K .o radiation. According to the data, in-plane (—\/2Q,) and out-of-plane
(3X/2Q), ) lattice constants can be deduced (d). (e) Variation of unit-cell volume (AV/V )(derived

using bulk pseudocubic lattice parameter of 3.873A%) and volume as a function of film thickness.

Usually, the volume of the unit cell is conserved in the pseudomorphic transformation of the
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3. Thickness dependence of magnetotransport properties

epitaxial thin films, as compared to the bulk, but in present case the determination of the variation
of the unit cell volume in relationship to the unstrained value as a function of thickness indicates
that the unit cell volume is not conserved (Fig. 3.6e). Thus, the thinnest film (¢ = 24nm) display a
volume of «~ 1% higher than the relaxed film (¢ = 60nm). Similar volume modification have been

I 131

also reported by Rao et a in epitaxial Lag gC'ag.2MnOs3 thin films which varies its unit cell volume

with the substrate as well as the film thickness.

3.2.3 Microstructural analysis

The 60 nm thick LSMO film has been investigated by cross-sectional TEM. The mean film thickness
measured from the TEM images is 60 nm, which is in good agreement with the SFM measurements.
Figures 3.7a and b are low magnification TEM images showing the general features of this sample.
First, a high density of inclusions is observed (a rough estimation provides a «~~ 5 — 6% of the total
area in the cross-sectional image), most of them placed at the LSMO/STO interface. The fact that they
place themselves in the film /substrate interface was not observed by TEM for any inclusion in the 24
nm thick films (see chapter 2). The inclusions located at the LSMO/STO interface were well faceted
and belong to the (La, Sr)O, phase. Fig.3.7d and e are HRTEM micrographs where the two different
phases are shown. In Fig. 3.7d, a (La, S7)O, inclusion, partly buried within the STO substrate is
observed. In the image, the LSMO/STO interface has been indicated by arrows. An edge dislocation
was found at the (La, S7)O,/LSMO interface with Burgers vector! b = ars170[100] with the extra
plane in the LSMO side, also indicated in the image.

The matching distances of the (La, Sr)O, structure to the (100) and (001) LSMO planes are sig-
nificantly smaller here than when located at the film surface. As shown in the inset, the dislocation
introduces a slight distortion in the LSMO matrix around it, with a rotation of the (001) LSMO planes
around the dislocation line. Rounded inclusions of the Ruddelsden-Popper (R — P) phase are also
observed and found to be located, as for the case of thinner films, embedded in the LSMO matrix,
see figure 3.7e. As expected, the R — P inclusions did not introduce any evident distortion on the
LSMO matrix and no dislocations were found in the R — P/LSMO interface, thus, as in the 24nm
thick films, they are believed to assist for stoichiometric balance of the system.

We will assume that, as a general trend, the inclusions found in the LSMO/STO interface are

related to the formation of dislocations of the b = ar51/0[010] type, as found for the cases shown in

"The Burgers vector of a dislocation is a crystal vector, specified by Miller indices, that quantifies the difference between
the distorted lattice around the dislocation and the perfect lattice. Equivalently, the Burgers vector denotes the direction

and magnitude of the atomic displacement that occurs when a dislocation moves.

38



3.2. Results and discussion

ﬁ |
|
b,

0 100 200 300 400
distance [nm]

Intensity (arb. units)

Fig. 3.7: (a) and (b) are low magnification images of the 60 nm thick LSMO film showing the high density of
inclusions. The inclusions located at the LSMO/STO interface, which are susceptible of contributing
to the misfit relaxation of the film, are indicated by arrows. The weight of the inclusions in (b) is
measured in the intensity profile of image (c). HRTEM images showing the two different types of
inclusions are shown in (d) and (e). The interface between film/substrate is indicated with arrows,
also the presence of dislocations is indicated, if any. An enlarged view of the distortion introduced in

the LSMO lattice parameter by the dislocation with b = arsarol100] in (d) is shown in the inset.

figure 3.7d. Then, the calculated distance for full relaxation of the LSMO film between dislocations
with such Burgers vectors is Sigg%reiax = |b|/€ = 48nm, where ¢ is the strain in the LSMO/STO

interface.
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3. Thickness dependence of magnetotransport properties

Experimentally, the mean distance between inclusions in the interface can be measured from the
areas where inclusions are more clearly observed at this low magnification image, see the sets of
inclusions indicated by arrows in figure 3.7a in the areas labeled as 1,2,3 and 4. A measure of the
particle dimensions has been performed by looking at the profile of intensities of the bright field
images, as in the case of the profile of the interface in (b), shown in (c). The mean distance between
inclusions has been measured to be 57nm. This rough calculation indicates that, despite the fact that
full relaxation only by this relaxation mechanism has not been proved, a large amount of stress may
be released in this way and so, this must be the main strain release mechanism operating in this

particular film.

The phenomena of composition fluctuation have been addressed in other manganite compounds.

1.8 reported formation of Mn30, in Lai—, MnOs; films, Gorbenko 62 concluded

For instance, Chen at a
that inclusions of MnO, formed in the (La, R);_,A;MnO3 (R = Pr,Ndand A = Ca, Sr etc.) films
with a small excess of Mn, whereas Mn30O, formed with large excess of Mn, He et al. 75 also ob-
served MnO phase in stoichiometric Lag.7Cag3MnOs3 films on SrTi03 and NdGaOs substrates and
Lu et al.”” found two kinds of secondary phases in Lag7Cap.3MnO3 grown on STO and LAO sub-
strates. However, inhomogeneous structures in the La;_,Sr,MnQOs thin films are rarely observed.
To our knowledge, the unique case reported are based in nano-agglomerates with a large Mn/La
ratio embedded in a Lag sSrg2MnOs thin film 188187 grown by using laser molecular beam epitaxy

(laser MBE). Unfortunately in these articles the microstructure-property relationship has not been

addressed.

3.2.4 Magnetic properties

The magnetic properties of the LSMO films were measured by SQUID magnetrometry. Magnetiza-
tion dependent temperature is displayed in figure 3.8a for different thickness of the films. As thick-
ness increases, the Curie temperature (7¢) decreases and the ferromagnetic to paramagnetic transition
becomes more abrupt. This is more clearly observed by comparing the positions of minimum and
the shape of the derivative of the magnetization, dM (T")/dT, shown in the inset in figure 3.8a.

In figure 3.8b, isothermal magnetization curves with a low coercive field, as correspond to thin
films, are presented . An estimation of the saturation of magnetization (1/g) has been done from
the isothermal magnetization curves by fitting the high field part with the law of approximation to

saturation?!:
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Fig. 3.8: Thickness dependence of ferromagnetic properties of LSMO thin films on STO. (a) Temperature depen-
dence of the magnetization taken at 0.1T in-plane applied magnetic field. Inset display the derivatives
of the magnetization as a function of temperature. (b) Isothermal magnetization curves measured at
10K with magnetic field applied parallel and perpendicular (inset) to the LSMO film. The diamag-
netic contribution to magnetization (not shown) has been attributed to the substrate and has been

subtracted.

M = Mg (1 - % + XH) (3.1)

Where a is related to the magnetic anisotropy, x is the high field differential magnetic suscep-
tibility and H is the magnetic field. A decrease of 8% ( 16%) of in-plane (out-of-plane) saturation
magnetic moment is observed for the thickest film (60nm) while the thinnest and intermediate thick
films preserve the bulk magnetization (M; = 590emu.cm~3). The decrease in M; of «~ 7% can be
correlated with the non magnetic inclusions within the LSMO matrix determined by TEM for the 60
nm thick film, which are initially computed in the total volumen of the film.

Thus taking into account the volume of the inclusions, we can conclude that M, remains invari-
able with the film thickness. On the other hand, a clear dependence is evidenced between T, and

thickness of the films . This correlation will be discussed in the next subsection.

3.2.5 Analysis of strain dependence of 7.

Commonly, the film strain state can be correlated with 7. The shift of 7, resulting from an elastic

tetragonal deformation of the cubic cell can be expressed according to the Millis model'” as:

1
TC(EB, EJT) = TC(O,O) X |1— aeER — 5,862JT (32)
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3. Thickness dependence of magnetotransport properties
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Fig. 3.9: Thickness dependence of the saturation magnetization (stars) and Curie temperature (bullets).

where 7¢.(0,0) = 370K is the Curie temperature of bulk LSMO, o = (1/1;)[(dT¢)/(deR)], B =
1/T.)[(dT?)/(de% )], ep is a bulk strain (the so called hydrostatic term):
c JT y

1
€EB = g (E:r:p + Eyy + Ezz) (33)

and € ;7 being the biaxial strain (Jahn-Teller term):

1 1
62JT = 1 (€xz + eyy)Q + E(2€zz — €px — Eyy)2 (3.4)

€z, €yy, and €., denote the relative length changes in x, y and z direction of the film, with z being
perpendicular to the film plane. For a cubic lattice (e;, = €,), there is no linear term in € ;7.

Two these terms have opposite effects upon 7. Eq.(3.2) implies that whereas the biaxial distor-
tion always leads to a reduction of T¢, this is not the case for the bulk distortion, which can contribute
either with a positive or a negative value, depending on the sign of the the bulk strain (ep) along the
different film directions (see also Eq. (3.3)). A hydrostatic compression (eg < 0) will tend to increase
the hopping and thereby reduce the electron-lattice coupling, inducing an increase in both the con-
duction band width and 7. While, a biaxial strain increases the energy differences between the e,

levels imposed by the Jahn-Teller which reinforce the electrons tendency to become more localized

and thus decreasing 7,°".

A summary of the strain values determined from the lattice parameters derived from RSMs is

42



3.2. Results and discussion

reported in table 3.1. As film thickness increases the elastic relaxation is increased recovering the

bulk lattice parameters values and an undistorted cell.

Thickness (nm) | a(A) | c(A) | €22(%) | €::(%) | es(%) | €s7(%)
24 3.905 | 3.851 | 0.826 | —0.568 | 1.084 | —1.138
35 3.896 | 3.859 | 0.594 | —0.361 | 0.827 | —0.779
60 3.877 | 3.872 | 0.103 | —0.026 | 0.180 | —0.105

Tab. 3.1: In-plane and out-of-plane lattice parameters (a,c) deduced from X-ray reciprocal space maps and
0—20 analysis of LSMO films with varying thicknesses from 24 to 60 nm. All films were grown under
the same conditions (1000°C during 12 h). In-plane and out-of-plane strain (e, €. .) were derived
using bulk lattice parameter apsyo = 3.873 A. The hydrostatic volume strain (ep) associated to

volume conservation and the Jahn-Teller strain (e ;1) are also indicated.

In figure 3.10a a three-dimensional plot displaying the changes of 7. with €5 and €%, is shown,
where €5 and €%, parameters were derived from X-ray reciprocal space maps displayed in figure
3.6. A decrease of T, with hydrostatic volume strain (eg) and the square of Jahn — Teller strain
(¢%7) is observed. In order to compare these results with those reported in the literature, we have
plotted in figure 3.10b the dependence of our experimental values of T as a function of film thickness
together with the expected 7. values calculated using the magnetoelastic Millis model (Eq.(3.2)),
using our experimental e and €%, parameters and the experimental « and j3 constants reported in
the literature.

Typical values for a and § in manganites have been predicted to be around 6 and 1400, respec-
tively 1. However a considerable spread of experimental values exists in the literature. For instance,

Tsui et al. 16°

report for Lag.7Sr9.3MnOs3 films with a thickness of 25 and 50nm grown on several types
of substrates, the constant values of @« = 2 and 8 = 70, while Ranno et al.'3° report o = 2.2 and
B = 2100 for films of LSMO on STO and thickness of 30, 60 and 80nm, finally Adamo et al.? report
a = 1.55, f = 1460 for films 22nm thick on different crystalline substrates.

In this way, for the fully strained film (¢ = 24nm) the drop of the T in relation to the bulk value,
2.7%, can be due to the strain state of the film. Accordingly with the theoretical magnetoelastic
model (for this films ep > 0), a tensile stress should reduce T, as well as almost experimental re-

sults 3,46,67,92,130,165

where films under tensile stress show a considerable reduction of T,.
However, for the partially and fully relaxed films (¢ = 35nm and ¢t = 60nm) we would expect an
increase of T}, as compared to the fully strained (7, = 360K) film. Instead, for both of them T drops

(350K and 347K, respectively).
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Fig. 3.10: Strain dependence in temperature of Curie. (a) Experimental values obtained by using SQUID
magnetometry as a function of hydrostatic volume strain (eg) and the square of Jahn—Teller strain
(€%1). (b) Dependence of T, as a function of film thickness for our experimental results (bullets) and
following the model of Millis'% by using different o and 3 constants: Tsui et al.1%°, Ranno et al.’>

and Adamo et al.? (see text for constant values).

The analysis of the dependence of the Curie temperature on the elastic deformation of the CSD
films has revealed that the elastic deformation of the manganite lattice can describe the response of
the fully strained films (24nm), whereas for partially and fully relaxed films (35nm and 60nm) other
effects (magnetic disorder or loss of oxygen at interfaces, oxygen vacancies, chemical fluctuations)

should be considered for the properties of the strained films. In this regard, Maurice et al.'®

suggest
the structural disorder as an explanation to the degradation of 7 in relaxed LSMO films. Further-
more, the results showed in this chapter are far from the trends expected from the magnetoeleastic
model of Millis using the constants reported experimentally by others authors, an opposite trend is

found concerning the variation of 7. with the film strain.

The discrepancy with the magnetoelastic model !’ has been also reported in LCMO thin films /1651

and it has been attributed to chemical or electronic phase separation effects.

To our knowledge, in the case of Lag 7S70.3MnOs3 thin films, which generally does not display
appreciable phase separation, the discrepancy with the model of Millis has not been addressed be-
fore. A possible explanation of this evolution with thickness could be caused by the existence of
structural and chemical disorder originated by the high density of inclusions embedded within the

LSMO matrix.
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3.2. Results and discussion

3.2.6 Transport properties

The transport properties were measured in the four point technique using a PPMS setup. The tem-
perature dependence of the resistivity in zero magnetic field for thin LSMO films with variable thick-
nesses between 24 and 60 nm is given in Fig. 3.11a. The films show a bulklike metallic behavior
over the whole temperature regime in agreement with loffe-Regel criterion p < (27whc)/(4e?) =~
8.1073Q.em®”, which expresses the fact that the mean free path exceeds the distance between two
neighbouring atoms. Taking into account this criterion the metallic behavior is displayed even be-
yond the metal-insulator transition temperature (7/7). Nevertheless it is called a metal-insulator
transition because dR/dT" changes its sign. Following the latter criterion we have calculated T;; as
the maximum in the differential resistivity dp/dT (inset Fig.3.11) which in our case match with the
maximum of the magnetorresistance at 5T, displayed in figure 3.11b. The shape of the MR peak nar-
rows and moves to higher temperatures from 322K at 24nm to 358K at 60nm. At the same time the

maximum MR value increases from 11% at 24nm to 27% at 60nm.
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Fig. 3.11: Transport properties of LSMO films. Temperature dependence of the resistivity (a), of the dp/dT

(inset) and magnetorresistance at 5T (b) for films of different thicknesses.

This fact can be correlated with the decrease of T as a film thickness increase. In general, since
the resistivity of the paramagnetic phase strongly increases on decreasing T, whereas that of the
ferromagnetic phase decreases, the CMR is larger and larger as T is smaller and smaller, at least for
a given doping level. For instance, a resistance ratio R(0)/R(6T") > 10 was observed in a thin film
of Lag ¢7Cag 33 MnOs with T. = 80K 8, whereas in a film with the same composition and 7T, = 260K
this ratio is only of about 4.

The residual resistivity at 5K is for all three films similar to those previously reported for Lag -

Sro3MnOs single crystal films'®, i.e, psr < 107*Q.cm. But, when the LSMO film thickness in-
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3. Thickness dependence of magnetotransport properties

creases, the resistivity increases over the whole temperature range, increasing also the meal-insulator
temperature and the resistivity around this point.

To summarize, the magnitudes characterizing the transport properties (K, Ty and M Rsr)
are displayed in figure 3.12. The plot features the increase of transport properties as the thickness

390K indicates a increase of the disorder in the film.

of the LSMO film increases. The increase of p
Because colossal magnetoresistance in these materials is closely related to the observed nanometer-

and micrometer-scale inhomogeneities, very likely the enhanced MR can be controlled with these

inhomogeneities.
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Fig. 3.12: Thickness dependence of the resistivity at 390K (stars), magnetorresistance at 5K (open triangles)
and metal-to-insulator transition temperature (open circles). The 390K temperature resistivity gives

an indication of the disorder in the film.

Similarly to the Curie temperature, the metal-insulating transition temperature (7/7) has been

6,100

modeled as a function of the strain film using the equation:

1
TM[(EB, EJT) = TM[(0,0) X |1— aep — §ﬁ63T (35)

where TM]<O, 0) = 3701(, o = (l/TM])[(dTM[)/(dGB)] and ﬁ = (1/TM[)[(dT]%4[)/(d€?]T)].
In this way, based on strain arguments, T} is expected to be lower for 24nm than for 35 and
60nm thick films, as we can see in figure 3.13, which display the experimental data derived from

resistivity curves together with the theoretically expected values following equation(3.5) and the «
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and /3 constants reported by others authors.
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Fig. 3.13: Strain dependence of the metal-insulator transition temperature. (a) Experimental values obtained
derived from resistivity curves as a function of hydrostatic volume strain (ep) and the square of
Jahn — Teller strain (¢3;). (b) Dependence of Thrr as a function of film thickness for our exper-
imental results (bullets) and following the model of Millis'" by using different o and 3 constants:

Angeloni et al.®, Ranno et al. " and Adamo et al.?

In this case, and contrary to the trend observed for T, Ths; decreases with the film strain. This
agrees with the experimental results reported by Rao et al. in LCMO thin films, who showed that
both T/r and strain exhibit a strong thickness dependence, however, no clear correlation between the
strain states and 7. could be made!®!. It was suggested that chemical inhomogeneities and disorder
in the films were responsible for the lack of correlation. Our microstructural study shows that the
secondary phases and the disorder play indeed a role in the transport and magnetic properties of

LCLQ‘7S7"0.3M7”LO3 films.

3.3 Summary

In summary, we have studied epitaxial single crystal LSMO thin films on STO substrate grown by
CSD method as a function of the LSMO film thickness to evidence the connections between structure,
microstructure and physical behavior. X-ray diffraction has shown that for CSD-grown LSMO films
the completely relaxed state is achieved at very low thickness (60nm). Self-nanostructured LSMO
films consisting of (La, S7)0; islands and Ruddelsden-Popper inclusions within an epitaxial matrix
of high crystalline perfection, are shown to plastically relax the films at these thickness. Curie and
metal to insulator transition temperatures show film thickness dependence, but they do not show

correlation with strain states. The analysis of the dependence of the Curie temperature on the elastic
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3. Thickness dependence of magnetotransport properties

deformation can only describe the response of the fully strained films (24nm), whereas for partially
and fully relaxed films (35nm and 60nm) other effects should be considered. On the other hand,
the T/ dependence with thickness could be explained by using lattice parameters arguments alone,
while the M RT and p??°K evidenced an influence of structural and chemical disorder in the film
for the thickest and relaxed films. The lack of a full correlation between the strain state, T, and T,
suggests that these transition temperatures are influenced in a different way by other factors, such as

chemical inhomogeneity and structural disorder in the film.

3.4 Methods

LSMO films were deposited on (100) Sr1'iO3 (STO) substrates by spin coating at 6000 rpm for 2 min
and annealed at temperatures in the range 900-1000°C under flowing oxygen gas for different an-
nealing times up to 12 h. X-Ray diffraction reciprocal space maps were obtained using a Bruker D8
Advance difractometer equipped with a four-angle goniometer and a general angle diffraction detec-
tion system (GADDS) 2D detector (Cu K, radiation, no monochromator). TEM investigations were
carried out with a 200 kV Jeol JEM-2010F field emission gun microscope and a Jeol JEM-2011 mi-
croscope. Cross-sectional samples for TEM examination were prepared by the conventional cutting,
gluing and grinding procedure, followed by a final Ar milling step down to perforation. Magnetic
measurements have been performed using a superconducting quantum interference device (SQUID)
magnetometer provided with a 7T magnet to check the properties of the LSMO layers. Electrical
resistivity and magnetoresistance were obtained using a physical properties measurement system

(PPMS, Quantum Design) equipped with a 9T magnet with a standard four-point probe method.
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Chapter 4

Heating effects in Lay 757 3MnO5 thin
films

“Laws were made to be broken.”

Christopher North

4.1 Introduction

Resistive bistable switching can be used as a source of non-volatile resistive random access memories
(RRAM) and hence its development has generated a large interest3263104/115135157,182,

Several types of oxides, such as SrTi0O3 : Cr 84 CuO?, NiO?, Ti053*182 and Al,05,%* have been
shown to display electrically switchable resistive properties and multiple microscopic mechanisms
have been proposed based either on redox processes involving cation or anion migration®, on the for-

36,97,134

mation/rupture of conducting nanoscale filaments , oxygen diffusion 1>, Mott metal-insulator

82,135 6!

transition ,variable Schottky barrier '® or charge trapping at interfacial sites '°.

In manganites the situation is even more complex and conflicting interpretations have been pro-
posed. It has been suggested that bistable resistivity could be an intrinsic phenomenon associated to
homogeneous Joule effect self-heating,%> which would be therefore enhanced in measurements per-
formed at high current densities (.J) and which would depend on the sample dimensions and shape

(bulk, thin film) because the thermal heating and transfer would be deeply modified.

In order to elucidate the parameters controlling the resistance bistability, several manganite com-

positions have been investigated.”/111921,31,3310512L 137151179 However, the influence of composition,
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4. Heating in LSMO thin films

intrinsic transport properties and contact heating has not been clarified yet. Bistable resistivity in
manganites of different compositions has been claimed to occur for polycrystalline ceramic, sin-
gle crystal and thin film materials where the self-heating effect and the electrical contacts influence
might be very different. The intrinsic or extrinsic origin of the Joule heating effect remains there-
fore uncertain. In the case of the most robust ferromagnetic metal among the manganite series,
Lag.7S719.3MnO3, which does not display any appreciable phase separation, bistable resistivity has

been reported for thin films. However, it has not been clarified if it arises from Joule self-heating 3>

or it is an interface induced phenomenon. 96,180

4.2 Determining the heating-free conditions

In the present chapter, we report on macroscopic transport measurements and local electrical behav-
ior at the nanoscale, obtained by conducting Scanning Force Microscopy (C-SFM) under low and
high values of dissipative contact power (DCP = p. x I? = R. x A, x I?), where p, is the contact
resistivity, R, is the contact resistance, A. is the contact area and I is the current threading the sample.
We will show that, while high DCP values induce hysteretic behavior, linear and non-hysteretic E(.J)
characteristics are obtained up to high J values (J - 5 x 10*Acm~2) when low DCP are used. More-
over, beyond this limiting value only a moderate rise in temperature is induced without reaching a
bistable resistivity regime. We suggest that to analyze Joule self-heating phenomena and if, eventu-
ally, bistable resistivity exists, electrical contact heating should be minimized to avoid any unsuitable

nuisance in the thermal transfer process.

We note that to make easier the manuscript reading, throughout the manuscript the experimental
data will appear as they are commonly represented, i.e. F(.J) characteristics are shown for macro-
scopic measurements whereas current versus voltage (I-V) curves are used to illustrate the local mea-
surements. The contact resistance in the later is then defined as the inverse slope of the linear region

of the I-V curves.

4.2.1 Results and discussion

The quality of the grown LSMO films can be derived from data in Figure 4.1, where the zero and 5 T
field resistivity as well as the magnetic moment at 5 mT after a field cooling process are shown. The
figure inset displays the corresponding magnetoresistance and the magnetization derivative, dm/dT,

with the typical peak at T,.. The values of resistivity, magnetoresistance and T are very similar to
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4.2. Determining the heating-free conditions

those observed in LSMO films grown by physical vapour deposition techniques, such as sputtering
or pulsed laser deposition, leading us to conclude that a similar epitaxial quality is achieved with

films grown by our CSD approach.
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Fig. 4.1: Main panel: temperature dependence of the resistivity under zero and 5T magnetic fields (right axis)
and the magnetization in a magnetic field of 5 mT (left axis). Inset: Temperature dependence of the

magnetoresistance at 5 T and the magnetic moment derivative respect temperature dm/dT.

Joule self-heating as a source of resistance bistability is a phenomenon which has been extensively
investigated in normal metals and superconductors®® and has been shown to result from a unique
balance between heat release and heat transfer to the thermal bath. Provided the unit volume heat
generation is determined by Q(T) = p(T').J?, a bistable resistance of thermal origin can occur only if
two particular J values exist for which the corresponding Q(T) values can be properly transferred to
the thermal bath (via the anchored substrate) and hence a new isothermal steady state can be reached.
Therefore to achieve bistable resistance of thermal origin one should perform electrical transport
measurements at enhanced Joule self heating conditions, i.e. at J values as high as possible. This
poses the problem of electrical contact optimization which needs to be properly addressed and which
deeply differs for thin film and bulk sample measurements. To analyse the importance of the contacts,
we have carried out macroscopic transport measurements in LSMO thin films under different current

configurations and electrical contact qualities, i.e. contacts with different DCP values.

Figure 4.2(a) presents a typical voltage-current characteristics curve measured in a standard non-
lithographed film with a DCP of 17 Wem?, a common situation on macroscopic transport studies
of manganites. The curves are hysteretic and strongly temperature dependent (not shown). This
result reminds the well known behavior observed in critical current measurements of high current

density superconducting materials where, in order to obtain reliable measurements and avoid unde-
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4. Heating in LSMO thin films
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Fig. 4.2: E(J) characteristic curves measured in a four points configuration for LSMO films with (a) high
resistivity contacts (non lithographed film, DCP —~ 17 Wem?); (b) low resistivity contacts at 5K
(DCP 107" Wem?) and 300K (DC P~ 10712 Wem?) in a lithographed film. Note that data for
different field values overlap at this scale; (c) for different dissipative contact powers in lithographed
(DCP «~ 0.5 Wem? , e and DCP —~ 10712 Wem?, o) and non-lithographed (DCP —~ 1077
Wem?, O) films. The maximum Joule heating density achieved in these measurements is in the range

of Q ~ 2 x 10" Jm~3.

sired thermal heating, the use of low DCP is mandatory*¥®°. Clarifying if the E(.J) characteristics
of manganites are as well affected by a low DCP implies further verification. Thus, to discern be-
tween the effects of intrinsic film self-heating («~ p.J?) and contact heating (-~ DCP = p. x I?) we
have increased J while decreasing I across the films by lithographing narrow stripes, presenting well

defined widths and p., as those shown in the optical micrographs of Fig. 4.3(a) and 4.3(b). Simul-
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4.2. Determining the heating-free conditions

taneous topographic (Fig.4.3(c)) and C-SFM (Fig.4.3(d)) images taken on one stripe are also shown
to illustrate that the conducting character of the LSMO is preserved in the lithographed region. Fig-
ure 4.2(b) shows a typical set of E(J) curves for a low contact resistivity (p. < 0.2uQcm?) sample
measured for two temperatures (5 K and 300 K) at zero magnetic field, 3T and 5T. Remarkably, now
the E(J) characteristics, which overlap each other for a specific temperature, do always present a
reproducible linear and non hysteretic behavior under all conditions. This behavior was found to be
preserved in samples with dissipative contact power up to 0.5 Wem? (Fig. 4.2 (c)). Moreover, the
curves were also found to be independent of the current ramp rate employed, up to 0.ImA/s. We

note that, in our experiments the J values reached were pretty high (J «~ 2 x 105 Aem™?), depending

32,80,121

on the measuring temperature

Fig. 4.3: Top: (a) Optical micrograph of a lithographed sample and (b) magnification of the lithographed tracks.
Bottom: SFM images of (c) topography and (d) local conductivity map at Vi, = —1V measured at
the lithographed LSMO bridge. The non-conducting character of the bare STO substrate contrasts
with the conducting character observed in the LSMO thin film track. The maximum current response

corresponds to saturation of the current amplifier, fixed to 100 nA in the experimental set up used.

The fact of observing linear E(.J) curves without any hysteresis in the LSMO films measured with
low DCP values allows us to safely conclude that Joule self-heating in LSMO thin films, up to the high
J (and Q) values used in this work (Fig. 4.2) does not induce bistable resistivity. The reason for this
can be found through an analysis of the own Joule self-heating and thermal transfer processes. In the
adiabatic regime, assuming that Joule self-heating is fully invested in increasing the temperature of

the LSMO film, this would be:
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4. Heating in LSMO thin films

[IxVdt

AT =2-""—
Vol x Cp

(4.1)

Where [ is the current through the sample, V' the voltage detected, Vol the volume of the sample
and Cp the specific heat®. This regime results to be a very unrealistic situation because, if it was the
case, a rise in temperature of AT 10* K would be achieved, in complete disagreement with the
observed linear E(.J) characteristics. The stationary isothermal limit for the thin film, on the other
hand, assumes that the Joule self-heating Q would continuously flow through the substrate towards
the thermal bath at which the substrate is thermally anchored. Under this regime no dependence of
E(J) on the current ramps should be found, as it is the case in our experiments.

Solving the Fourier equation of thermal transport, including Joule heating of the LSMO film and
thermal conduction through the substrate to a thermal bath at fixed temperature 7', the temperature

difference between the LSMO film (Ty) and the base of the substrate (T3) can be written as:

Qtst  p(T)J*tsty

AT =Ty Ty~ = -

(4.2)

where ¢, and ¢ are the substrate and film thickness, respectively, and £, (0.15 Wem K1) is the
thermal conductivity of the substrate!>. The consequences of such thermal transport are shown in
the upper panels of Figure 4.4. The result of estimating T along the E(.J) curves is depicted as a color

scale.

We first assess the case of maximum Q = pJ? = EJ values (J «~ 5 x 10* Aem™2, Q «~ 2 x 10'2
Jm™3) resulting from data at 5 = 300 K in Figure 4.2(c), and which are higher or similar than most
of the commonly used values. The calculated T values differ from 7Tz at most by about 1.5K. This
temperature increase (represented by the color scale in Fig.4.4(a)) induces relative resistivity changes
Ap(T)/p(T) « 2%, within the LSMO film and hence linear F(.J) curves are measured within this
Joule self-heating regime. Now we compare with what happened when the transport measurements
at 300K were carried out up to higher J values (J «~ 1 x 10°Acm~2) LSMO thin film and a DCP -
10~ "W em?. Figure 4.4(b) displays a typical E(.J) curve where a volume dissipation @ «~ 1x103.Jm =3
could be reached. It is clearly seen that some non linearity and E(.J) hysteresis is induced under
these conditions without any transition to a second stable resistance (resistance bistability). Within
the scenario described above, i.e. a steady isothermal state for LSMO film with Joule heat flowing
through the substrate, the film temperature would increase Eq.((4.2)) by AT « 11 — 12K (see color

scale in the figure). This temperature increase induces relative resistivity changes Ap(T")/p(T) «
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4.2. Determining the heating-free conditions

8%, within the LSMO film. The observed resistivity increase in Figure 4.4(b) is consistent with the

experimental p(T) curve in Figure 4.1, therefore validating the use of this thermal transfer model.

To visualize the stable solutions existing in a LSMO film measured at ./ and having a firm thermal

anchoring, we rewrite Eq.(4.2) in the following way:

ks
p(Ty) = m(Tf —Tp) (4.3)

For each J, the stable film temperatures (1), accordingly to thermal transfer model, can be found
by looking for the intersection points of the experimental p(7') and the straight lines starting at Tz
and with slopes K,/J%tsts. In order to show that, the resistivity under zero magnetic field shown
in Fig.4.1 is displayed now in Fig. 4.4(c) together with the straight lines corresponding to a series
of representative .J values used in the E(J) experiments (I = 300K) for lithographed and non-
lithographed samples (details are given in the figure caption). The inset shows a magnification of the
300K region where it is easy to verify the final temperature for the extreme J values. The crossing
points with p(T") determine the corresponding resistivity, p(7), and film temperature (7%) values,
which are fully consistent with those determined in the E(J) curves reported in the top and medium
panels of the figure.

From the shape of the p(7T") curve and the corresponding K,/.J 2t t ¢ lines, it is clearly seen that
the straight lines starting at 7z could have two intersection points with p(7") when T is below
« 250K. Hence bistable resistivity of thermal origin in LSMO films having a firm thermal anchoring
can only be achieved below this temperature. For instance, measurements performed at g = 5K in
lithographed films would require measuring with J > 5.2 x 10° Acm ™2 to detect resistance bistability,
i.e. intrinsic self-heating bistable resistivity would only occur in LSMO thin films at very high current
densities. Our results point therefore to the fact that either contact heating or bad thermal anchoring
of the films may have strongly influenced other authors published measurements showing resistance

bistability at high temperatures in LSMO thin films.
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Fig. 4.4: E(J) curves measured at 300 K and zero magnetic field in non-lithographed LSMO thin films up to

Jmaz = 5x10* Aem™2 (a) and J,pq, = 10° Aem™2 (b). The calculated temperature increases based

on a steady heat transfer through the substrate is indicated by a color code as indicated. (c) Main

panel: Representation of the two members of Eq. (4.3), i.e., the resistivity under zero magnetic field

data of Fig. 4.1(e) and ks /J?tst ¢(T — Tg) for lithographed (blue) and non-lithographed (green and

pink) films. For Tp = 300K, the three straight lines with decreasing slope, each for the experimental
values J = 2 x 10* Aem=2 (blue), J = 5 x 10* Acm ™2 (green), and J = 1 x 10° Aem=2 (pink),

respectively, were used to obtain the corresponding Ty. The inset is a magnification of the 300 K

region to show the small rise in temperature. For comparison, two extreme cases are shown, in the

main panel, for T = 5: the maximum J value employed in the presented experiments (J = 2 x 10°

Acem™2, large slope line) and a typical J value (J =5 x 105 Acm ™2, low slope line) required to have

bistability (see text).
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4.3 Determining the heating-free conditions at nanoscale

Aimed by the nowadays increasing interest of applying the bistability performances at miniatur-
ization levels, 3085157183 we have also addressed the influence of the electric contacts quality at the
nanometer scale. In order to that, we have performed C-SFM measurements on the same LSMO films
onto which Au nanoparticles were dispersed (see experimental methods at the end of this chapter).

Figure4.5(a) shows the current map taken at —0.5V where the Au nanodots are clearly visualized.
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Fig. 4.5: (a) Current SEM image (2pum x 2pm) of a LSMO film surface where Au dots have been deposited (see
experimental methods for details). The Au dots are easily identified at a small sensing bias (Vi =
—0.5V). (b) Typical I-V curve measured under direct contact between tip and LSMO surface. (c)
Typical I-V curve measured through a contact of the tip on top of the Au nanodots. Flat regions
response in the current are due to the saturation of the current amplifier, fixed to 100 nA in the

experimental set up used.

Current versus voltage (I-V) curves (Figure 4.5b) obtained by directly contacting the tip to the
LSMO films, i.e. at the bare regions between nanodots, fairly well reproduced the non-linear I-V be-
havior generally observed so far in this type of measurements. Occasionally, these curves displayed
some irreproducible hysteretic shape or instabilities, questioning the quality of the contact. To ensure

a good electrical junction (nature and contact area) at the nanoscale dimensions during the I-V mea-
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4. Heating in LSMO thin films

surements, the conductive tip was then placed on top of different Au nanodots. Figure 4.5(c) displays
a typical I-V curve in this case. The curves were found to be very reproducible and present a linear
and reversible behavior, indicating ohmic contacts between the Au dots and the metallic LSMO films,
as well as between the C-SFM tip and the Au nanodots. We remark that this linear behavior exists
even beyond much larger I values than those measured for the direct contact. If we now analyse the
involved magnitudes, we note that for similar J values, the estimated DCP ratio between tip-sample
and tip-Au nanodot-sample contact is DCP(tip — LSMO)/DCP(tip — Au — LSMO) « 10% — 10°.
To estimate DCP, the nanodot diameter was used to calculate the contact area in the tip-Au-film case,

whereas for direct tip-film contact it was calculated using the Hertzian model.”

As in macroscopic measurements, linear and reversible I-V curves are recorded at nanometer
junctions when using configurations with a low electrical contact resistance, while non-linear and
hysteretic curves are obtained when poor electrical contacts (direct tip-film contact) are used. This
is observed even at low voltages as seen in the inset in Figure 4.5 (b). If the quality of the contacts
is poor, additionally, the reproducibility of the curves is deficient because of the variability of the
electrical resistance on repeated contacts. This nanoscale experiment further confirms that undesired
Joule heating induced by contact heating may control I-V measurements in LSMO films unless proper
care of the experimental set-up is considered. Our finding supports the macroscopic measurements
showing that an intrinsic Joule self-heating bistable behavior does not exist in the LSMO films at

300K.

4.4 Summary

In this work we have shown that macroscopic transport and nanoscale current versus voltage mea-
surements in Lag 7S70.3MnOs3 thin films remain linear and non hysteretic up to very severe self-
heating regimes when low dissipative contact powers are achieved. We have particularly shown that,
when E(J) measurements are performed at 300 K and current densities up to J «~ 5 x 10* Acm ™2
(Joule self-heating @ = J2 = 2 x 10'2 Jm™3), only a moderate rise in temperature (AT < 1.5K) is

estimated in the scope of a stationary thermal transfer model for the thin film, the E(.J) curves re-

* Using the Herzian model, the contact area (A) is obtained, for an applied force (F) and a tip radius (R), from the

1/3 —2 .2 . . . . .
equations: A =7 ( %_ REZf; ) , where # 1! E“:Z'P 4t ELI;i ;‘é © . A typical F=50 nN is considered. A tip radius of 25 nm

was estimated from line profiles across the Au nanodots, whose diameters were 10-15 nm as evidenced by TEM and IR
absorption. For our tip-LSMO system, the respective Young moduli (E) and Poisson ratios (v) are: Ey;;, = 1000GPa and
viip = 0.15,and Ersyo = 500G Pa'™ and vrsamo = 0.38 (obtained from XRD and TEM measurements, see p-22).
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maining linear. A noticeable hysteresis in the £/(J) curve is detected instead when the current density

is increased up to J «~ 10° Aem ™2 (Q = 10'3 Jm—3) which leads to AT «~ 12 K.

We have further demonstrated that, under adequate measuring conditions, a regime of bistable
resistivity in LSMO thin films is not achieved at 7' = 300 K. We otherwise suggest that this phe-
nomenon would only occur in LSMO films when measuring at temperatures below 7" «~ 250 K. The
best geometry to achieve this regime being a lithographed film where very high current densities can
be reached without detrimental effects associated to the electrical contacts which would perturb the
thermal profile of the film. Non-linearity and hysteretic behavior have been indeed observed both in
macroscopic and in nanoscale measurements, when the dissipative contact power is high. Obviously,
our conclusion does not question the existence of bistable resistivity in other oxides, including several
manganite phases previously investigated, such as Pri_,Ca,MnO3 or Ndi_,;Ca,;MnO3 21,128,135,141
or in devices based on LSMO where a certain role of the metallic interfaces has been identified though
still not completely clarified. It neither invalidates any proposal concerning the microscopic origin
of this phenomenon. Our experiments strongly suggest, however, that in order to firmly conclude
about the origin of the intrinsic mechanisms operating in resistance switching, the influence of con-
tact heating and Joule self-heating need to be properly weighted.

Our analysis stresses the very relevant role played by thermal heating generated at the electrical

contacts in the investigation of high current transport measurements.

4.5 Experimental procedures

Lag.757103MnOs3 films with a thickness of -~ 24 nm were grown by Chemical Solution Deposition
(CSD) on (100)SrTi03 (STO) substrates (5 x 5 mm?). The metal-organic solution was deposited by
spin coating, at 6000 rpm for 2 minutes, and annealed at temperatures in the range 900°C' — 1000°C
under an oxygen gas flux, for different times, up to 12 h. Heteroepitaxial growth of LSMO films was
confirmed by 6 — 260 XRD patterns and XRD g-plot measurements showed that the films are fully
strained (see Chapter2).

Electrical transport measurements were performed in a PPMS Quantum Design system in a four-
point configuration and magnetic measurements were carried out with a SQUID magnetometer pro-
vided with a 7T magnet. To ensure well defined geometries while having large areas where any
possible inhomogeneity would be averaged out, lithographed films were prepared through standard
photolitography with track widths of 20 yzm and 600 m and voltage taps separated by 2 mm and 1.3
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4. Heating in LSMO thin films

mm, respectively. To explore the influence of the contact resistance, different assemblies were used.
Electrical contacts with high resistivity values ( p. «~ 8.5Qcm?) consisted of wires directly attached
to the film with Ag paste, whereas low resistivity contacts ( p. < 0.2u2cm?) were obtained by using
Ag wires welded with indium to 1 pm thick Ag contacts (capped with 30 nm of Au and annealed
to 400°C during 1 hour) evaporated onto the LSMO film. To analyze the power dissipated at the
structures, F(J) measurements were carried out with different maximum currents, up to 120 mA
(J - 10° Acm™2) for non-lithographed films and up to 5 mA and 0.1 mA for the 600 pm and 20 um
track width lithographed films, (J = 3 x 10*Acm~2 and J = 2 x 10*Acm ™2, respectively).

C-SFM measurements were performed under low humidity conditions (2% RH in a N3 flux) us-
ing a commercial head and software from Nanotec.”” We used commercial conductive boron-doped
diamond coated tips and cantilever force constants of k = 2.8 Nm~! (Nanosensors). The conducting
tip is biased and placed in contact with the sample, under controlled load, i.e. by using a normal force
feedback, to measure the current flow. The same tip has been used in all the C-SFM experiments pre-
sented here to permit their direct comparison. In this case, dramatically different dissipative power
conditions were obtained by performing I-V curves either in direct tip-film contact or placing the
tip on top of Au nanodots' previously dispersed by spin coating onto the LSMO film. A thermal

treatment at 300°C during 1 hour was used after Au deposition to minimize the contact resistance.

T A stable aqueous colloidal solution (105mg/1) of citrate-stabilized gold nanoparticles were obtained by using trisodium
citrate for the reduction of chloroauric acid (H AuCl4) and provided by Dr. ]J. Dauchot-Weymeers (Université Libre de

Bruxelles).
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Chapter 5

Reversible bipolar resistive switching in

Lagy 7571y 3MnQOs thin films

“Whereof one cannot speak, thereof one must be silent.”

Ludwig Wittgenstein

5.1 Motivation

The actual knowledge’s based society requires a new more powerful memory technology to develop
any field concerning human activity as biomedicine or spatial areas, metereological predictions, sim-
ulation in basic research science or entertainment. Nowadays the computers use two types of mem-
ories, dynamic random access memory (DRAM) and static random access memory (SRAM). The
handicap of this fast memories is that they are volatile, i.e. data is lost when the power supply is
removed. For this reason computers also using a nonvolatile memory: hard disk drives (HDDs).
HDDs are nonvolatile but they are slow, thus increasing the computer start up time. Another kind
of nonvolatile memory are the Flash memories’*. Their main drawback the slow writing speed and
limited number of write/erase cycles. Therefore they are employed for data storage in hard disks,
digital cameras, USB memory sticks or cellular disks. At this point, the need of new materials with

higher performances have been encouraged the basic research in this field.

In particular, oxide based electronics has become an exciting and strongly developing field be-
cause many new functionalities can be reached through small structural or electronic modifications.

Metal-insulator transitions, magnetism, ferroelectricity, superconductivity, multiferroicity and semi-

61



5. Resistive switching in LSMO

conductor behaviors have been shown to be feasibly modified at the nanoscale, thus opening new

prospects towards a new generation of nanodevices.
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Fig. 5.1: Emerging new memories

Resistive switching memory devices (ReRAM) are based on one of the most promising non-
volatile data storage concepts to replace conventional charge storage-based devices like EEPROM
(Electrically Erasable Programmable Read Only Memory) or Flash®*. In such devices, a switching
mechanism between two distinct resistive states is electrically controlled, in current and/or voltage,
depending upon the nature of the material integrated in the memory cell. This technology is already
much faster than DRAM and uses less energy, presents good possibilities to reach SRAM speeds, is

nonvolatile and would possibly replace hard-drives considerably reducing booting times.

Among the different materials (ferroelectrics®181, ferromagnetics 178 “multiferroics®®, and chal-
cogenoides®12%) proposed as candidates to be used in a new solid-state nonvolatile (> 10 years)
memory technology !, transition metal oxides are pursued with increasing interest to provide de-
vices with high areal densities, fast random access (¢;¢qq ~ 10 ns and tyrite ~» 5 — 100ns), virtually
unlimited usage (> 10° cycles) and low power consumption!*’. Within this scenario, the possibil-
ity of fabricating multiple-bits-per-cell resistive memories would considerably increase the storage

density capabilities of any conceivable device.

In addition to the operability conditions referred above the new memory technology must spend
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a low power consumption and all at a low cost.

In addition to that, the theoretic discovery of memristor (memory-resistor) in 1971 by L. Chua
and after, experimentally in 2008 by HP Labs.!>*, has open the new era in artificial intelligence. In
fact, recently Di Ventra and his colleague Pershin have demonstrated experimentally a associative

memory with memristive neural networks 23

5.2 Resistive switching: state of art

Basic ReRAM research is by far not new. It begun almost 40 years ago with works on oxide insula-
tors’® and amorphous materials '%°.

Several types of oxides, such as CuO?’, NiO?, Ti05%*182, Al,03%*, Pro7Cag3MnO3”*” and
Lay St MnO32%% have been found to display electrically switchable resistivity properties in two
terminal geometry junctions. Multiple microscopic mechanisms have been proposed based either

on redox processes involving cation or anion migrationg, on the formation/rupture of conducting

36,97,134 82,135

nanoscale filaments , oxygen diffusion !>, Mott metal-insulator transition ,variable Schot-

6, or charge trapping at interfacial sites'!”. In fact, the actual slow down in RRAM

tky barrier!
research involving transition metal oxides presenting this phenomenon, comes from the fact that
many of the different mechanisms proposed so far, very likely do compete depending on the mate-
rial. Weighting each contribution is not evident and in most cases only hints on the possible causes
have been given.

Very often, however, only macroscopic analyses were reported strongly limiting the capability
for a detailed microscopic understanding. A thorough nanoscale analysis of the relationship among
structure, composition and physical properties is required to establish clear grounds for understand-

ing and controlling the physical properties at the nanoscale and hence make possible a new genera-

tion of nanodevices.

5.3 Resistive switching procedure

The robustness of the switching process with no dependence on particular morphological thin film
details will be demonstrated by presenting results for different LSMO samples prepared by the same
CSD method and consisting of ultrathin films with different thicknesses (8, 10 and 24nm) and surface
morphologies. We first illustrate a complete writing, reading and erasing process performed on a 24

nm thick LSMO film (sample 1) exhibiting a certain concentration of outcropped La-Sr oxide (LSO)
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5. Resistive switching in LSMO

nanodots as described in chapter 2. These LSO nanodots are the controlled result of a La excess in
the chemical solution and, as it has been already demonstrated in a throughout characterization they
do not influence the composition nor the physical properties of the surrounding metallic LSMO film.
The surface morphology of this sample is shown in the SEM image of figure 5.2(a)-(b), where the LSO
nanodots ( 50-80 nm high) appear as bright spots outcropping from the thin film surface level. As
expected, they exhibit an insulating character, which can be clearly seen in the C-SFM taken at a tip
voltage = 2 (Fig. 5.2(c)). These nanodots will result therefore very useful to identify surface
locations as well as being an excellent in-situ reference for conductivity response measurements.
Because no changes in the electrical properties of the film were never observed at this voltage value
after repeated sweeping, it will be used as the reading voltage ( = 2 ) throughout the following

experiments.

Writing area (V>0) — o0\

0nA -50.00 nA
Reading area (V<0) —~ " "

Fig. 5.2: Resistance switching movie: writing and reading the local conducting properties of LSMO. The
reversible transition between low resistive (LR) and high resistive (HR) states is performed (writ-
ing at appropriates ) by conducting scanning force microscopy (C-SFM). (a), topographic image
(20 v 20 v ) of a 24nm thick LSMO thin film (sample 1). A certain concentration of outcropped
insulating (x¢ 1) m (LSO) nanodots (50 80 nm high) are used as in situ reference for topo-
graphic and conductivity measurements. Concentric squares on the image correspond to the writing
(inner square) and reading (outer square) regions, respectively. (b)-(c), topographic and current maps
images series displaying the reading area (12 v 12 ~ ) taken at = 2 , before (virgin state)
and after writing a HR area (6 v 6 -~y ) at several steps =41 +2 +3 +4 .

Electrical switching between LR (ON) and HR (OFF) was accomplished by a systematic approach.

The concentric squares in Fig. 5.2(a) correspond to the writing/erasing (inner square) and reading
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5.3. Resistive switching procedure

(outer square) regions, respectively. Control of the conducting stage of the surface after scanning at
a given > (0 was always monitored by zooming out and readingat = 2 . The experiments

were based on the following protocol:

1. The scan range is set to the reading area. The tip is biased at ~ and topography and current

images are simultaneously acquired to characterize the conducting state of the surface

2. The scan range is reduced to the writing area. The is set to a given positive value and

topography and current images are simultaneously acquired

3. The is brought back to the reading value () and any possible modification is checked by
repeating (1). The process in (2) is repeated at increased until no current is detected within
the writing region. The corresponding voltage, which will be seen to slightly depend on film

thickness, is considered as the onset for writing,

4. If desired, total or partial switch back to the conductive stage can be accomplished by scanning

the modified region (or a portion of it) at a negative at which the conducting character is

recovered. This is called the erasing voltage,

Fig. 5.3: Resistance switching movie: erasing the local conducting properties of LSMO. The reversible transi-
tion between high resistive (HR) and low resistive (LR) states is performed by conducting scanning
force microscopy (C-SFM). The non-conducting character of the written region (white square) is re-
versed by changing the voltage polarity: (a), reading process at = 2 and three steps of the
erasing process ¢ = 3 , 4 and 5 . The conducting character of the initial LSMO is recov-

ered. (b) topographic images series of the erased region.

Figure series 5.2(c) correspond to a writing (at =+142 43 +4 )andreading( = 2 )
steps showing that after using a writing voltage of = +4 the scanned region has been com-

pletely transformed and presents a non-conducting character. Note that at this point, the LSO non-
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5. Resistive switching in LSMO

conducting nanodots are no longer distinguished from the surrounding surface. Figures 5.3(a)-(b),
on the other hand, illustrate three steps of the erasing process (—3V, —4V and —5V)). As it is seen the
electrical transition is completely reversed for V., = —5V.

Note that because V., > V,4, more current is detected in (f) than in (b). Interestingly, a close
inspection of the whole reversing process allows observing that the near surroundings of the out-
cropped LSO nanoislands (Fig. 5.2(d)) do reverse the conducting character at slightly lower voltages
that the rest of the LSMO film. This can be attributed either to the effect of the local strain induced
in the LSMO film at the boundaries with the LSO nanodots (previously demonstrated by TEM anal-
ysis in chapter 2), to point defects or slightly different film thickness at these locations or to a local

redistribution of atomic species. This issue will be readdressed later on throughout the chapter.

Figure 5.4a shows a typical I-V characteristic curve conducted by application of a voltage cycle
(—10V, +10V) starting from negative values at a fixed tip location on the virgin (pre-switched) film
surface. Positive bias is defined as the voltage by which electrons current flows from the sample
to the tip. The duration of the cycle is 7 = 76 ms and the voltage sweep sense is indicated by the
arrows. The result is a clearly asymmetric bipolar switching curve which indicates that probably
diverse microscopic processes govern charge injection under each bias polarity. In bipolar switching
systems the set operation takes place on one polarity of the voltage or current, and the reset operation
requires the opposite polarity 17°.

After the conducting (LR) excursion for negative V};,, the I-V slope decreases (—0.5V < V;, <
+0.5V) reflecting a large tip-film surface contact resistance and again increases for positive voltages
till suddenly drops at Vi;, = +5V. This critical V};, is close to the V,,, determined from the previous
experiment (figure 5.2c) and is considered the set point for switching (LR to HR). In this particular
case, the drop in the measured current gives a conductance ratio of Ion/Iorr 102 but could be up
to 10° depending of the final HR stated reached. As can be better observed in the clearly hysteretic
logarithmic plot of figure 5.4 (b), from this set voltage on, a negative resistance region is observed and
a high resistivity state is reached, in which the current stays at very low values (< 10 nA) all the rest
of the cycle until, eventually, the voltage ramp reaches the established maximum (V4 = +10V).
As corresponding to a new stable steady state, the system persists at this HR during the voltage
excursion back until a given opposite polarity bias, V;;, ~~ —8V in this case, is reached. At this
voltage, in what resembles a rectifier behavior, a sharp current injection drives the system to the
initial conducting state, where it remains during the rest of the excursion, completing the cycle. As it

will be demonstrated through different experiments described in this thesis work, independently of
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Fig. 5.4: Local current-voltage characteristics and endurance test. Hysteretic bipolar switching I-V curves for
a 10nm thick LSMO thin film (sample 2). (a), starting from a conducting (LR) state, the voltage ramp
is applied to the tip from negative to positive values and back to complete the cycles as indicated by
the arrows. SET (LR to HR) and RESET (HR to the initial LR) points are marked in what is the
first I-V cycle. LR and HR are identified as ON and OFF, indicating the pass or blockage of electronic
current through the device. (b), Logarithmic scale plot of the I-V in (a), showing the abrupt change
in conductivity (Ion/Iopr > 100) at the operation SET. (c), endurance test (100 of a 500 I-V
cycles series). Though a reduction of the reset voltage is eventually observed, the system maintains its

switching behavior.

the initial negative V4;, value, but depending on the final V,,, different final HR state can be reached,
revealing a tuneable resistance multilevel switching in this LSMO system. From the shape of the I-V

curves, the possible nature of the set and reset states will be further discussed below.

We remark that due to the metallic nature of the film, no electroforming® (in the common sense
of this term as the formation of paths for conduction) is needed to observe resistance switching,
guarantying no oxide breakdown, which would depend on the dielectric and structural quality of the

film. Moreover, the polarity of the set switching (LR to HR) and reset switching (HR to LR) voltages
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5. Resistive switching in LSMO

was in each case always the same, independently of the voltage cycle direction. The persistence
and robustness of the process was verified by consecutive bipolar switching curves conducted on
the same surface location. Figure 5.4c shows the first 100 of 500 bipolar cycles of one example of
such endurance tests. Though a reduction of the reset voltage is eventually observed, the system
maintains its switching behavior. Importantly, no differences in the reported switching ON behavior
were detected by changing the compliance current in the range from 1 pA to 1 mA, then it was usually
set to values adequate to properly measure the complete I-V cycles.

As commented above, the writing process can be conducted at different V,,, to tune different
HR states. The corresponding V., , would consequently depend on the specific V,,, used (Fig.5.5)
and results to be of about the same absolute value, V., «~ —V,,,. Reaching a negative voltage large

enough is needed to be able to inject current into the system.
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Fig. 5.5: (a) Current map reading image of different HR states written at V,,, from +1V to +6V. The corre-
sponding I-V curves (b-g) are restricted to the V range of interest and to illustrate that the rectifying
(reset) behavior occurs at Vi, = —Vi,r, indicating the multilevel nature of the resistive LR to HR
switching. The I-V curves have been performed from positive to negative voltage values. The insti-
tutional logo “ICMAB” has been lithographed at the bottom image using the lithography tool of the

Nanotec''* software.

A complementary method to analyze the memory effect between writing and erased processes is
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5.3. Resistive switching procedure

the so called 3D modes (sec. 7.8.4). This method is used here to measure the current as a function
of the applied voltage (V) along a surface line (xy), thus obtaining a I(xy,V) image as that of figure
5.6¢c which crosses the regions modified by writing at different voltages, as indicated in figure 5.6a.
In such a way: horizontal profiles in the image of figure 5.6c provide the current relief values along
the xy line at a given voltage (Fig. 5.6d) and vertical profiles correspond to the characteristic I-V
curve at a given point (x,y) (Fig. 5.6e). In such a way, in one unique 3D image, the whole set of I-V
curves are obtained for an ensemble of surface locations (line). In this particular case, starting with a

= 4 itcanbe seen that the HR states written at +1V, +-2V and +3V have been erased while HR
states written at +4V, +-5V and +6V remain unaltered. This supports that in order to erase a given

HR state, the applied voltage should be at least
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Fig. 5.6: (a) Current map reading at 2 image of different HR states written at from +1  to +6
(b) Current profile along the doted green line crossing the HR modifications. (c) 3D I(xy,V) image
where the horizontal axis denote the x-y position, the vertical axis goes from top (-4V) to bottom
(+4V) and the colour scale (from black to white) designs the detected measured (from 100pv to
Opv ). (d) Horizontal profile at -4V ( blue line) and vertical profile (e), i.e, I-V curve (red line)taken
along the corresponding lines indicated in the I(xy,V) in (c). (f) Current map reading image after 3D
image. Note that because the initial voltage is -4V, large enough to erase modifications written at lower
writing voltages, a line has been erased (the system goes back to a conducting state) along the +3V
and +2V squares. Similarly, since the final V reached is +4V, at which the virgin film is transformed

to a HR state, a line has been written along the tip pass location between the initial modified squares.
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5. Resistive switching in LSMO

Because the final V reached during the 3D imaging reaches the value of +4 , which is high
enough to modify the virgin film surface, a line has been erased between the marks. In addition,
as the initial voltage is 4 , a voltage large enough to erase modifications written at lower writing
voltages, a line has been erased along the +3 and +2 squares. As a consequence, we can think of
wire-like modifications, promising for nanodevice applications, made by the sweeping action of the
tip at different voltages. The longitudinal dimension of such wires is only limited by the total piezo
scan range (up to sixty microns) and the short dimension is limited by the contact area of the tip.
At the present, lines as thin as 100 nm can be performed. If the voltage is applied on an specific
point, insulating nanodots of comparable diameter are obtained instead (Fig.5.7). This demonstrates

the scalability of the resistive switching effect to nanoscale devices.
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Fig. 5.7: Current map of some HR modifications to illustrate the storage capability of the method in 24 nm
LSMO film thickness : high resistance nanostructures are embedded in a metallic matrix. The lateral

size of each nanostructure is under 100 nm.

In addition, because the importance of knowing about the spatial extent in depth of the induced
transition, i.e. whether the whole film thickness is modified or not, we employ a lithographic SPM
based strategy to write HR states with specific geometries.

Figure 5.8 presents a series of induced HR states made with the conducting tip, by using lithog-
raphy mode of Nanotec software, describing rings (dotted lines in (a)) at different  , on a 10nm
thick LSMO thin film with quite homogeneous morphology (sample 2). As can be seen in the current
map of figure 5.8(b), while at below +5V no noticeable changes were detected, from this volt-
age on non-conducting rings were observed. Interestingly, for > +10 negligible or no current
was measured within the inner ring region. The lack of detectable current in that region, where no

electrical change must have been induced, points to a blockage of the electric current at the ring loca-
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tion and across the whole film thickness, which prevents electric flow between tip and the grounded
electrode, placed at the sample border (millimeters apart from the tip-surface contact). This interpre-
tation is confirmed by locally erasing the HR state at the location marked by the solid line in figure
5.8c which indicates the tip trajectory at V., = —10V. The erased narrow bridge restores the electrical
connection between the region enclosed by the ring and the rest of the metallic LSMO film (Fig.5.8d).
Such a simple experiment leads us to conclude that, effectively, the film was driven to the HR state
throughout the whole film thicknesses following the vertical component of the high electric field cre-
ated at the tip apex i.e. forming a non conducting tube that completely blocks the current through
the inner region (5.8e), which becomes a topologically isolated volume. Though the true electric field
distribution in this system is not known, because of the relationship between the tip-sample contact
area (v~ 100nm in diameter) and the film thickness (< 24nm), the electric field drop will be maximum
under the tip.

An schematics to illustrate that the whole thickness of the LSMO film can be modified is shown
in (Fig.5.8e). When the HR ring does not reach the underneath insulating substrate, electric contact
between the inside region exist and current is measured within. However, once the full film is mod-
ified, the electrical contact with the inner region is cut and, consequently, it is seen as an insulator
in the current map. This gives to a “wrong” reading, since a conducting region would be seen as
non-conducting in the C-SFM maps and points to the need of finding a different reading tool.

Thus, even though the above experiment completely demonstrates the local nature of the elec-
trical switching process, it means that a proper reading procedure different than C-SFM is needed.
In order to do that we performed combined C-SFM and KPM measurements in the very same re-
gion. We note that combining these two SFM modes requires controlling the operation parameters
to be able to pass from direct tip-surface contact, at which C-SFM writing and reading are made, to
non-contact dynamic KPM sets at which the tip is located tens of nm apart from the same surface.

An array of rings written at different voltages were lithographed in an 8 nm thick LSMO film
(sample 3), where small LSMO islands appear as nanometric (v~ 2nm high) bright protrusions in the
topographic image of figure 5.9a. The LSMO nature of these islands is revealed by their conducting
character (darker spots) as seen in the current map in (b). A low onset for switching (Vi,» = +2V)
seems to correlate with the lower film thickness of this sample. Exactly the same behavior already
described for sample 2 is observed in the C-SFM measurements, where no current is detected in
the non-modified inner ring regions. Conversely, a notable piece of information is provided by the
contact potential difference (CPD) image, revealing KPM as a more sensitive tool than C-SFM to

changes in the LSMO nature. A customized colour scale has been used to highlight the discrete
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5. Resistive switching in LSMO

Fig. 5.8: Full LSMO film thickness modification: voltage dependence of the writing process. (a-b) Simultane-
ously acquired topographic view and current map (= 2 ) of a 10nm thick LSMO thin film
(sample 2). A lithographic C-SFM procedure has been used to write HR states with ring geometry
at different from +5 to +15 . From a given voltage threshold, non-modified (LR) regions are
electrically isolated, indicating the whole film thickness has been driven to the HR state. (c-d) verifi-
cation test: current images before and after a LR bridge connects the inner conducting region with the
outer conducting LSMO film. The bridge LR state is induced by drawing a line crossing the HR ring
(red line) with the tip at reversed polarity, ¢ = 10 ). (e) Schematics of the proposed lithographed
model (cross section) and C-SFM set up (not to scale). The tip is biased and the counter-tip electrode
contact is established at the border of the sample. The schematics illustrates how the inner (non-
modified, i.e. conducting) region encircled by a HR ring can be seen as conducting or not depending

on the depth of the HR modification.

values of the surface potential that are depicted as a function of in the plot.

The film surface can be visualized as the top view of a series of HR hollow cylinders embedded
in a thin LR matrix. If we consider a conducting SFM tip and a conducting sample, with different
work functions (see experimental procedures, sec.7.8.4), which are electrically connected, then the

electrons trying to move out of the different surface regions would see a different potential barrier
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Fig. 5.9: Combined C-SFM and KPM reading strateqy and HR multilevel detection. C-SFM measurements are
performed by placing the tip in direct contact with the sample whereas KPM are done in a non-contact
dynamic mode («~ 10 —30 nm apart). (a) Topographic view of a 8nm thick LSMO film (sample 3). The
dotted lines indicate the written HR rings at different increasing voltages Vi, = +2V to +10V, in
steps of 1V from up to bottom and left to right. (b) Simultaneous reading current map (V,.q = —2V).
Total current scale is 100nA. (c) Contact potential difference (CPD) map as measured by KPM.
The CPD color scale goes from cyan (0V') to white (1.2V). (d) contact potential difference (left axis)
relative to that of the LSMO wvirgin film (ACPD) as a function of V., and calculated local work
function (¢, = ¢prsmo — ACPD) (right axis) for the different HR written states. ¢rspo = 4.9 eV
is taken from reference'3?. Importantly, KPM is sensitive to different HR states (correct reading and

multilevel detection) not distinguishable in the C-SFM measurements.

(electrostatic) which leads to a different work function (¢) depending on the local electronic proper-

ties''”. When this barrier is larger (higher ¢) a decrease in the surface CPD signal is observed. If the
work function of the vibrating electrode is ¢;;, and ¢r.sar0 is that of the virgin LSMO thin film, then

the contact potential for the virgin surface is:
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CPDrsyo = dtip — PLSMO

Whereas for a region written with V,,,, would be given by:

OPDw = d)tip - ¢w

And consequently, the contact potential difference (CPD) between modified regions and the sur-
rounding film will correspond to the change in work function respect to the non-modified conducting

LSMO:

ACPD = CPD,, — CPDrsyo = ¢rsmo — ¢uw = Ao

In other words, provided we know the CPD values measured for rings made at different voltages,
the corresponding relative changes in work function (A¢) can be obtained as a function of the writing
bias voltage. ACPD > 0 indicates that the work function and, consequently, the hole concentration
decrease in the modified regions (CPD,, < CPDrsno0)-

In addition the absolute value of A¢ increases for increasing V., and reaches a saturation value
of A¢ « 1.15 eV. Provided the reported value for Lai_,Sr,MnO3 (z = 0.3) is ¢rsmo ~ 4.895 eV 132
our results indicate that the highest HR state reached corresponds to ¢,, «~ 3.7 eV. The simplest
way to interpret the work function changes obtained from the macroscopic image of CPD, could
be interpreting these changes as being due to a decrease of the carrier concentration (holes) under
applied positive bias. However, changes in carrier concentration due to changes in local composition,
i.e cation or anion distribution, cannot be neglected. Using heteroepitaxial junctions, the Fermi level
positions for La;—_;Sr;MnOs3 referenced to the Fermi level of Nb : STO (S7T9.99/Nbg.0103) have
been reported to shift downward (increasing ¢r,s170) with hole doping as - z(eV) 142 Within this
context, our results would be consistent with a situation of reduced x, lower than the initial x=0.3.
Though the true composition after film modification is something to be evaluated (see below), we
note that the LSMO phase diagram predicts an insulating character of Laj_,Sr, MnOs3 for x < 0.2.

Obviously, a similar behavior is expected for an increase in the amount of oxygen vacancies.

Back to the reversibility of the process, already observed in the C-SFM experiments described
before, we now show the capability of KPM to read out and differentiate resistive states after several
set and reset processes. Figure 5.10a shows the KPM image of a sequence of writing and erasing

processes performed one after the other over decreasing areas on a 10 nm thick LSMO film (sample
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2) i.e. scanning at alternating opposite bias voltages (Ve = —V,, ). In such a way, the central region
has been modified four times (twice written and twice erased). The averaged CPD signal, i.e. the
change in work function, reflects the back and forth change in electrical nature of the modified film
regions. Interestingly, if the negative voltage employed during the reset process is larger than that
for writing, work functions ¢,, larger than that of the virgin state can be reached as well and thus the
corresponding ACPD < 0. This is illustrated in figure 5.10b for a 8 nm thick LSMO film (sample 2)
where the inside of a square written at V,,, = +4 V was reset using a V. = —6 V. The averaged CPD
profile serves to illustrate that the capability of the method goes beyond reversibility and serves to

finely tune the work function by choosing the appropriate V,,,, and V¢, .

The switchable character of these nanoscale modifications is further illustrated in Fig. 5.10c where
a grid made of lines, lithographed by C-SFM at different writing and erasing tip voltages, is shown.
First, six horizontal lines were lithographed at different V;,,., from +2V to +12V (bottom to top) on the
same surface (sample 2). The vertical line profile crossing all the written lines is shown in the bottom
plot of Fig. 5.10c to obtain the CPD of each state for increasing V,,,. As already commented, the work
function value saturates at -~ 1eV for voltages larger than +10V. A series of lines perpendicularly
lithographed at different negative voltages complete the squared grid. In such a way, at every vertical
and horizontal cross of lines, a given HR state would be reset to a lower resistive state. Though the
spatial resolution is limited and the erased states are slightly blurred due to overlap of high CPD
values at adjacent HR states, the horizontal profile taken along the upper line (V,,, = +12 V) is
shown in the top plot of Fig. 5.10c to clearly illustrate the result. Hills and valleys in CPD correspond
to HR and LR states, respectively and exemplify the capabilities of bit storage in a foreseen multilevel
device. This capability would be even larger if the multilevel resistance is employed in a nanodot

array following a single point lithography (Fig.5.7) instead of a line based lithography.

Durability of the modifications were tested in time, temperature and magnetic fields, and the
HR states were found to persist after several months, upon annealing up to 400 K and show no
important degradation under magnetic fields up to 3T (see the before and after C-SFM measurements

in Fig.5.11).

Throughout the different above considerations, we have suggested that changes in the local dis-
tribution of the existing atomic species can play a role in the reversible resistive switching of LSMO.
In order to examine this point as far as possible and get more insight into the microscopic phe-
nomenon here reported, the chemical composition of specific written (HR) and erased (LR) states
)13

were analyzed by means of soft x-ray photoelectron emission microscopy (PEEM)"°. Precise sur-
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Fig. 5.10: Reversible multilevel LR and HR data storage. (a) KPM image and corresponding line
profile, of a sequence of writing and erasing processes performed one after the other over decreasing
areas on a 10nm thick LSMO film (sample 2) at opposite bias voltages ( =48 and 4 =

8 ). (b) KPM image of a writing (=44 )andanerasing( ¢ = 6 ) processes performed

one after the other over decreasing areas on a 8nm thick LSMO film (sample 3). The corresponding

line profile shows the sensitivity of KPM to detect positive and negative changes in the local

, depending on the magnitude of the applied and ¢ . (c) Three dimensional view of a KPM

image of a grid made of perpendicular crossing lines lithographed by C-SFM at different and

o on sample 3 (left image). It is indicated the profile along the crest at the top line of the image
(=412 ) (upper right plot), and along of the writing processes (lower right plot).

face modifications could be studied by PEEM because their persistence time. Moreover, though they
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Fig. 5.11: Current map reading images of different HR modifications before (a,b) and after several months (c,d)
the samples were submitted to temperature (up to 400°C ) and magnetic field (up to 3T) endurance
tests.Tough the small differences between b and d in the measured current can be ascribed either to
different reading conditions or to a contamination layer which connects the inner and outer metallic

regions, note that as well as the squared modification, the HR rings persist in all cases.

were observable by SEM and PEEM in the image mode, for an easier location, the LSMO film surfaces
were patterned with micrometric indentations forming specific geometries (see secc.7.7, p.103). Tak-
ing into account the high surface sensitivity of PEEM (v~ 4 nm in depth), one of the thinnest LSMO
films (sample 3) was used for these purposes. A summary of the chemical analysis is presented in
tigure 5.12 where a writing/erasing protocol similar to that of figure 5.10b was used: the inside of a
square written at V,, = +4 V was reset using a V. = —6 V. The modified region was imaged at several
photon energies (0.1 —0.2 eV steps) across the La M5 4, Mn L3 5, and O K-edges. Unfortunately, the
experimental available energy range did not permit access to obtain information about Strontium. As
can be seen in the images taken at each of the three absorption edges (left panels) clear differences
between the virgin LSMO and the modified surface are observed. The central panels of figure 5.12
present the averaged Mn, La and O spectra as a function of photon energy for the regions of interest,

namely LSMO (black continuous line), HR (red open symbols) and LR (green filled symbols).

77



5. Resistive switching in LSMO

Mn Ly, (641.0 eV)

In;ensity (arb. units)

wirgin LSMO|

< HR state
Yo * LR state

Intensity (arb. units)

635 640 645 650 655 680  GB5

Photon energy (eV)
e
i virgin LSMO
] —o—HR slate
f +— LR stale

Intensity (arb. units)

832 834 836 B38 B40 842 544

Photon energy (eV)
f
virgin LSMO,
£ = " HR state
- * LR state
525 530 535 540 545 550 555 560
Photon energy (eV)

Intensity (arb. units) Intensity (arb. units)

Intensity (arb. units)

9
2 3 4
Position (um)
h
2 3 4
Position (um])

%f
0 1 2 3

)
Position (um)

Fig. 5.12: Atomic species distribution in switched HR and LR states. a, b and ¢, PEEM images obtained on a
modified LSMO surface (sample 3) at selected energies (641.0, 837.8 and 529.0 eV) within the Mn

L-, La M- and O K-edges, respectively. The inside of a square written at V,, = +4V was reset using

a Ver = —6V. d, e and f averaged spectra obtained within the virgin LSMO (black line), written
HR state (red open dots) and erased LR state (green closed dots) regions at the Mn L-, La-M and

O K-edges, respectively. g, h and i line profiles across the three regions (virgin, HR and LR) at the

energies corresponding to images a, b and c, respectively.

The virgin LSMO region depicts a Mn L-edge spectrum similar to that reported for mixed valence

perovskites of the same composition with bulk-like magnetic properties®®16°. The shape as well as

the integrated intensity of this spectrum strongly depend on the Mn oxidation state

293 and the peak

emerging at the low energy side of the L3 edge for both, HR and LR regions, can be interpreted as

the presence of divalent Mn 68199 On the other hand the broader intensity at few eV above the edge

(and more pronounced in the virgin LSMO) is ascribed to Mn3*/4+.
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5.3. Resistive switching procedure

A detailed analysis of the whole spectrum, including double step background subtraction? indi-
cates that the signals in the modified regions can be decomposed, in both HR and LR, as being due to
38% Mn** and 62% of nominal mixed Mn3+/%+ valence®, i.e. the proportion does not change during
the set to reset transition. On the other hand, considering that the integrated intensity is proportional
to the Mn-3d unoccupied states and keeping the relative proportions of Mn?+ and Mn3*/4F, the
total amount of Mn atoms at the HR region can be estimated to increase by about 22% with respect
to that of the surrounding virgin LSMO film, within the same analysed depth. Upon erasing, the Mn
content recovers approximately a 10%, i.e. the erased LR state has an excess of about 12% the value

of the virgin film. The increase/decrease of Mn content indicates a clear displacement of Mn cations.

A similar result is observed for La cations. La Ms-edge spectra taken at LSMO, HR and LR
are identical with respect to shape and energy positions indicating identical oxidation state for the
Lanthanum cations (La®") in the three regions. Nevertheless differences on their relative maximum
intensity highlight local changes of the cation concentration. The integrated intensity corresponding
to the written region has increased by 27% with respect to that of the virgin LSMO film. Provided the
oxidation state remains the same, this increase in intensity can be correlated to an identical increase
of Lanthanum atoms at the HR region within the analysed depth. The La excess in the LR state is
subsequently reduced by 9%, i.e. still a 18% larger than the initial value indicating that, as observed

for the Mn species, the reset process seems not to be completely reversible in terms of La content.

Analysis of the O K-edge spectrum changes is not as straight forward. Three main features at
ca. 544 eV, 536 eV, and at 530 eV, respectively are observed in case of Laj_, S, MnO3 perovskites.
The broad peak at 544 eV is attributed to electronic bands of Mn 4sp and La 6sp character, while
the one at 536 eV is related to a mixture of La 5d with Sr 4d bands, i.e. the spectrum reflects hy-
bridization with the various elements and strongly depends on the oxygen local environment (Mn,
La and Sr distribution and content). If only the intensity at 529 eV (bottom right panel in figure 5.12)
is considered, contrary to what happens with Mn and La, a decrease of the signal is observed at the
modified regions within the analyzed depth, otherwise in accordance with the reported correlation
between Mn?* formation and oxygen vacancies Vo?T creation®*+?%. However, though the HR state
induced during the writing process involves changes of the spectral shape and relative intensities of
the different features, these changes seem to remain after the erasing process. Consequently, with the
data at hand, it is not possible to correlate the changes in the O k-edge spectrum with the induced

electrical modifications in the LSMO thin film.
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5. Resistive switching in LSMO

The above results clearly point to the fact that both, electrons and ions may play an important role

on the induced transition between LR and HR states. Interestingly, after Leon Chua predictions®

on
the existence of memristor devices !, the hysteretic behaviour of many systems exhibiting resistance
switching have been described by mechanism involving both electronic and ionic transport. This
might be also the scenario for the present case. The switching characteristic observed for a particular
memristive system helps classifying the nature of the dopant drift inside the memristor. In this
context, the shape of our hysteretic I-V curves would be consistent with a hard switching governed by

d182

nonlinear ion drift in high electric fiel . These nonlinearities have been related with long retention

times and fast switching process!>.

54 Summary

In this chapter, we have described a low energy consumption procedure which permits the reversible
electrical resistivity switching in Lag.7.S57.3MnOs3 thin films in an extremely local and controlled way.
Though not completely understood, the mechanism by which the LSMO is transformed from its in-
trinsic metallic to one non-conducting character is described within the frame of electronic and ionic
transport within the oxide film. First of all, starting from a metallic oxide, obviously no electroform-
ing is needed. In addition, it is based on LSMO intrinsic properties and not on particular film surface
or interface details. The measured conductance ratios (Ion/Iorr > 100) are valuable for high ef-
ficiency amplifiers. An excellent write and erase endurance makes both ON- and OFF-states stable
over more than 500 cycles, under continuous readout testing. The modifications persist after anneal-
ing (tested in the range 5 - 400 K), show no detectable degradation under magnetic fields (tested
up to 3T) and display a long retention time (several months). Our approach is based in a new con-
cept where the writing and erasing processes are made through C-SFM while read out is performed
through a non-invasive KPM. The dynamic range for the writing process spans a range of A¢ « 2
eV and KPM is able to work as a multilevel recording device we think that an important increase of
the integration density (at least by a factor 20) might be achieved. The capability to fabricate mul-
tilevel and switchable resistive nanostructures embedded in low cost oxide thin films can be easily
envisaged as a suitable approach towards active electronic elements, in particular for the fabrication

of high-density data storage applications.
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5.5 Experimental procedures

Scanning Force Microscopy (SFM) measurements were performed using a commercial head and soft-
ware from Nanotec!''* under a N, environment (RH 2%) to diminish any possible humidity effect. For
the conductivity measurements (C-SFM), we used either commercial conductive B-doped diamond-
coated tips with k = 2.8 N.m~! (Nanosensors) or Cr-Pt coated Si tips with k = 3N.m ™!, resonance
frequency of 75 kHz and contact resistance of 300 ohms on Pt thin film surface (Budgetsensors in fac-
tory specifications). The same tip has been used in all the C-SFM experiments of at least one series.
To check tip-sample conditions, the adhesion force was systematically determined from force versus
distance curves prior to and after each conductivity experiment. Current images were acquired in
a non-invasive manner (no sample indentation) by using the contact operation mode at the lowest
possible applied load required. The conducting tip (first electrode) was placed in direct contact with
the sample, under controlled load, i.e. by using a normal force feedback and the current was mea-
sured between tip and sample. Simultaneous topographic images z(x,y) and current maps I(x,y) over
a given region at a fixed voltage permitted writing (positives V;;;,), reading (small positive V};;,) and
erasing (negatives y;,). In our setup, the sample was always grounded and the voltage was ap-
plied to the tip. Provided the insulating character of the substrates used (S77O3) the direct electric
contact to ground is established through a metallic clamp (counter electrode) firmly attached to the
surface film at the sample border (millimeters apart from the tip-surface contact). An external I-V
converter (Stanford Research Systems) was used to have access to a wide range of compliance currents
(1pA to ImA). Whereas for topographic images the color code is the commonly used, bright for high
and dark for low, for the current maps it depends on the voltage sign. Thus higher currents appear
darker in C-SFM images taken at negatives V};;,, while brighter for positives V;;,. The current-voltage
(I-V) characteristics of the contact where measured as a function of the bias voltage applied between

tip and sample, starting from negative tip voltages.

Kelvin probe force microscopy was used to measure the surface contact potential difference (CPD)
simultaneously to topography. The tip-sample distance was controlled by a feedback loop working in
the dynamic mode. The mechanical vibration of the cantilever is done at the first resonance frequency,
which in our case is about 75k H z. To detect the electrostatic force, an ac voltage V,.sin(wt) is applied
between tip and sample, in addition to a dc bias V. The ac voltage induces oscillatory electrostatic
forces according to F,; = —9C/0z(Vpe — Veopp)?, where the spectral component at the frequency of
the ac voltage results to F,, = 0C/0z(Vpc — Vopp) Vacsin(wt). The oscillation at w is detected using a

lock-in amplifier and a controller is used to reduce the amplitude to zero by adjusting Vpc to match
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5. Resistive switching in LSMO

the CPD. In order to avoid crosstalking with topography, the oscillating bias voltage is applied at a

lower frequency of 7k H z with an ac bias voltage of 0.5V

Photoelectron emission microscopy (PEEM) experiments were perfomed at the UE49-PGM-a beam-
line of the BESSY synchrotron facility by using an Elmitec PEEM provided with energy filtering. This
allows single photoelectron peak imaging and therefore to obtain space resolve chemical information.
The angle of incidence of the incoming X-ray linearly polarized beam with respect to the sample sur-

face was fixed to 15.7°. Within such a configuration the effective X-ray spot sizes 35um x 10um.
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Chapter 6

General conclusions

This concluding chapter summarizes, the questions addressed and results of the present thesis. The
thesis was dedicated to the study of structural, electronic and magnetic properties of doped lan-
thanum manganite Lag 7579.3MnO3 thin films on strontium titanate Sr7i0O3 grown by chemical so-
lution deposition method.

Below follow the main results obtained from our studies.

A new mechanism is proposed for the generation of self-assembled nanodots at the surface of a
film based on spontaneous outcropping of the secondary phase of a nanocomposite epitaxial film.
Epitaxial self-assembled Sr-La oxide insulating nanodots are formed through this mechanism at the
surface of an epitaxial metallic ferromagnetic Lag 7579.3MnO3 film grown on Sr7Ti03 from chemical
solutions. TEM analysis reveals that, underneath the La-Sr oxide (LSO) nanodots, the film switches
from the compressive out-of-plane stress component to a tensile one. It is shown that the size and
concentration of the nanodots can be tuned by means of growth kinetics and through modification
of the La excess in the precursor chemical solution. The driving force for the nanodot formation can
be attributed to a cooperative effect involving the minimization of the elastic strain energy and a
thermodynamic instability of the LSMO phase against the formation of a Ruddelsden-Popper phase
SrsMn4sO7 embedded in the film, and LSO surface nanodots. The mechanism can be described as
a generalization of the classical Stranski-Krastanov growth mode involving phase separation. LSO
islands induce an isotropic strain to the LSMO film underneath the island which decreases the mag-

netoelastic contribution to the magnetic anisotropy.

We have studied epitaxial single crystal LSMO thin films on STO substrate grown by CSD method
as a function of the LSMO film thickness to evidence the connections between structure, microstruc-

ture and physical behavior. X-ray diffraction has shown that for CSD-grown LSMO films the com-
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pletely relaxed state is achieved at very low thickness (60nm). Self-nanostructured LSMO films con-
sisting of (La, Sr)O, islands and Ruddelsden-Popper inclusions within an epitaxial matrix of high
crystalline perfection, are shown to plastically relax the films at these thickness. Curie and metal to
insulator transition temperatures show film thickness dependence, but they do not show correlation
with strain states. The analysis of the dependence of the Curie temperature on the elastic defor-
mation can only describe the response of the fully strained films (24nm), whereas for partially and
fully relaxed films (35nm and 60nm) other effects should be considered. On the other hand, the Ty
dependence with thickness could be explained by using lattice parameters arguments alone, while
the M RT and p39°K evidenced an influence of structural and chemical disorder in the film for the
thickest and relaxed films. The lack of a full correlation between the strain state, 7, and T/; suggests
that these transition temperatures are influenced in a different way by other factors, such as chemical

inhomogeneity and structural disorder in the film.

The E(J) characteristics of well characterized fully strained epitaxial Lag 7S579.3MnO3 films have
been investigated up to high current densities (J «~ 10* — 10° Aem~2). Different electric contact
resistances and different current path configurations have been used to sort out the role of Joule
self-heating from contact heating in the transport properties. It is demonstrated through macro-
scopic transport and conductive scanning force microscopy measurements that contact heating may
lead to non-linear and irreversible E(J) characteristics when high contact resistances are used. Low
dissipative contact power measurements are crucial to define the upper J limits to keep linear and
reversible E(J) characteristics. We demonstrate that Joule self-heating in Lag.7570.3MnO3 thin films
only induces moderate warming at high temperatures while achieving bistable resistivity at low tem-

peratures would require the use of very high current densities (J «~ 5 x 105 Aem™2).

Switching from different resistive states is an outstanding phenomenon observed in several com-
plex oxides with potential for large-capacity non-volatile memories. Most microscopic mechanisms
proposed so far involve particular interfacial properties and imply high energy consumption for op-
eration onset. Instead of the widely investigated high to low resistance transitions, we report on the
nanoscale reversible transition from low resistive to tunable high resistive states, where no electro-
forming processes are needed. The conducting tip of a scanning force microscope has been used to
reversibly write non-conducting states through the whole thickness of well characterized thin films
of the robust metallic ferromagnet Lag 75719 3MnO3 obtained by chemical solution deposition. The
Kelvin probe microscopy is proposed as a non-invasive reading tool for quantitative multilevel de-

tection and Soft X-ray photoelectron emission microscopy highlights the importance of cationic and
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anionic diffusion in the process. This nanoscale investigation of the local resistivity switching in the
absence of junction interfaces, points to inherent thin film properties as responsible for the observed

phenomenon.
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Chapter 7

Experimental techniques and procedures

7.1 Chemical solution deposition method

There are several methods to obtain oxide thin films. Manganite thin films have been prepared by a
variety of physical and chemical methods (Fig.7.1). Physical methods that have been used include:
magnetron sputtering, molecular beam epitaxy (MBE), pulsed laser deposition, etc. A comparative
overview addressing the common features and the differences of the physical deposition methods is
given in a recent review paper®. However, in these methods, not only a special expensive apparatus
is required, but also formation of a thin film having a large area are difficult.

The term Chemical Solution Deposition (CSD) include a broad spectrum of techniques ranging
from sol-gel processing over hybrid approaches to metal organic decomposition (MOD)!#4. It is a
long-established industrial process very cost-effective and versatile and it presents a closely control
of the composition . By careful control of the precursor chemistry and processing parameters the

control of surface morphology, electronic and magnetic properties is possible.

The sol-gel process in general is based on the transition of a system from a liquid solution “sol”
(mostly a colloidal suspension of particles) into a gelatinous network “gel” phase. Sol-gel, hybrid
deposition methods, and MOD are based on the use of metalorganic precursors. In contrast to sol-gel
approaches, that use generally alkoxide precursors, MOD methods typically use carboxylate pre-
cursors. MOD methods are more straightforward than sol-gel approach, since the precursors are
commonly water insensitive. However, due to the high organic content of the films, cracking prob-
lems are frequently encountered. In order to get ahead of this drawback, there have been developed
mixed routes which utilize precursors with smaller organic groups, which allow reduce the tendency

toward cracking. These hybrid solution deposition methods generally use low molecular weight car-

86



7.2. Synthesis of samples

Vapor Phase Processes Liquid Phase Processes

Physical Vapor Deposition (PVD)
Liquid Phase Deposition (LPD)

Physical *Molecular Beam Epitaxy (MBE)
methods *Pulsed Laser Deposition (PLD) eLiquid Phase Epitax
*Magnetron Sputtering . Mcell ting p y

*Jon Beam Techniques
*Electron Beam Evaporation

e

*Sol-Gel

Chemical Vapor Deposition (CVD) hemical Solution Deposition (CSD)
Chemical

methods *Metallorganic CVD (MOCVD) . .
« Plasma Enhanced CVD (PECVD) *Metal Organic Decomposition (MOD)

*Metallorganic Molecular Beam Epitaxy :gefit:é)tﬁiﬁflaéoiﬁgifn
(MOMBE) y

N J

Fig. 7.1: Overview on different deposition methods for electroceramic thin films.

boxylate and alkoxide precursors, namely acetates or propionates.

Precursor solutions are deposited by different deposition techniques like spin coating, spray con-
tent or dip coating. All the samples studied in this report have been obtained by spin coating since it
is a easy to apply, has low investment costs and the consumption of precursor solution is lower. The
chemical structure of the precursor solution and its thermal decomposition behavior have a large in-
fluence on the microsstructure of the resulting thin film and hence its physical properties as we seen

in previous chapters.

7.2 Synthesis of samples

All the samples have been grown by MOD route. The precursor solution have been prepared accord-
ing to the flow chart displayed in figure 7.2. This is a well established route developed by Hasenkox
et al.”>73,

In the first step commercially La-, Sr- and Mn-acetates™ are dissolved in a large excess of pro-
pionic acid and distilling of the liberated acetic acid obtaining dried propionates . The propionates

are all mixed and dissolved in propionic acid at room temperature to prepare the precursor solution.

*(La(OOCCHg)g X 3H20, M’IL(OOCOH3)2 X HQO and ST(OOCCH3)2
fLa(OOCCyHs)3, Sr(OOCC2Hs)a and Mn(OOCC2Hs)2
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Fig. 7.2: Flow chart of the preparation process for Lay_ St MnOs thin films by the all propionic in propionic
acid route. Adapted from Hasenkox et al.”?.

Final spin coating solutions were obtained by mixing appropriate amounts of the precursor solutions
and dilution to different concentrations with propionic acid. All preparation steps were carried out
under ambient atmosphere, which simplifies the synthesis procedure. LSMO films were deposited
on (100) SrTiO3 (STO) substrates by spin coating at 6000 rpm for 2 min and annealed at temper-
atures in the range 900-1000°C under flowing oxygen gas for different annealing times up to 12 h.
Using a temperature ramp of 3°C'/min, both during warming and during cooling, and a oxygen flow
rate of 0.6//min. Previous studies were performed in the group in order to optimize the parameters
of precursor solution and annealing processing’. The stoichiometry of the precursor solution was
checked by inductively coupled plasma (ICP) that allowed us to obtain a quantitative determination

of multi-elements at trace and ultra-trace concentration levels.

7.2.1 Substrate requirements and epitaxy

For the growth of a crystalline thin film the choice of the appropriate substrate is of primary impor-

tance. Julia Phillips'?* has reviewed the criteria guiding the selection of substrates for high temper-
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ature superconductors, which applies to the case of manganites as well. The basic requirements for

the substrate can be summarized as follows:

e Chemical stability. It is important that there is no chemical reaction between the film and the
substrate. Also there should not be any reaction between the substrate and the oxygen gas

required to grow manganites.

e Thermal expansion match. If the substrate and film have different thermal expansion coeffi-
cients there might be problems with cracking of the film. From the reported thermal expansion
coefficients of LSMO and STO (azsymo ~ 11.5 x 107K ! at x = 0.337° and agro ~ 11 x
107K ~1%), together with the corresponding room temperature lattice parameters arsyo =
0.3873nm ' and asro = 0.3905nm, one finds a misfit strain ¢, = (as70 — arsymo)/arsmo =

0.83% at room temperature and a smaller value of 0.79% at 800 °C.

e Surface quality. A uniform surface is necessary in order to get a uniform homogeneous film.
Defects on the film surface can have a significant impact on the nucleation of the film, and can

influence the film morphology and structure.

e Substrate cleanliness. A cleaned surface is a requirement for reproducible results. Usually the
cleaning procedure is the result of an empirical process. In our case we put the substrate in

acetone in an ultrasonic bath and dry it in a nitrogen flow.

e Substrate homogeneity. If the substrate consist of a small amount of another phase different
than the predominant one, this might affect the surface and the film may not grow well on
the whole substrate. Twin boundaries that propagate throughout the substrate are potential

nucleation sites for competing crystalline directions.

e Substrate thermodynamic stability. It is important that the substrate do not undergo any phase

transition in the temperature range that is spanned during the preparation and growth process.

In order to grow epitaxial films there are more factors that should be considered. The term “epi-
taxy” describe the phenomenon of the oriented growth of crystals of one substance on the crystal
surface of another substance. The term has been generalized to thin crystalline films grown in a

well-defined orientation on a single crystal substrate.

e Lattice match. The difference in the in-plane lattice parameters should be minimized to get
epitaxial films. Differences in lattice parameters can also be a way of changing the properties

of the film. In-plane and out-of-plane misfit can be defined as:
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bulk
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e Coincidence sites. Not only the lattice constants should be matched but the atoms that coincide
should preferably have the same atomic size and valency. This means that a good substrate

should have a similar structure to the film material.

e Surface quality. For epitaxial films this factor is even more important. Misoriented grains fre-

quently nucleate on irregularities on the surface.

e Structural quality. Generally one can say that the crystalline quality of the film will be no greater
than that of the substrate. Impurity phase inclusions and twins will likely effect the epitaxial

quality.

Substrates, however, are much more than merely a chemically inert mechanical support for thin
films; they are functional elements which can be used to tailor the thin film properties. They can
be prepared as chemically well-terminated atomically flat surfaces as well as with step and terrace

structures.

Fig. 7.3: Topographic SFM images of SrTiOs surface (a) (20pm x 20um) after thermal treatment (900°C-1h)
showing large atomically flat terraces and (b) (5pum x 5um) without thermal treatment displaying

reqular flat surface without step formation.
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Figure 7.3a represents a STO(001) substrate with large-area terraces atomically flat interrupted
by one unit cell high steps, while figure 7.3b shows regular flat surface without step formation . To
reach flat terraces a thermal treatment has been accomplished during 1h at 900°C warming up and
cooling down at 3°C/min under a oxygen flow rate of 0.5 1/min. Since not significant differences in
magnetotransport properties of LSMO thin films grown in STO substrates after and without thermal
treatment are founded, all the samples presented in this report have been grown in STO substrate

as-received. We used commercially available Sr7iO3 substrates.

The above mentioned reasons make Sr7iO3 a good choice as substrate. A summary of properties

of substrate materials suitable for complex oxide thin films deposition can be found in reference 8.

7.2.2 Thickness determination

LSMO thin films were deposited on STO substrates from different concentrations of precursor solu-
tion and thermal annealing conditions (see sec.3.2.1, p.32). In this way, we have obtained thin films
with different thickness which have been determined by direct measurements using a SFM on tracks
obtained by optical lithography for resistivity measurements, TEM cross section images or TOF-SIMS
depth profiles. In figure 7.4a, TOF-SIMS depth profiles are displayed for a LSMO thin film grown un-
der thermal annealing of 900°C during 1h and starting from a concentration of precursor solution of
0.1IM. The film thickness is determined by monitoring the secondary ion count rate of selected ele-
ments as a function of time. The analysis uses C's™ primary ions and positive secondary ions. To
convert the time axis into depth, the SIMS analyst uses a profilometer to measure the sputter crater
depth. A profilometer is a separate instrument that determines depth by dragging a stylus across
the crater and noting vertical deflections. Total crater depth divided by total sputter time provides
the average sputter rate. Thus a thickness of 7 — 12nm can be derived (Fig.7.4a) for a starting con-
centration of 0.1M/. Similarly, for a LSMO film at 900°C-12h and a concentration of solution of 0.3M
(Fig.7.4b) the thickness is evaluated in the range of 20 — 26nm. We have also performed direct mea-
surements through SFM in LSMO lithographed films (see sec.7.11, p100). The film thickness derived

from these measurements are in good agreement with TEM average thickness determination.

The supplier was Crystec GmbH, Berlin.
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Fig. 7.4: Film thickness determination in LSMO thin films on STO substrates. (a) TOF-SIMS depth profile
for LSMO film grown at 900°C-1h for with a precursor solution of 0.1M and (b) for 1000°C-12h with
0.3M. (c) Topographic SEFM image (50 ~ 50 ~ ) in a lithographed track of LSMO film grown
under 1000°C-12h and a solution concentration of 0.3M. (d) Average profile taken in line of image (c).

7.3 Chemical characterization

7.3.1 SIMS

Secondary ion mass spectrometry (SIMS) is based on the mass spectrometric analysis of ions, which
are generated by the interaction of a primary ion beam (keV range) with a sample (Fig.7.5). The
mass to charge ratio (y ) of the species are analyzed and yields positive and negative secondary
ion mass spectra consisting on the iony  versus the number of ions detected at each v . During
SIMS analysis, the sample surface is slowly sputtered away. Continuous analysis while sputtering
produces information as a function of depth, called a depth profile. When the sputtering rate is
extremely slow it is called static SIMS in contrast to dynamic SIMS used for depth profiles. Depth
resolution depends on flat bottom craters, the redeposition by sputtering from crater wall onto the
analysis area or direct sputtering on the crater wall.

The ToF-SIMS instrument used for this thesis is an ION-ToF IV system situated at the Parc Cien-
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Fig. 7.5: A schematics drawing of the secondary ion emission process initiated by the impact of a primary
ion. Extensive fragmentation occurs near the collision site producing mainly atomic particles. Away
from the point of impact collisions become less energetic resulting in the emission of larger molecular

fragments.

tific of Barcelona. This mass spectrometer enables to analyze an unlimited mass range with high sen-
sitivity and quasi-simultaneous detection of all secondary ions collected by the mass spectrometer.
But, since the technique uses a mass spectrometer, the SIMS analyst must be aware of the possibility
of mass interferences. This is the occurrence of two or more secondary ions with the same nominal
m/z. Especially in oxides compounds where the number of possibilities for mass interferences in-
creases drastically. Also it is important to note that the charge of the detected ion is not determined
by the charge state of that species in the matrix. Furthermore, quantitative SIMS analysis is difficult
because the secondary ion yields (fraction of sputtered atoms that become ionized) depend on sev-
eral factors and are not directly proportional to its concentration in the sample. More information

about these concerns can be found in the review of Van Vaeck et al. 17

7.3.2 EELS-EFTEM

Based on the particle character of electrons, we can divide electron scattering into elastic and inelastic
scattering. An electron that undergoes elastic scattering is assumed to interact with matter with
no energy loss, while in the case of a elastically scattered electron, a measurable loss of energy is
assumed. Released energy can be emitted as X-rays, which carries information about the atoms
that produced it and thus chemical information from the material under investigation. Inelastically
scattered electrons as the result of the ionization of atoms by the primary electrons are measured

in electron energy loss analysis (EELS) and energy filter transmission electron microscopy (EFTEM)
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analysis. These electrons carry chemical information about the ionized atom.

EELS/EFTEM experiments were performed and analyzed by P. Abelldn, F. Sandiumenge and
M.-]. Casanove using equipment from “Serveis Cientifico-Tecnics” of the Universitat de Barcelona
(UB), Universitat Autonoma de Barcelona (UAB) and CEMES (Toulouse). The used microscopes and

technical parameters are mentioned within the experimental methods of the respective chapter.

7.3.3 Photoemission electron microscopy

Photoemission Electron microscopy (PEEM) allows element selective imaging profiting of core-level
excitation of photoelectrons or secondary electrons within the so called soft X-ray range (200 —
2000eV’). The escape depth of the electrons limits the probed depth to 2 — 4nm. Such a limited
near surface sensitive allows, in a rough way, interpreting percentual variations of the integrated
spectral intensity as percentual variations of the number of cations/ions.

PEEM experiments were performed and analyzed by S.Valencia and FKronast in Helmholtz-
Zentrum, Berlin. Technical parameters are mentioned within the experimental methods of the re-

spective chapter.

7.4 Structural characterization

X-ray diffraction (XRD) is useful method to identify crystal structure and investigate thin film crys-
talline quality by detecting the diffracted X-ray. Diffraction is a coherent and elastic scattering phe-
nomenon of an incident electromagnetic wave, where the periodic lattice of a crystal diffuses in a

coherent way the X-rays. For constructive interference according to Braggs law we know that

n\ = 2dp0Sing (7.3)

where n is the reflected order, djy,; is distance between parallel (hkl) planes of crystal, A is the
wavelength of X-ray source and 6 is the angle between incident X-ray beams and crystal plane. Fig.
7.6a shows a schematics of Bragg diffraction condition.

In our study, to investigate the highly epitaxial grown LSMO films, XRD measurements were
performed with two different two circle diffractometers, Rigaku Rotaflex RU200B and Siemens D5000
with Cu X-ray source (A = 1.54184 , A (KG*) = 1.5405A and A (K$3) = 1.5443A ) and a four
circle General Area Detector Diffraction System (GADDS) introduced by Bruker AXS with a two-
dimensional (2D) area detector, located at the ICMAB.
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Fig. 7.6: (a)Schematics of X-ray Bragg diffraction. (b) Sketch of an X-ray diffraction system displaying the

angles and their relationship to sample surface for XRD measurements.

A diffractometer system, as shown in Fig. 7.6b, consists of an X-ray source, sample holder stage

and a detector. Different configurations of X-ray source, thin film sample and detector can be per-

formed in order to get different information, namely:

e 0 — 20 scan: It provides information about the crystal orientation of the substrate and thin

films and about the out of plane lattice parameters. Thin film samples with a mixture of single

crystal, random polycrystalline layers and highly textured layers can be measured with all the

features appearing simultaneously in diffraction frames by using GADDS with 2D detector. For

the calculation of the out of plane lattice parameter the diffraction pattern was shifted as much

as necessary to achieve the STO reference angle. After that, a pseudo-Voigt fitting function of

the peak is performed to determine accurately the peak position (Fig.7.7).

Finally, since the Lag.7S70.3MnO3 bulk phase is rhombohedral at room temperature with the

pseudocubic parameter a 3.873A %2, we can calculate the lattice parameters considering a cubic

system:

_ a .2 _)‘2 2 2, 12

e Rocking curve or w scan: Crystal texturing or mosaic of thin films can be investigated by this

measurement. The full width at half maximun (FWHM) Aw of the rocking curve of a low

indexed peak is indicative of the crystalline quality of the sample.
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Fig. 7.7: Zoomed 6 — 26 scan of (003) LSMO and STO reflections from a LSMO film of 60 nm grown un-
der 1000°C-12h annealing. Fitted curves by using pseudo-Voigt functions are indicated for A(K,1)
and A(Ky2) (003) reflection for STO and LSMO film. The total fitting curve (sum of pseudo-Voigt
contributions from STO and LSMO) is also indicated.

e Dole figures or ¢ scan: It is used to represent the orientation distribution of crystallographic
lattice between film and substrates. Oblique planes of film and substrate were commonly used

to determine in-plane orientation.

e Reciprocal space maps (RSMs) or Q-plots: They provide in-plane lattice parameters. Executing
a series of w — 26 scans at fixed ¢ and x around particular asymmetric reflections of substrate
and film peak, we can get through a complete area of the reciprocal space. Thus, it is possible
to obtain a map of the reciprocal space. To get information about the lattice parameters, the
scan axis must be changed from # and w to the wave vectors parallel to the surface @), and

perpendicular to the surface @), with the following relations:

Qz = %sin@sin(@ —w) (7.5)

Qy = %Sinecos(G —w) (7.6)

where ) is the wavelength of the incident X-ray beam and @, and @, are the equivalent recip-

rocal space distances on the equivalent real space distances. Absolute values of in-plane a and
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out of plane parameter c can be extracted from the position of the peak, again corrected by a w

and 0 shift deduced from the substrate peaks with:

o= th (7.7)
c= Qly (7.8)

where h and [ denote the Miller indices of the peak.

7.4.1 Transmission Electron Microscopy

The basic principles for understanding how transmission electron microscopy (TEM) works are sim-
ilar to those from the optic microscopes'””. With transmission electron microscopy, a thin (< 200nm)
sample is bombarded by a highly focused beam of single-energy electrons generated by termoionic
discharge in a cathode or by field emission which afterwards are accelerated by an electric field. The
beam has enough energy for the electrons to be transmitted through the sample. The transmitted
electron signal is greatly magnified by a series of electromagnetic lenses up to atomic resolution.
The magnified transmitted signal can be observed in two ways, through electron diffraction or direct
electron imaging. Electron diffraction patterns allows observing the diffraction pattern of the stud-
ied material, and thus information about the unit-cell can be deduced. Direct electron images yield
information about the microstructure of different phases, their orientation and size.

HRTEM experiments were performed and analyzed by P. Abellan, F. Sandiumenge and M.-].
Casanove. The used microscopes and technical parameters are mentioned within the experimental

methods of the respective chapter.

7.5 Transport properties analysis

Electric transport measurements have been performed using a Physical Properties Measurements
System (PPMS) from Quantum Design located at the ICMAB. The system has a 9 T superconducting
magnet and a helium cryostat which allows a precise temperature control between 1.8 K and 400 K.
The system incorporates a nano-voltmeter and a dc/ac current source which provides currents down
to 1A and up to 2A with a resolution of 0.1p¢A. Vacuum grease is used when mounting the sample in
order to ensure a good thermal coupling. Additionally a thermometer is found just below the sample

mounting space to monitor the sample temperature.

97



7. Experimental techniques and procedures

In order to determine the resistivity of the thin films we have used the four-point configuration.

Thus, the resistivity has been obtained avoiding the contribution of contact resistivity.

Fig. 7.8: Schematic view of the four-point configuration. I denotes the current through the sample, L, the
length and, A, the cross sectional area, of the sample, V, the difference of voltage measured between

two separated points by a distance S.

To compute quantitative data the geometry of the sample has to be considered, thus the resistivity
of a film is calculated by
_ A (M -V)tw
r=Rg="T 5
where R is the resistance measured and derived from the difference between voltages (Vi — V3)
of two separated points of the sample and the current I that through between them , A, the cross

sectional area is defined as the product of thickness (t) and the width (w) of the film and S is the

distance between the contacts. A sketch of this configuration is displayed in figure 7.8.

In this regard, important error sources exist when the silver paint contacts technique is used
because the inaccuracy of the distance existing between them crucially determines the uncertainty
resistivity. In figure 7.9 is displayed an illustrative example of our silver paste contacts on LSMO
thin film, where four Ag wires (0.125 mm of diameter) were directly attached to the film with silver
paste. A general view is shown in (a), where a non regular distance between contacts is identified.
The dispersion in the separation distance, amounting up to several hundred of microns (b), disable
any quantitative data of the resistivity.

In addition to the geometrical limitation, silver paste contacts yield to noisy and non reproducible
resistance measurements as it is shown in figure 7.10a. Also this kind of contact presents a time
consuming limitation because a rate higher than 3°C'/min would be able to break the contact with

the film.
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Fig. 7.9: Optical image of a LSMO film with silver contacts. (a) General view showing the four-point configu-
ration using silver paste contacts. (b) Zoom in the central region of image (a), where a single electrical

pads is shown.
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Fig. 7.10: Temperature dependence of resistivity measured in LSMO thin films with different film thickness
using two different contact methods. (a) Contacts prepared by direct attachment of Ag wires with
silver paste. (b) Contacts performed by Ag and Au evaporated on the LSMO surface and In wires
welded on top.

To ensure well defined geometries while having large areas where any possible inhomogeneity
would be averaged out, lithographed films were prepared through standard photolitography with
track widths of 20 pm (Fig.7.11b) and 600 pm (not showed) and voltage taps separated by 2 mm and
1.3 mm, respectively. The photolithographic methodology used, will be explained next. On the other
hand, to achieve good quality for the electrical contacts and to avoid contact deterioration during the
measurement Ag (1pm) were evaporated onto the LSMO films, capped with 30 nm of Au and cured
by annealing during one hour at 400°C under a flowing oxygen (0.4 1/min). The configuration of
contacts tap is displayed in figure 7.11a.

This configuration, two taps for current in the corners of the film (1.6mm x 1.6mm) and four

voltage taps in the middle region (1.6mm x 1mm), allows us to performs three-point and four-point
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Fig. 7.11: (a) Optical micrograph of a lithographed sample and (b) magnification of the lithographed tracks.

configuration measurements in the same film in order to calculate the resistance contact value and
the resistivity of sample, respectively (Fig.7.12). After that, the Ag wire was welded with Indium at
moderate temperature (350°C) in order to take care to not degrade the surface of the film. A sketch

of the film linked by wires to the PPMS holder is displayed in figure 7.12.

STO

1x1.6mm

Fig. 7.12: Resistance contact determination. (a) Planar view sketch of lithographed film. (b) Contact architec-
ture displaying the film onto PPMS holder setup designed to measure the resistivity of LSMO film
obtained by four-point configuration (channel 3) and to determine the contact resistance by three-

point configuration (channel 1).

In this way, the quality of electrical contacts has been ascertained from the difference between
four and three point configuration for two lithographed LSMO films grown in the sames conditions
(1000°C during 12h). Figure 7.13 displays several IV curves using contacts based on Ag evaporated
and wires welded with Indium (a) and contacts directly attached with Silver paste (b). Calculating
the slope of each IV characteristic we obtain the resistance of the two kinds of contacts. In the case of
contacts based on Ag evaporated and wires welded with Indium, the contact resistance is under our
PPMS sensitivity (R < 1075uQ). On the contrary, high resistance values were obtained for contacts

with Silver paste (R = 34012). But the relevant parameter to work with is the resistivity contact
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(pe = R:A.) which considers geometrical factors of contact taps. Thus, electrical contacts with high
resistivity values (p. = 8.52cm?) consisted of wires direct attached of LSMO film with Silver paste,
whereas low resistivity contacts (p. = 0.2uf2cm?) were obtained by using Ag wires welded with In

to Ag contacts evaporated onto LSMO film.
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Fig. 7.13: Contact resistance determination. I-V characteristics determination using Ag wires welded with
indium (a) and using Ag wires directly attached with silver paste (b) to Ag contacts evapotared
onto the LSMO film. The difference between 4-point and 3-point configuration is used to obtain the

resistance contact values.

Note that the differences between figure 7.13(a) and (b) in the voltage scale are produced by dif-
ferences in the lithographed track widths, (a) with a width of 20 ;sm and (b) 600 um. The values of
contact resistivity (p. = R.A.) obtained are in agreement with those achieved in high-T;. supercon-

ductors®8.

7.5.1 Photolithography and etching of LSMO films

Micrometric wide tracks on LSMO thin films are defined by using optical lithography. This kind of
lithography is cost-effective and a simple method that allows to obtain track width of 10 —20pm. The
experiments were carried out in the clean room facility of the UAB.

Photolithography is based on the interaction of ultraviolet (UV) light and photosensitive materi-

als, namely photo-resists. Schematically, the process is as follow:
e Cleaning of the film with acetone and methanol to get rid of the organic and ionic impurities.

e A drop of photo-resists (Shipley Microposit 1813) is deposited at the LSMO film surface and
dispersed by spin-coating at 1500 rpm/s, 3500 rpm during 45 s. A positive photo-resist with
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photo-active components can be removed using a suitable developer.

e The film then is placed in a hot plate kept at 100°C during 60 seconds to remove the organic

solvent of the resist.
e The film is then aligned with the mask containing the desired pattern using a mask aligner.

e The resist is exposed during 15 seconds and then developed for 30 seconds using the Microposit

ME-321 developer in order to transfer the desired pattern into the photo-resist.
e A final treatment of the remaining photo-resist includes a hard bake at 100°C for 30 min.

e Dipping the sample on a bath of H2504(30%) + H202(26%) + H20(44%) the LSMO thin film is
attacked. But, in order to control the attack of the film, the solution was diluted two times with

H>0(2%). The etching processes was optimized by M. Bibes .

This methodology has been adapted from that used to obtain superconducting lithographed films
within the superconductivity group® of ICMAB.

7.6 Magnetic characterization

7.6.1 SQUID DC-Magnetometer

A superconducting quantum interference device (SQUID) DC-Magnetometer was used to investigate
the magnetic response of LSMO thin films. A SQUID consists of a superconducting loop and a weak
link, the so-called Josephson junction. These devices give rise to an output voltage signal, which is
a periodic function of the flux threading the superconducting loop in which one or two weak links
are inserted. This geometry is termed dc-SQUID (constant bias current). The magnetometer includes
a SQUID detection system and a precision temperature control unit in the bore of a high-field super-
conducting coil. The sample is located inside the superconducting coil so that a uniform dc-magnetic
tield is applied. The detection system is based on a set of pickup coils which are placed in the center
of the superconducting coil; the sample is then displaced through the coil set, inducing a current in
the detection coils proportional to magnetic flux variation. The signal is amplified by means of a
SQUID sensor which converts current to voltage achieving a high sensibility. Hence, the magnetic
moment induced by the sample is proportional to the voltage variations that the SQUID detects,
which can resolve magnetic moments as small as 109 Am =2 (10-%emu). All the system is placed in-

side a helium cryostat which refrigerates the superconducting coil and allows a precise temperature
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control between 18 and 400 . Isothermal and temperature dependent magnetization curves were
measured with two commercially available Quantum Design SQUID magnetometers provided with
5 5u and 7y superconducting coils. These equipments are integrated in the low temperatures and
magnetometry service of ICMAB .

The isothermal magnetization curves showed normally a negative slope of the magnetization
at high magnetic fields, due to the diamagnetic character of the substrate. This contribution was

eliminated by high fields data linear fit subtraction.

7.7 Tracking regions for finding nanoscale modifications

In order to locate nanometric motives, we have performed nanoindentations at the LSMO film sur-
face. This marks are easy to find by a simple optical microscope. Several squares were usually drawn
in order to carry out a variety of experiments inside of each square. The lateral size of the squares is
50 v, under the maximum scan range of piezoelectric SFM. In figure 7.14a two optical images are
presented. The upper image shows SFM cantilever and tip with a spot laser diffraction on it. The
bottom image display a zoom of upper image where the distances between indentation delimited

squared are typed.

A quick inspection of the surface morphology and the electrical characterization provided by the
SEM technique herself, allows us to confirm that this method perturb the surface film only few mi-
crometers around it. Thus, the inner region of the square delimited by four indentations is available

to performed desirable nanoscale modifications by using SFM.

Fig. 7.14: (a) Optical images displaying indentations marks. (b) and (c) Topography and current map showing
the indentation on LSMO thin film of 8 nm thickness grown on STO substrate. Current map current

colour goes from 0 nA (white) to 100nA (black). The depth of the indenting hole is about 800 nm.
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In figure 7.14b a topographic image is shown with a current map obtained simultaneously shown
in (c). Despite of the depth reached by the indentation tip is of about 800 nm, the film around it
remains unaltered, morphologically and electrically. The force applied during nanoindentation (400

mN) has been optimized on STO substrates by Jone Zabaleta®.

7.8 Scanning force microscopy

The dawn of the scanning probe microscopy (SPM) came in 1982 with the invention of the scanning
tunnelling microscope (STM) by Heinrich Rohrer and Gerd Binnig'®. As its name indicates, this tech-
nique is based on the quantum tunnelling effect, which formulates that a current can flow between
two electrodes separated by a thin insulator or a vacuum gap. In this microscope, a sharp metallic tip
is brought close to a conductive surface and, upon applying a voltage, a current flows between tip
and surface provided their separation is small (in the nanometre range). In a standard experiment
the tip, attached to a piezoelectric actuator, is moved in three dimensions over the surface while an
electronic controller keeps the tunnelling current constant by means of a feedback loop that varies the
tip-sample distance. This distance is recorded as a function of the tip lateral position and displayed
as a microscopic image. Typical applied voltages and measured currents are in the range of mV to
« 3V and pA to nA. These voltages result in large electric fields («~ 10'° V.m™1) localized near the tip
apex which implies that the tunnelling current flows from the very last atom of the tip apex to the
single surface atom below, inherently providing atomic resolution. The exponential dependence of
this current on the tip-sample distance is the key point in the success of STM, in terms of resolution,
since for typical tip-sample systems, a change of only 0.1 nm in the distance results in one order of
magnitude difference in the measured current. The invention of the STM immediately triggered the
development of several other techniques that sense local properties of surfaces giving rise to the so-
called SPM family. Generally speaking, in any scanning probe microscope, a short-range interaction
is sensed by a local probe which is scanned over the surface under study. The magnitude of interest
is measured, recorded and processed by a computer system. The scanning force microscopy (SFM)
was the first extension of the STM 7. In this case, the metallic tip is replaced by a force sensor, so-
called cantilever, to measure the interaction forces acting between probe and sample. These forces
are usually in the range of nN to uN and, though atomic resolution can be achieved, typical lateral
resolution ranges between 5nm and 20nm depending on the sharpness of the probe. Vertical dis-
tances can be measured with an accuracy of -~ 0.1 nm. Besides surface topography, the probe-sample

interactions also reveal information about lattice symmetry, adhesion, friction, elasticity, wear, etc...
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with unprecedented spatial resolution. The success of the SFM technique mainly arises from the
possibility to image surfaces independent of their conductivity properties, a severe limitation of the
STM technique. But SPM in general and SFM in particular, offer much more than just imaging. Some
alternative and outstanding applications of SPM in the field of material science have been collected

in”8.

7.8.1 Components of the scanning force microscopy
The force sensor

Strictly speaking, the SFM does not measure forces but the bending and torsion of a lever (also called
cantilever), induced by the forces acting on a nanometer-sized tip attached to one of the lever ends.
Therefore, this cantilever has to be as soft as possible to be able to detect forces down to the pN. Ide-
ally, the stiffness should be below interatomic spring constants, which are typically in the range of
10 — 20 nN.nm~—1. To achieve this and additionally prevent the transmission of external vibrations to
the cantilever, its effective mass has to be as small as possible. Today, such cantilevers with integrated
tips are commercially produced by standard microfabrication techniques, mostly from silicon or sil-
icon nitride. The later use of a coating layer allows producing tips with different surface properties

(conductive, magnetic...).

The deflection sensor

Different techniques have been proposed to detect the small bending of the cantilever due to tip-
sample forces'*?. Though in the first SFM setup, this deflection was measured with an STM tip (since
the backside of the cantilever is metalized, a tunnelling tip was brought close to it, to measure the nor-
mal deflection'”), subsequent designs simplified the original by using optical (interferometer, beam
reflection) or electrical methods (piezoresistive, piezoelectric). Our systems employ the optical beam

deflection method, proposed in*!%”

and found nowadays in most of the microscopes. Within this
method, a laser beam is focused on the rear metalized side of the cantilever and the reflected beam is
collected by a segmented position-sensitive photodiode. Each sector of the photodiode generates a
voltage proportional to the intensity received. If the photodiode is segmented in four quadrants (as
in our systems), the normal bending and the torsion of the cantilever can be separated and quanti-
fied1%8. A schematic drawing of our setup is shown in figure 7.15. In the absence of forces the laser

spot is centered, i.e. equal signals are measured in each of the four sectors. When a force acts on the

tip, the lever is deflected and the reflected spot is displaced. As depicted in part (a), normal forces
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produce a vertical bending of the cantilever that is proportional to the signal difference between the
upper and lower halves of the detector ( ¢ ). Similarly, the main effect of lateral forces is the
torsion of the cantilever (part (b)), which is proportional to the signal difference between the right

and left halves of the photodiode ( 1 2)
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Fig. 7.15: Schematic representations showing the optical detection method used to measure the cantilever dis-
placement produced by normal (a) and lateral forces (b). Dashed cantilever and laser paths represent
their respective position in the absence of forces. At this position and 1 o are adjusted to

zero. Normal forces are proportional to the signal whereas lateral forces, to the | o signal.

The scanning system

The scanning probe needs to be positioned with an accuracy of 1 pm if atomic resolution is required.
This is usually achieved by attaching either the tip or the sample (this latter is the configuration
used in this work) to piezoelectric actuators. These generally consist of lead-zirconate-titanate (PZT)
ceramic materials placed between two metal electrodes. When a potential difference is applied across
the electrodes, the piezoelectric ceramic expand or contract in a direction that is perpendicular to the
applied electric field. The motion of the ceramic is controlled by the polarity and magnitude of the
applied voltage. The tube shaped piezoelectric actuator of figure 7.16 is the most frequently used
in SEM. It is a hollow cylinder that has one electrode on the inner surface and four equally spaced
electrodes on the outer surface. Biasing the inner electrode controls the tube’s motion in the

direction, part (a). This change will be referred to as the piezo displacement () from now on
(though we use the same symbol, it can differ from the vertical cantilever displacement). Biasing two
opposite outer electrodes moves the tube in the and directions, part (b). If and are

small, this provides the scanarea ( , ) on the surface plane of a typical SPM image.
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Fig. 7.16: Schematic representation of the response of a tube-shaped piezo actuator to an applied voltage between

the internal and external electrodes (a) and two opposite external sectors (b).

The Control Unit

A high voltage unit connected to a digital signal processor (DSP) inside a PC basically complete our
experimental setups. The DSP board is mainly in charge of collecting the signal coming from the
photodiode and controlling the movement of the piezo. Due to the limited voltage range of the DSP
( 3V)and the high voltages required by the piezo to work (up to 300 V), the signal is amplified and
supplied to the microscope through a high voltage unit. The amplification gain is selected by the user
depending on the vertical and lateral scales of the sample under study: lower gains imply smaller
scanned area but increased resolution. The DSP is also in charge of the so-called feedback loop, a
way to control the vertical distance between tip and sample by maintaining a selected magnitude
fixed to a preset value during the scanning. Throughout this work the magnitude used has been
the normal deflection of the cantilever, i.e. the normal load. By means of the feedback loop, this
deflection and the preset setpoint are continually compared at each point of the image. If they are not
equal, a voltage is applied to the scanner in order to move the sample closer to or further from the
probe, to maintain constant the normal load. This applied voltage is the signal used for generating

the SFM image.

7.8.2 Relevant tip surface interactions

The operation principle of a scanning force microscope is the detection of the force acting between
probe and sample. This force can have different origins and contributions and, depending on the
tip-sample system under study, the predominant interaction mechanism might vary. In this section

we describe the most relevant forces for the work presented here. More detailed information on
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intermolecular and surface forces can be found in the book®’.

Short range forces: these forces arise from the overlapping of electron wave functions and from
the repulsion of the ion cores. Their range is comparable to the extension of the electron wave func-
tions, i.e. less than one nanometer. They can be either attractive (as for example in bond formation) or
repulsive (due to the Pauli exclusion principle). As stated in the compilation work by Meyer and co-
workers1%, the magnitude of attractive short-range forces is around 0.5 — 1 nN and the decay length
around 0.2 — 0.3 nm. Akin to the tunnelling current in STM, when these forces are predominant, true
atomic resolution is possible in scanning force microscopy imaging!!'!. When the short-range repul-
sive forces are predominant, the tip and the sample are considered to be in “contact” and, though
lattice periodicity is possible for well ordered systems, true atomic resolution is however limited.

Van der Waals forces: we already mentioned this interaction when considering the intermolecu-
lar forces in self-assembled monolayers. In fact, these are dipole-dipole interactions always present
between molecules and atoms. The most important are not those between permanent dipoles but the
so-called dispersion forces, which act between dipoles arising from fluctuations and dipoles induced
in their electric field. In order to model this interaction in SEM, macroscopic bodies rather than indi-
vidual atoms or molecules are considered. The tip-sample geometry can be well approximated as a

sphere approaching a plane and the van der Waals interaction for such configuration has the form:

AR

Foaw ~ 2z

(7.9)

where R is the sphere radius, r is the sphere-plane distance and A is the Hamaker constant. The
order of magnitude of this constant, which accounts for the materials involved, is «» 107197%. In
vacuum or air, this van der Waals interaction is always attractive. However, in other media the
interaction can be attractive (A > 0) or repulsive (A < 0), depending on the dielectric constant
(e) and the refractive index (n) of the tip, the sample and the medium in-between. For example, a
medium with e and n close to the respective values of the tip and sample greatly reduce the van der
Waals forces compared to the vacuum. This interaction acts between the surface and the mesoscopic
tip end, i.e. not only the end atoms of the tip, and for typical tip-sample systems (e.g. SizN4-Au in
air) and tip radius R = 30 nm, the van der Waals force at a distance » = 0.5 nm is of the order of
Foqw = 4nN.

Friction and adhesion forces: during sliding, a macroscopic object has to overcome an opposing
force which results in a loss of kinetic energy and, if no additional energy is supplied, the object

finally stops. This force, that opposes the relative motion between objects in contact, is the friction
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force. In the SEM setup, friction causes the torsion of the cantilever when the tip is scanned over the
sample as shown in figure 7.15b. These lateral forces can be exploited to form an image or map of the
energy dissipated. This contrast might arise from mechanical and/or chemical differences between
regions.

Adhesion is the molecular attraction exerted between bodies in contact and can be defined as the
free energy change to separate unit areas of two media from contact to infinity in vacuum or in a
third medium®. Moreover, in SFM working under ambient conditions, there is another important
contribution to the adhesion force coming from the water meniscus that forms between the tip and
substrate due to adsorption of thin water films at surfaces and subsequent capillary condensation®.
The formation of this meniscus produces an attractive adhesion force that depends on the relative

humidity and the hydrophilicity of tip and sample. The final expression for this force between a

sphere and a plane is:

Foan = 2R (cosb + cosba) (7.10)

with R the sphere radius, and the contact angle of the respective surfaces and the liquid and the
surface tension of the water. Even for low relative humidity, the order of magnitude of the adhesion
force due to capillary condensation for typical silicon nitride tips, at a distance of 0.5 nm, is -~ 1078 N
which is comparable to the forces used in SFM experiments. In the present work adhesion has been
used only to check and verify tip conditions.

Electrostatic forces: these forces act between localized charges on insulating tip and samples.
Their strength and distance dependence obey the Coulomb’s law and are usually stronger than other
long-range interactions such as the van der Waals or the magnetic interaction. Between conducting
tip and sample, electrostatic forces appear when they are at a different potential. If one considers the

tip-sample system as a capacitor, the force is given by:

oC
Fo="—(Uy..—U. ;)2 7.11
el 82( bias cpd) ( )

where Uy, is the bias voltage applied between tip and sample and U, is the contact potential
difference caused by their different work functions. The capacitance, C, depends on the tip-sample
distance, the geometry of the system and the dielectric constant of the medium in-between. There-
fore, the force also depends on these parameters, which are included in the derivative of the capac-
itance. From equation 7.11 it is inferred that a zero bias voltage does not normally correspond to

a minimal electrostatic force, since the contact potential difference is not compensated. Due to the
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long-range character of these forces, electrostatic interactions act between the sample and the whole
cantilever. Only for very small tip-sample distances (< 2 nm), the electrostatic force contribution
from the end of the tip dominates over the other terms®. The capability of measuring electrostatic
forces has been used during the present work by means of Kelvin probe microscopy, which is de-

scribed later on.

7.8.3 Operation modes in SFM

The rich variety of interactions that can be detected in SFM has made possible a wide variety of
operation modes. The schematic force-distance relation shown in Fig.7.17 illustrates that different

interactions are expected, depending on the distance separating the sample and the probing tip.

< 4 > Interleave
:

- »
- g

Repulsive

S (6
— i

Tip-surface separation

Force

Attractive

Fig. 7.17: A sketch of the dependence of force on sample tip separation showing the regimes in which contact
(C), non-contact (NC), intermittent contact (IC), and interleave imaging are performed. Also shown

are domains of repulsive and attractive tip-surface interactions. From Kalinin et al. 1%

The first developed was the so-called contact mode where the tip and the sample are in direct
mechanical contact. By measuring the change in the vertical deflection of the cantilever as the tip
scans the sample surface, topographic images are obtained. Simultaneously to the surface topogra-
phy, maps of friction or conductivity, which also require direct contact, can be measured. Another
kind of operation modes are the so-called dynamic modes where the cantilever is oscillated near its
resonance frequency at a given distance from the sample surface. Depending on the amplitude of

oscillation, compared to the tip-sample distance, the tip may either not contact the sample (small
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amplitude) or intermittently contact the sample surface (large amplitude). By measuring changes in
amplitude, phase or frequency of the oscillating cantilever in response to the existing tip-sample in-
teractions, one can obtain not only topographic images of the surface but also dissipation, magnetic
or electrostatic maps. Though further details are given in next section on those modes employed

throughout this work, a complete description of all of them can be found in general SFM book 6.

7.8.4 Scanning probe techniques

Conductive scanning force microscopy

Conductive SFM is used for collecting simultaneous topography imaging and current imaging. Stan-
dard conductive SFM operates in contact mode. Variation in surface conductivity can be distin-
guished by using a conductive tip and applying a DC voltage to the tip (in some microscopes the
voltage is applied to the sample). The sample is held at ground potential. The normal forces which
act in the vertical bending of the cantilever are in the range of 250-600 nN while current maps are

performed. More details can be seen in secc.5.5.

Kelvin probe microscopy

The Kelvin probe technique takes its name from William Thomson, also known as Lord Kelvin,
who first introduced it in 1898°! to explain the formation of built-in contact potential differences
(CPD) in metals. To describe this phenomenon, the concept of work function (¢) has to be introduced.
In its simplest definition, ¢ is the minimal energy needed to remove an electron from the electronic
ground state in a given material. It is usually defined as the difference in energy between an electron
in the vacuum state and an electron at the Fermi energy of the metal (Fig. 7.18a). In other types
of materials, such as semiconductors or insulators, it can be regarded as the difference in energy
between the vacuum level and the most loosely bound electrons inside the solid. The Kelvin probe
microscopy (KPM)!7 is a method for measuring the surface potential distribution with nanometer
resolution. In CPD can be contribute the chemical potential

If we consider a conducting SFM tip and a conducting sample with different work functions
(Fig. 7.18a), which are electrically connected, electrons flow from the material with the smaller work
function to the material with higher work function. The contact potential difference (CPD) between

them, is commonly defined as:
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sample — Pti A
Verp = Gsample — Grip plq Grip _ q¢ (7.12)

where ¢, and ¢sumpie are the work functions of the tip and the sample, respectively, and ¢ is the

elementary charge.

(a) (b) (c)
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Fig. 7.18: Definition and basic measurement setup of contact potential difference (CPD). Energy level diagrams
of two different metals with work functions ¢, and ¢s: In case (a) both metals, which are assumed to
be plates and form a capacitor, are isolated. If they are connected, as in part (b), the Fermi levels Er
align with the consequence that a potential drop, the so-called contact potential difference (CPD), in
the local vacuum level E,q. is generated. The vacuum level is flattened by a bias voltage Vo pp, as

shown in part (c). From Glatzel et al.!.

Between the two materials different surface potentials cause electrostatic forces due to the separation-
dependent capacitance C' between the tip and the sample. Assuming a parallel-plate-capacitor ge-

ometry, this force F takes the form of:

_1aC

F= 55(&;5)2 (7.13)

where z is the tip-sample distance. To measure the electrostatic force separately from other forces
(mainly van der Waals and chemical forces), an ac voltage V. at a frequency w is superimposed on the
tip-sample voltage V. is applied to the conducting SFM tip (Fig.7.18c). Then, the electrostatic force

between the two electrodes (Eq.(7.13)) becomes
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_1aC

F_aa—@@+W%+%mMmm2 (7.14)

Developing the equation 7.14 one finds that the force can be separated into three different terms:

F = F, + F,sin(wt) + Fa,sin(2wt) (7.15)
where,
ch - _55 ((Vdc - A¢/q) + 2Vac> (716)
F, = —%(Vdc — A¢/q)Vaesin(wt) (7.17)
100,
Fy, = ZEVaccos@wt) (7.18)

As a result of the F,, and Fy,, the tip starts vibrating. The tip vibration amplitude can be easily
monitored during operation of the SFM. If the V. applied to the tip is equal in magnitude and op-
posite in sign to the A¢ of the sample, the spectral components at frequency w of the tip vibration
amplitude, as well as of the force acting on the tip (see Eq.(7.17)) will become zero. The principle
of operation of KPM is based on nullifying the tip vibration amplitude at the resonant frequency by
applying an adjustable dc voltage. The dc part Fy. (Eq.(7.16)) contributes to the topographical sig-
nal, the term F,, at the frequency w (Eq.(7.17)) is used to measure the CPD, and the contribution F,,

(Eq.(7.18)) can be used for capacitance microscopy.

Mapping of the surface potential was made in the so-called lift mode. These measurements were
made simultaneously with the topography scan in the tapping mode (Fig.7.19a), using an electrically
conducting tip. After each line of topography scan was completed, the feedback loop controlling
the vertical piezo was turned off, and the tip was lifted from the surface and traced over the same
topography at constant distance (lift scan height), (Fig.7.19b). During this interleave scan, a dc bias
potential and an oscillating (ac) potential were applied to the tip.

The KPM feedback loop was used to adjust the dc bias on the tip to nullify the force and hence the
vibration amplitude of the cantilever at operating frequency (see Eq.(7.17)). Therefore, a quantitative
map of A¢ can be obtained by monitoring the voltage V. applied by the feedback signal. This tech-

nique allows very high (the images presented in this thesis have a resolution of ~ 50mV’) potential
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Fig. 7.19: (a) Topography measurements in tapping mode. The cantilever is vibrated by a piezo at the resonant
frequency of its free vibrations. Feedback adjusts tip-surface separation to maintain constant am-
plitude. The feedback output is recorded by the computer and becomes the surface height map. (b)
Surface potential measurements during interleave scan in lift mode. The cantilever is scanned across
the surface at a constant height. An oscillating voltage is applied to the tip. The KPM feedback
adjusts dc bias to nullify vibration amplitude at the operating frequency. The nano-Kelvin probe
feedback output is recorded by the computer and by reversing the sign becomes the surface potential

map. Adapted from Bhushan and Goldade™.

resolution.

Three-dimensional Modes

The so-called three-dimensional (3D) modes are an alternative way for recording data®114. Thus, we
can obtain a given magnitude ( ; 2)where ;and 2 do notnecessarily correspond to longitudi-
nal dimensions. In the resulting image (generally denoted as 3D image) the colour scale represents
the magnitude and the horizontal and vertical axis, the two magnitudes chosen as variables ( ;
and , respectively), whose influence on  is under study. In this way, horizontal profiles provide

1 curves at the selected 3 value and vertical profiles provide 5 curves at selected 1 value.
Since various images can be simultaneously recorded, the dependence of more than one magnitude

on the same two variables can be obtained.
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7.9 Outlook

While this thesis presented an experimental methodology to switch between different resistive states
in LSMO thin film with promising electrical characteristics, there still remain open questions, espe-

cially concerning the ultimate driving force behind this resistive switching phenomenon.

A detailed study of the current-voltage characteristics, in order to determine the possible charge
transport mechanisms operating during a complete voltage cycle, is in progress. Preliminary analysis
of the different I-V branches indicates that both bulk-limited (i.e. intrinsic) and electrode-limited

conduction exist.

To get more insight into the mechanism of resistance switching, it is vital to non-destructively
analyze the possible local changes in structure and chemical composition of the tip-induced modi-
fications. Because we have already demonstrated the film is modified in the vertical direction (per-
pendicular to the film surface), cross-sectional transmission electron microscope (TEM) and electron
energy-loss spectroscopy (EELS) or energy-filtered-TEM (EFTEM) measurements might be a power-
ful tool for such analysis. However, obtaining non-invasive experimental conditions of monitoring
the electrical modifications under the electron beam of the microscope needs to be guaranteed. We

are at present working on that.

Considering that the studied LSMO manganite presents, in principle, a strong correlation be-
tween structural, electronic and magnetic properties we are considered that the analysis of the mag-
netic properties at the nanoscale of the tip-written marks appear as an essential issue to address. For
this purpose, we have employed different approaches, which have not provided conclusive results
yet. However, in particular, magnetic force microscopy (MFM) is viewed as a promising technique for
such analysis, in which however, for the moment, electrostatic and capacitive interactions forces of
electrical modified regions perturb de tip oscillation and should be eliminated. Overcoming the elec-
trostatic interaction problem in modified regions would be possible as well by using X-ray magnetic

circular dichroism (XMCD) to study the correlation between electronic and magnetic properties.
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o Atomically flat MOD Lao.7S70.3MnOs3 buffer layers for high critical current Y Ba2CuzO7 TFA films.
Superconductor Science & Technology 20-9 5230-238 (2007)
A. Hassini, A. Pomar, ]. Gutierrez, M. Coll, N. Roma, C. Moreno, A. Ruyter, T. Puig and X. Obradors

e Conducting Lao.7Sr0.3MnO3-superconducting Y BaxCu3 O~ epitaxial bilayers grown by chemical solution deposi-
tion.
Physica C-Superconductivity and its applications 460: 1357-1358 Part 2, Sep 2007
A. Hassini, A. Pomar, C. Moreno, A. Ruyter, N. Roma, T. Puig and X. Obradors

o Anisotropic c-axis pinning in interfacial self-assembled nanostructured trifluoracetate-Y BaxCuzO7_, films.
Applied Physics Letters 94(17), 172513-3 (2009)
J. Gutierrez, T. Puig, M. Gibert, C. Moreno, N. Roma, A. Pomar and X. Obradors

e Relaxation of Self-nanostructured Solution Derived Lag.7S579.3MnOs3 Films.
Proceeding MRS Spring Meeting (2009)
P. Abellan, F. Sandiumenge, C. Moreno, M. J. Casanove, T. Puig and X. Obradors

e Spontaneous Outcropping of Self-Assembled Insulating Nanodots in Solution-Derived Metallic Ferromagnetic
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Advanced Functional Materials 19(13),2139-2146 (2009)
Highlighted with a frontispiece cover
C. Moreno, P. Abellan, A. Hassini, A. Ruyter, A.Perez del Pino, F. Sandiumenge, M.]J. Casanove, J. Santiso, T. Puig
and X. Obradors

o Absence of self-heated bistable resistivity in Lag.7S70.3 MnOs3 films up to high current densities.
Physical Review B 80, 094412 (2009)
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o Insulating nanodots in epitaxial Lao.7STo.3MnOs films grown from chemical solutions
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Nanoselect group meeting. Barcelona. Spain [13 May 08]
C. Moreno, C. Munuera, T. Puig, X. Obradors and C. Ocal

o Combined scanning probes investigation of functional oxide thin films
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