Institut de Physique de I'Université de Neuchatel (Suisse)
|
de Neuchatel ml

Probing nanoscale ferroelectricity

by photoelectron diffraction

These

Présentée a la Faculté des Sciences
de I'Université de Neuchatel

Pour l'obtention du grade de Docteur es Sciences

Par
Laurent Despont

Soutenue le 2 avril 2007

En présence du directeur de these
Prof. Philipp Aebi
et des rapporteurs

Prof. Jean-Marc Triscone et Prof. Christophe Ballif

Neuchatel, 2007






.uni

FACULTE DES SCIENCES
Secrétariat-Décanat de la faculté
® Rue Emile-Argand 11
B CP 158
® CH-2009 Neuchatel

IMPRIMATUR POUR LA THESE

Probing nanoscale ferroelectricity by
photoelectron diffraction

Laurent DESPONT

UNIVERSITE DE NEUCHATEL

FACULTE DES SCIENCES

La Faculté des sciences de I'Université de Neuchatel,
sur le rapport des membres du jury

MM. P. Aebi (directeur de thése),
C. Ballif et J.-M. Triscone (Genéve)

autorise l'impression de la présente thése.

Neuchatel, le 18 juin 2007 Le doyen :
T. Ward

NIVERSITE DE NEUCHATEL
UN Y CTE DES SCIENCES

S Starj écanat de la faculté
Decr%u ild-Argand 11 -fCP 158
- 9 ég’e u i}/e!

H Téléphone : +41 32718 21 00 ® Fax : +41 32 718 21 03 ® E-mail : secretariat.sciences@unine.ch @ www.unine.ch/sciences






Contents

Preface 9
List of acronyms used throughout this work . . . . . . ... ... ... ... ..... 12
Introduction 13
1 Introduction to ferroelectricity 15
1.1 General remarks . . . . . . . .. 15
1.2 Origin of the ferroelectric instability . . . . . . . . ... ... ... 16
1.3 Ferroelectric finite size-effect . . . . . . . . . . ..o 18
References for chapter 1 . . . . . . . . . . .. 19

2 Experimental techniques 21
2.1 Introduction . . . . . . . .. 21
2.2 X-ray photoelectron spectroscopy . . . . . . . ... 22
2.3 X-ray photoelectron diffraction . . . . . . ... ... 0L 24
References for chapter 2 . . . . . . . . . .. 25

3 Multiple scattering calculations 27
3.1 Introduction . . . . . . . . . 27
3.2 EDAC: General remarks . . . . . . .. ... ... 28
3.2.1 Introduction . . . . . . . . ... 28

3.2.2  Calculation procedure coupled with the reliability factor . . . . . . . .. 29
References for section 3.2. . . . . . . . ... 34
3.3 X-ray photoelectron diffraction study of Cu(111): Multiple scattering investigation 37
3.3.1 Introduction . . . . . . . . ... 37

3.3.2 Experimental and Computational Details . . . . . . . . ... ... .. .. 38

3.3.3 Results and Discussion . . . . . . . . ... L 39

3.34 Conclusion . . . . . . .. 44
References for section 3.3 . . . . . . . . . .. 44
3.4 Multiple scattering investigation of the 17-TaS, surface termination . . . . . . . 47
3.4.1 Introduction . . . . . . . ... 47

3.4.2 Experimental and computational details . . . . . ... ... 48

3.4.3 Results and discussion . . . . . . ... L 49

3.4.4 Conclusion . . . . . . .. L 55



CONTENTS CONTENTS
References for section 3.4 . . . . . . . . .. 56
3.5 InN surface polarity investigated by single scattering . . . . . . ... ... ... 59

3.5.1 Introduction . . . . . . . . ... 59
3.5.2  Experimental and computational details . . . . . . ... ... ... ... 59
3.5.3 Results and discussion . . . . . .. ..o 60
References for 3.5 . . . . . . . . 61

4 Local structure of Nb-SrTiO; 63
4.1 Introduction . . . . . . . . ... 63
4.2 X-ray photoelectron diffraction on Nb-SrTiOz . . . . . ... ... .. ... ... 64

4.2.1 Experimental results . . . . .. ... Lo 64
4.2.2  Multiple scattering investigation . . . . . . . . .. ..o 65
4.3 Nb-SrTiOjs surface reconstruction . . . . . . . . . . . .. ... ... ... .... 65
References for chapter 4 . . . . . . . . ... 69

5 Structural and spectroscopic investigation of PbTiO; films 71
5.1 General remarks . . . . . . .. 71
References for section 5.1 . . . . . . . . . ... 72
5.2 X-ray photoelectron diffraction study of ultrathin PbTiO3 films . . . . . . . .. 73

5.2.1 Introduction . . . . . . . . ... 73
5.2.2 Experimental and computational details . . . . . . ... ... ... ... 74
5.2.3 Results and Discussion . . . . . . . . . ... 7
524 Conclusion . . . . . . . . . 81
References for section 5.2 . . . . . . . .. 81

5.3 Direct evidence for ferroelectric polar distortion in ultrathin lead titanate per-

ovskite films . . . . . . . .. 85
5.3.1 Introduction . . . . . . . . ... 85
5.3.2  Ferroelectric distortion versus surface relaxation . . . . . . .. ... ... 87
5.3.3 Experimental results and discussion . . . . . . . ... ... ... 89
534 Conclusion . . . . . . . . . 94
References for section 5.3 . . . . . . . ... 94
5.4 Investigation of effective screening length in ferroelectrics by photoemission . . . 97
5.4.1 Introduction . . . . . . . . ... 97
5.4.2 Experiments . . . . . ..o 97
5.4.3 Results and discussion . . . . . .. ..o 99
544 Conclusion . . . . . . . . . e 101
References for 5.4 . . . . . . . . 102
5.5 Influence of the boundary conditions . . . . . . . ... .. ... ... ... ... 105
5.5.1 Local structure investigation of SrTiO3/PbTiO3 superlattices . . . . . . . 105
5.5.2 PbTiO3 on LaggrSrg33MnOs . . . . . . . . . ... 107
5.5.3  Ferroelectric polarization switching using XPD . . . . . ... ... .. .. 108
5.5.4 Reversible PbTiOj3 surface states, applying O and H plasma . . . . . . . 109
5.5.5  Monodomain to polydomain transition in ferroelectric PbTiOg3 thin films
on StRuOj3 substrates. . . . . . . . . ... 111
5.5.6 How to obtain LEED patterns of PbTiO3 surfaces? . . . .. ... .. .. 114



CONTENTS CONTENTS

References for section 5.5 . . . . . . . . . 116
5.6 Antiferrodistortive distortion at the (001) PbTiOg surface. . . . . . . .. .. .. 119
5.6.1 Basicnotions . . . . . . .. ... 119

5.6.2 MSC analysis . . . . . . .. 119
References for section 5.6 . . . . . . . . . .. 121

6 Conclusions and future perspectives 123
A MSC shell script example 125
B MSC calculated diffraction patterns for Cu(111) surface 129
C Nb-SrTiO; (4 x 2) multi-domain surface reconstruction 133
D Plasma characterization 135
D.1 Imtroduction . . . . . . . . . . . 135
D.2 How the ion analyzer works and how to calibrate the plasma . . . . . . . . . .. 135
D.3 Results and discussion . . . . . . . ... 136
D.4 Cleaning parameters for the PbTiO3 surface preparation . . . . . . .. ... .. 139
References for Appendix D . . . . . . . . ... 139
Acknowledgements 141
Curriculum vitae 143



CONTENTS CONTENTS




Preface

This thesis is based on research carried out at the Institut de Physique, Université de Neuchatel,
Neuchatel, Switzerland during the period 2003 - 2007, in collaboration with the DPMC, Uni-
versity of Geneva, where the samples have been grown. It consists of six different chapters and
four appendices. The chapters 3 and 5 contain sections from independent articles. Therefore,
these sections stand completely on their own with an abstract, introduction, and an experi-
mental section. This allows the reader to study these sections independently and in any order,
with no loss of continuity, depending on the personal interest. For sequential reading, this
leads to some redundancy concerning the introductions and the descriptions of experimental
procedures. These parts may therefore be skipped.

The first chapter gives an introduction to the ferroelectricity. It explains shortly the concept
of phonon softening which is at the origin of the ferroelectric instability but also why this
instability can be suppressed in very thin films. The notion of ferroelectric charge screening is
explained together with the origin of the depolarizing field.

The second chapter is dedicated to the photoemission techniques used in this thesis, namely
the x-ray photoelectron spectroscopy, as a probe of the electronic structure, and the x-ray
photoelectron diffraction, that provides the local atomic structure around a given atom.

The third chapter deals with the theoretical approach of the photoelectron diffraction. Here
a new code taking into account multiple scattering events is described and the main parameters
used in the multiple scattering program are discussed. The first part of this chapter has been
arranged as a tool for further multiple scattering investigations. In the second part, differences
and similarities between single and multiple scattering are discussed for the Cu(111) surface
for two different photoelectron kinetic energies. Then the 17-TaS, surface termination has
been investigated using the multiple scattering approach and the application of this method to
other similar systems is discussed. Finally, using single scattering calculations have been used
in order to determine the polarity of an InN(0001) surface. The aim of all these examples is to
show, despite some limitations, the utilization domain of scattering calculations.

In the fourth chapter we report an analysis of the Nb-SrTiO3 which has been mainly em-
ployed as substrate for the ferroelectric films studied in the fifth chapter. A multiple scattering
based structure optimization of the substrate suggests that, contrary to long-established be-
liefs, its surface is not paraelectric but exhibits a polar distortion analogous to the one observed
in ferroelectric films. In this chapter, we also emphasize some aspects regarding the surface
reconstruction and the chemistry at the Nb-SrTiO3 surface according to different cleaning pro-
cedures.

The fifth chapter consists of a wide investigation of ferroelectric PbTiO3 films. The ferro-
electricity is typically regarded as a collective phenomenon and is consequently expected to be
strongly influenced by finite-size and surface effects. Both of these aspects are investigated in
this chapter. First the intra-cell polar atomic distortion and the tetragonality associated with
the ferroelectricity have been explored leading to information about the non-centro-symmetry
in films a few unit cell thick, the preservation of the ferroelectricity in films as thin as 3 unit



cell and the influence of the surface relaxation on the ferroelectric distortion switchability.
Second, the environment of the PbTiOj3 films has been modified, either by changing the inter-
face/substrate (Lagg79r0.33MnO3 and SrRuQ3), the surface boundary conditions using plasma
based cleaning procedures for instance, or even both using a superlattice configuration made of
alternated layers of PbTiO3 and SrTiOs. Finally, we have suggested a way to understand an
unexpected behavior of XPS line positions as a function of the film thickness, combining XPS
and XPD measurements together with an electrostatic model. This approach could be used
to determine the effective screening length characterizing the screening efficiency of electrode
materials.

The appendix brings together different practical hints for the utilization of a conventional
multiple scattering shell script, for the Nb-SrTiO3 (4 x 2) multi-domain surface reconstruction
preparation or the plasma characterization.

Some results presented in this thesis have been published in the following articles®:

e X-ray photoelectron diffraction study of Cu(111): Multiple scattering inves-
tigation
L. Despont, D. Naumovié, F. Clerc, C. Koitzsch, M. G. Garnier, F. J. Garcia de Abajo, M. A.
Van Hove and P. Aebi ,
Surf. Sci. 600, 380-385 (2006)

e Multiple scattering investigation of the 17-TaS, surface termination
L. Despont, F. Clerc, M. G. Garnier, H. Berger, L. Forré and P. Aebi,
FEur. Phys. J. B 52, /21-426 (2006)

e X-ray photoelectron diffraction study of ultrathin PbTiO; films
L. Despont, C. Lichtensteiger, F. Clerc, M. G. Garnier, F. J. Garcia de Abajo, M. A. Van
Hove, J.-M. Triscone and P. Aebi,
FEur. Phys. J. B49, 141-146 (2006)
& Highlighted in Furophysics News 37, No 3 (2006)

e Direct evidence for ferroelectric polar distortion in ultrathin lead titanate
perovskite films
L. Despont, C. Lichtensteiger, C. Koitzsch, F. Clerc, M. G. Garnier, F. J. Garcia de Abajo, E.
Bousquet, P. Ghosez, J.-M. Triscone and P. Aebi,
Phys. Rev. B 73, 094110 (2006)

e Investigation of effective screening length in ferroelectrics by photoemission
L. Despont, C. Monney, C. Battaglia, H. Cercellier, M. G. Garnier, C. Lichtensteiger, M.

aPlease note that the references for the publications are placed at the end of the respective paper!
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Introduction

A ferroelectric is generally defined as a material with two or more stable states of different
non-zero intrinsic lattice polarization P which can be reversed through the application of an
external electric field E greater than the coercive field E.. An external electric field of ~ 50
kV /cm is required to reverse the polarization of a typical ferroelectric. In order to integrate
ferroelectric material in most electronic applications (silicon chips < 5V'), submicrometer film
thicknesses are needed, which is no longer a problem thanks to various deposition techniques.

The information storage in ferroelectric random access memories (FeRAM) is a quite evident
and interesting application for such materials but requires a wide technical know-how to achieve
a mass production comparable to the ongoing ”flash memory” fabrication. However, nowadays
FeRAM are already commercially utilized (for instance by Fujitsu in the SONY Playstation 2).
The difficulties to reduce the flash memory operating voltage, from 5V at present to 0.5V in the
near future, could help to develop the utilization of FeERAM at large scale by simply reducing
the ferroelectric film thickness.

The semiconducting field-effect transistors (FETSs), based on the manipulation of charge
carrier densities, are widely used in modern electronics, such as in cellular phones, computers,
cars, etc. The main idea is to modulate the charge densities, and thus the electrical resistance
through the application of an electric field. However, the best polarization obtained using SiOq
in oxides FETs is rather small (3uC/cm?) compared to ferroelectric oxides (10-80uC/cm?),
which limits the carrier density modulation. The utilization of ferroelectric oxide could thus be
used to increase the efficiency of field-effect transistors.

Other short-term applications could arise using ferroelectric materials. For instance during
the switching, the ferroelectrics emit a large number of electrons from their surface. Larger
current, lifetimes and their instantaneous ignition make ferroelectric electron emitters more
efficient than conventional thermionic cathodes, and can be used for miniaturized x-ray sources.
The ferroelectrics also reveal an electrocaloric effect(pyroelectric). In other word, by applying an
electric field to them, it is possible to reduce their temperature (AT = 12K at 25V across 350nm
of PbZrg.95Tig.0503). This temperature gradient is sufficient to design CPU coolers. Finally,
similarly to carbon nanotubes (either metallic or semiconducting), applications of ferroelectric
nanotubes (insulating) have been investigated. For instance, when a voltage is applied to them,
they expand, contract or bend (piezoelectric), making them suitable for nanoscale devices(ink-
jet printers, control of molecular species, nanoscale delivery vehicles).

Despite the evident potential of ferroelectric materials and most specifically of thin ferro-
electric films, some questions concerning their limitations remain open. One of them consists
in whether or not ferroelectricity can be maintained at reduced dimensions and represents the
main topic of this thesis.

At the same time to the development and the miniaturization of electronic devices, surface
science has become an intense field of research. Indeed surfaces constitute the boundaries of
condensed matter, solids and liquids and have a main importance for catalysis, corrosion, lubri-
cation, adhesion, crystal gowth, as well as in integrated circuits, food packing and cosmetics.



Owing to the refinement of measurement techniques, it is nowadays possible to "see” single
atoms or molecules adsorbed on a surface and even to displace and rearrange them one by one.
As a consequence to this development, the scientific knowledge is rapidly expanding which in
turns permits to fabricate even smaller/more efficient electronic devices.

Not only the advance of the measurement techniques but also progresses of theoretical
models are often coupled with improvements in the understanding of physical behaviors. It
is clear that to better reproduce the complexity of physical behaviors, specially in extrem
conditions like it is the case for very thin films, the calculation algorithms become more and
more elaborate and thus computer demanding.

All these aspects are interrelated. A deeper understanding of physical behaviors leads to
progresses in measurement techniques, electronic devices miniaturization or CPU performances,
and inversely. I hope that the new data obtained in this thesis will stimulate further photoe-
mission investigations in the fascinating and important field of the ferroelectrics at reduced
dimension.



Chapter 1

Introduction to ferroelectricity

1.1 General remarks

Ferroelectric materials are pyroelectrics® with two or more stable states with nonzero remanent
polarizations. Using an electric field larger than the coercive field®, it is possible to switch
between the different ferroelectric states. The spontaneous polarization can be atomically
visualized using negative and positive ions whose centers of charge do not coincide. Above
the Curie temperature®, the crystal structure of most ferroelectric materials is based on the
centro-symmetric ABOj3 cubic perovskite composed by mono- or di-valent A atoms, tetra- or
penta-valent B atoms and O atoms (Fig. 1.1). But below the Curie temperature, the structure
is slightly distorted permitting to consider the spontaneous polarization as due to an assem-
bly of electric dipoles made of positive and negative ion pairs ¢. Note that, depending on
their components, the ferroelectric structure can undergo different phase transitions when the
temperature is lowered. For instance, BaTiOg3, as well as KNbOj3 have three different ferro-
electric phase transitions, from cubic to slightly distorted structures successively of tetragonal,
orthorhombic and rhombohedral symmetry. Some other ferroelectric perovskites have only one
phase transition from cubic to a tetragonal state, like PbTiOs3.

The magnitude of the electric field requested for switching the spontaneous polarization is
proportional to the ferroelectric film thickness (several V/um), making thin films suitable for
electronic applications such as non-volatile memory(FRAM), thermal infrared pyroelectric de-
tectors, surface acoustic wave filters used in telecommunications, ultrasonic sensors for medical
imaging and many others.

In parallel, the understanding of fondamental aspects of the ferroelectricity at low dimension
still evolves with new measurement methods and new theoretical refinements. The ferroelectric-
ity has been regarded as a collective phenomenon associated with the electric dipole alignement

aThe pyroelectricity is the property of a class of materials which change their polarization proportionaly to
their temperature.

bTypically of the order of several kV /cm.

°The Curie temperature defines the temperature above which the crystal is no longer ferroelectric.

dNote that the total polarization is composed of the ionic polarization owing to ion displacement but also of
the electronic polarization due to the electronic shell displacement with respect to the positive nucleus.

15



1.2 Origin of the ferroelectric instability

Qs O
2

Figure 1.1: Cubic general ABOj3 perovskite structure.

over a large volume. It has been argued for many years that the ferroelectric phase is suppressed
below a relatively large critical volume due to the limitation of the long-range Coulomb inter-
actions responsible of the ferroelectric phase stabilization. Nevertheless, since 1998, many
experimental [1-3] and theoretical [4-7] results show that the real critical volume below which
the ferroelectric phase disappears is in fact much smaller than expected, presumably due to the
electrostatic boundary conditions.

The ferroelectric surface and interface analysis is thus of great importance to improve the
understanding of the ferroelectric behavior. Due to both its extremely high surface sensitivity
and its chemical sensitivity, x-ray photoelectron diffraction appears like an unescapable tool for
the nanoscale ferroelectricity analysis.

1.2 Origin of the ferroelectric instability

Above the Curie temperature, the atoms primarily occupy the ideal centro-symmetric sites (no
polarization) but when the temperature is reduced below the Curie temperature, the centro-
symmetric structure becomes unstable and a ferroelectric distortion appears. The free energy
as a function of the polarization is shown in Fig. 1.2 for three different temperatures. For
T > Te, the free energy minimum is obtained for a centro-symmetric structure and thus a
paraelectric state, while for T' < T, a double well shape of the free energy appears, with two
possible minima for two equivalent structure distortions corresponding to the ferroelectric state.
This structure modification can be explained by the ”soft-mode” picture. Here we attempt to
explain shortly the concept of phonon softening. Note that this phase transition is equivalent
to a second-order Jahn-Teller effect (terminology used by chemists and some physicists).

Two different electronic shell hybridizations occur in PTO. The most common hybridization
in perovskite oxides occurs between transition metal states, here the Ti 3d, and the O 2p states.
The Ti-O hybridization appears as essential for the ferroelectric instability. In parallel, the ns?
electron configuration of the Pb?* permits to create partially covalent Pb-O bonds. The effective

16



Chapter 1. Introduction to ferroelectricity

Figure 1.2: Free energy as a function of the polarization at T'> Te, T'=Tec and T < Te.

static charges associated to each atom are drastically modified by these hybridizations and are
difficult to quantify. However the dynamical charge defined by the change of polarization
induced by the atomic displacement, called the Born effective charge Z*, appears as a more
fundamental quantity. It allows to visualize the mechanism of polarization as electronic currents
produced by dynamical changes of orbital hybridizations. The effective charge Z* can be used
to predict the spontaneous polarization in ferroelectric material.

The phonon frequencies can be deduced from a classic dynamical matrix calculation. In
this calculation, the phonon frequencies correspond to the eigenvalues of the dynamical matrix
obtained by the second derivative of the potential (including the long-range Coulomb (dipole-
dipole) interaction proportional to Z*) as a function of the eigendisplacements. The eigenvectors
associated with the eigenvalues permit to distinguish the longitudinal (LO) and transversal
(TO) optical modes.

The phonon dispersion calculated for a simple cubic PTO structure reveals imaginary fre-
quencies for the TO modes [8]. This special feature has significant implications regarding the
properties of the system, like allowing to associate the ferroelectric instability to the lattice
dynamic. Indeed, if the calculated phonon frequency tends to zero (”soft-mode”) or becomes
imaginary, it means that the structure included in the calculation is not stable. To obtain a
stable system, the struture has to be modified. The stabilization is reached for a non-centro-
symmetric structure which induces the creation of a dipole moment. As the dynamical charge
7 is directly related to the change of polarization created by the atomic displacement, it reflects
how the system reacts when a structure distortion occurs. In fact, anomalously large Z* values
are found in the litterature and seem to be a general feature of perovskite compounds [8-10].
This leads to large spontaneous polarization for small distortions.

For the particular PTO case, the calculation of the eigenvectors shows that the Ti atoms
are displaced against the O along the Ti-O chains and that Pb atoms move against the O
in the Pb-O planes. Moreover an antiferrodistortive instability (cooperative rotation of the
O octahedra) appears in ab initio calculations which reveal a strong correlation in the plane
perpendicular to the axis of rotation [§].

17



1.3 Ferroelectric finite size-effect

1.3 Ferroelectric finite size-effect

The ferroelectricity is a collective phenomena thus sensitive to the system dimension. For
instance, by decreasing the thickness of a ferroelectric film, we act on the long-range Coulomb
interactions which are essential in the ferroelectric phase stabilization. Indeed, the polarization
creates charges at the ferroelectric surface and compensation charges provided by electrodes
are required in order to stabilize the ferroelectric ground state.

Using perfect electrodes, these charges can be completely screened at the electrode-
ferroelectric interface. However, real electrodes can not entirely screen the polarization charges
at the physical interface. In fact, using real electrodes, the screening charge plane is diplaced
relative to the ferroelectric-electrode interface by a distance called the effective screening length
X¢// and consequently a net charge is created at the interface, as illustrates in Fig. 1.3. This un-
compensated charge is at the origin of the depolarizing field at the ferroelectric film boundaries
which could be large enough to suppress the ferroelectric instability in very thin films [11].

a)  Ideal electrodes b)  Real electrodes
Ferro. E3=0 Ferro. Ej# 0
Perfect S Perfect Real : EEE I Real
electrode electrode electrode - g=>@F>a@> +¢lectrode
EEEH - cbcbcb +
EOEH - &> +
SECTCT - +

Figure 1.3: Depolarizing fields E, for ideal (a) and real electrodes (b). The solid line corresponds
to the uncompensated electrostatic potential.

A simple electrostatic model based on the compensation charges induced by real electrodes
and on the incomplete cancellation of polarization shows that the depolarizing field amplitude
depends only on three parameters: the ferroelectric distortion(proportionnal to the bulk spon-
taneous polarization), the effective screening length and the ferroelectric film thickness. The
electrostatic model developped in Ref. [12] has been applied here to the PbTiO3(Pg=83uC/cm?
and \*//=0.12A [13]) and the results are illustrated in Fig. 1.4 a and b.

The figures show that the depolarizing field increases linearly when the atomic displacement
relative to the centro-symmetric state increases (a) and that the depolarizing field is inversely
proportionnal to the film thickness (b) and demonstrates its crucial role for the ferroelectricity
suppression at finite size. Furthermore, it also illustrates that even above the critical thickness
below which the ferroelectricity disappears, a non-zero depolarizing field tends to reduce the
amplitude of the spontaneous polarization.

Note that at the interface region, atomic relaxations occur which tend to modify structure
parameters by (i) interplanar distance reduction(compression) or increase (extension) and (ii)
atomic rumpling [14]. The rumpling describes the individual ion displacement relative to the
mean position of each atomic plane given by the interplanar relaxation. This phenomenon will
be widely explained in Section 5.3.

18
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Figure 1.4: (a) Evolution of the depolarizing field as a function of the ferroelectric distortion
for different film thicknesses. The paraelectric state corresponds to a ferroelectric distortion
equivalent to 0 while the bulk tetragonal ferroelectric phase corresponds to 1. (b) Evolution of
the depolarizing field as a function of the film thickness for different ferroelectric distortions.
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Chapter 2

Experimental techniques

2.1 Introduction

The photoelectric effect has been discovered by Heinrich Hertz in 1887 [1] and explained 18
years later by Albert Einstein [2] by appealing for the first time the quantum nature of light,
for which he received the Nobel Prize (1921). The photoelectron spectroscopy is based on this
photoelectric effect. In 1924, Karl Manne Georg Siegbahn received the Nobel Prize for his
research work mainly devoted to x-ray spectroscopy.

A typical photoelectron experiment is sketched in Fig. 2.1. The sample is illuminated by a
photon beam of an ideally monochromatic energy hv. In penetrating the sample, the photons
give their energy to the electrons which are excited into higher previously unoccupied energy
final states. If the excited electron energy is larger than the vacuum level potential barrier, they
are ejected in the vacuum and some of them are collected in the analyzer as a function of their
kinetic energy at a given (6, ¢) angular set. The sample, usually metallic or semiconducting,
is grounded in order to avoid charge effects. As will be shown further, thin insulating films on
conducting substrates can be also measured with this method.

Figure 2.1: Scheme of a photoemission experiment. The sample is illuminated by light of a
given energy hv. The excited electrons are ejected and collected in the detector.
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2 Experimental techniques

Usually, two photon energy regimes are considered, ultraviolet photoelectron spectroscopy
(UPS) where photons of low energy (less than 50eV) probe valence electrons and x-ray
photoelectron spectroscopy (XPS) where photons of higher energy (up to 2000eV) probe mostly
the non-dispersive core levels allowing for surface chemical analysis. The light used for the
XPS energy range is usually obtained by the transition of a L shell electron into an un-
occupied K shell. This desexcitation process generates Ko radiation whose energy depends
on the material in which the desexcitation takes place. The most commonly used materials
are aluminium(hr=1486eV) and magnesium(hr=1256.3eV) for which the line width is small.
Silicon(hy=1740eV) is less widespread.
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Figure 2.2: Electrons escape depth as a function of their kinetic energy, for various metals. The
line represents a universal curve, the data being spreaded around this line. [3]

Fig. 2.2 illustrates the surface sensitivity of the photoemission experiment in the considered
energy regime, reflected by the inelastic mean free path (imfp). In the conventional photoelec-
tron kinetic energy range (20eV-2000eV), the imfp takes values between approximately 10 and
40A . The minimum impf corresponds to electrons with a kinetic energy around 50eV. This
small escape depth is typical for electrons and is a keypoint of the photoelectron spectroscopy.
Moreover, electrons can easily be focused, accelerated and detected.

The next two sections describe first the basis of the photoemission process illustrated by
the three step model and second the particular case of the angle-resolved photoemission.

2.2 X-ray photoelectron spectroscopy

The semiclassical "three step model”, which is the most commonly used interpretation of the
photoemission process, distinguishes three distinct steps.
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Chapter 2. Experimental techniques

e The photon induced excitation of an electron from an occupied initial state to higher
previously unoccupied final states, labeled with (1) in Fig. 2.3a.

e The electron travel through the crystal towards the sample surface with simultaneous
creation of secondary electrons (2).

e The transmission through the surface potential barrier to the vacuum (3).

(a) optical  travel escape (b)

transition to the into
between surface vaccum
A
bulk states ZADN
Energy A
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Figure 2.3: (a) Scheme of the three step model [3].1: Photoexcitation 2: Travel to the surface
3: Escape into the vacuum. (b) Illustration of the photoelectron momentum vector refraction
at the solid surface.

(1) An electron in its initial state | ¢ > with energy E; is excited by a photon of a given
energy hv which induces the transition of the electron to a final state < f | with energy E;. The
optical transition related to the photon absorption can be described by the following Fermi’s
golden rule:

where the H;,; is the Hamiltonian describing the interaction between the electron and the
electromagnetic field(the photon) and § insures the energy conservation.

(A — -
H,,=—(A-p+p-A 2.2
v= 5 (A A) 22)
where A = ffoei‘ﬁ is the electrostatic potential vector and p = —ihV is the electronic

momentum operator.
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(2) The electron travelling towards the surface undergoes electron-electron scattering. This
scattering limits the number of electrons reaching the surface and creates an electronic back-
ground due to the multiple inelastic events.

(3) The last step consists of the transit of the electron through the surface. To escape
into the vacuum, the electron has to overcome the surface potential barrier ®. Moreover the
kinetic energy part correlated to the perpendicular component of the momentum, %k}% |, has
to be larger than the surface potential step V. The Fig. 2.3b illustrates the transit through the
surface under the condition of parallel momentum conservation, k Il = K, |- However the momen-
tum component perpendicular to the surface is not conserved, as the photoelectron is refracted
when passing through the surface. There are two relationships between the photoelectron ki-
netic energy and its parallel and perpendicular momentum components, K = 4%31'719 and

KJ_ _ \/2mEypcos20—Vy .

o h

2.3 X-ray photoelectron diffraction

A theoretical description of the photoemission process is schematically illustrated in Fig. 2.4a.
The absorbed photon produces a spherical, primary electron wave exp(ikr)/r centered at the
emitting atom, with an angular distribution depending on the electron initial state and €, the
photon polarization vector. This primary electron wave is scattered by the neighboring atoms
described by a spherically symmetric potential located at 7;,7;,.... Each scattered wave of
angular momentum [/ then undergoes a phaseshift §; and the total scattering amplitude is given
by the scattering factor f;(0;) = + 3,(21 + 1)P(cos 0;)e™ sin &;, with [ the angular momentum
with respect to site j, P the Legendre polynom and 6; the scattering angle. Atomic vibrations
< uj2 > are taken into account using a Debye-Waller factor and the electron wave amplitude
attenuation due to inelastic processes during its propagation to the surface is determined by
the inelastic mean free path A.. The coherent superposition of direct(¢,), single(¢;,...) and
multiple scattered waves(¢;,...) is then refracted at the surface potential step (V,). Depending
on photoelectron kinetic energy and atom positions around the emitter, the coherent sum
reveals an anisotropic behavior as a function of angle. The strong anisotropic distribution
of photoelectrons emitted from crystalline materials has already been observed in 1970 by
Siegbahn [4] on NaCl(001) crystal and is shown in Fig. 2.4b.

A schematic illustration of the photoelectron diffraction process in shown in Fig. 2.5a. For
photoelectron kinetic energies higher than approximately 500eV, a clear anisotropic scattering
amplitude is observed. As seen in Fig. 2.5b, the main scattering amplitude f(6) is found at
6 = 0° and corresponds to the ”forward focusing” direction. This enhancement is directly
correlated to the emitter-scatterer direction, and one finds that the photoelectron angular
direction is to first order approximation a forward projected picture of the atomic structure
around the emitter. The Al scattering amplitude is calculated for different energies in Fig.
2.5b. In particular, it clearly shows that there is almost no backscattering (0 = 180°) flux at
1000eV. Thus this behavior permits a very straightforward interpretation of XPD data.

In order to perform XPD, a precise control of the angular position of the sample is required
together with an energy and angle resolving electron detection facility. The data presented in
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Figure 2.4: (a) Principle of photoelectron diffraction. (b) Angular dependence of photoelectrons
expelled from the Nals, Na2s and Cl3p shells my MgKa radiation done in 1970 by Siegbahn [4].

this thesis have been obtained using highly accurate and reproducible crystal rotation around
the polar and azimuthal axes with a computer controlled goniometer(precision ~ 0.2°). The
manipulator polar position is adjusted to align the azimuthal rotation axis with the analyzer
acceptance direction. The effective deviation of the axis perpendicular to the sample with
respect to the analyzer direction is called wobble and is minimized optically outside the vacuum
chamber. Nevertheless, a maximal residual crystalline wobble of approximately 1° is usual. But
as this angular misalignement is easily measurable, it is thus possible to correct the data.

In this thesis, the XPD was mainly used to obtain information on the structure of many
different materials, such as Cu(111) (as reference for a single vs multiple scattering com-
parison), 17-TaSs (to reveal its surface termination using the MSC approach), InN(showing
the presence of a polydomain configuration), Nb-SrTiO3, PbTiO3 on Nb-SrTiOs, PbTiO3 on
Lag 67510.33MnO3, PbTiO3 on SrRuO3 and PbTiO3/SrTiO3 superlattices.

References for chapter 2

[1] H. Hertz, Ann. Physik 31, 983 (1887).
[2] A. Einstein, Ann. Physik 37, 666 (1905).

[3] S. Hiifner, Photoelectron Spectroscopy, Springer Series in Solid-State Sciences 82, Springer-
Verlag, Berlin, (1995).
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Chapter 3

Multiple scattering calculations

3.1 Introduction

To obtain precise information about the structure of crystalline samples, simulations of the
photoelectron diffraction process are essential. In many cases, a single scattering formalism,
which considers only one scattering event on each atom of a given cluster, is sufficient to
calculate diffraction patterns, e.g. for the orientation of adsorbed molecules [1], or to optimize
atom positions of submonolayer coverages of adatoms via a R-factor analysis [2]. Moreover,
this approach has the advantage to be much less computing time consuming, permitting to
consider larger clusters than with the multiple scattering formalism. However, as will be shown
in this thesis, this approach is not accurate enough for surface termination determination of
quasi-two-dimensional systems (see Section 3.4), for which the multiple scattering approach
becomes essential.

This chapter is organized as follows: Section 3.2 introduces some calculation parameters
and their influence on calculations. A description of the optimization process for the well-kown
Cu(111) surface is also presented. Then a comparison between single and multiple scattering
is done in Section 3.3. And finally the Section 3.4 describes how it is possible to determine the
crystal surface termination using the MSC approach, and what are the possible limitations of
such studies depending on the type of scatterer, the atomic distance or the stacking sequence.
This chapter has been arranged for two different kind of readers. The reader interested in
understanding the MSC but without performing calculations can skip the footnote where the
"EDAC command” are briefly explained. However, the reader who would like to perform
calculations with the EDAC code can use the footnote as a user guide together with the EDAC
manual available in Ref. [3].
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3.2 EDAC: General remarks

3.2.1 Introduction

The EDAC (electron diffraction in atomic clusters) code [4] adopts a cluster approach. The
cluster shape (spherical® or parabolic®) and size (o R,u..¢) define the number of atoms sur-
rounding the emitter, as seen in Fig. 3.1. The excitation process defined by the photon
polarization vector? creates an initial spherical photoelectron wave which is scattered by the
surrounding atoms. This code takes into account the attenuation of the wave amplitude during
its propagation in the solid®, the atomic thermal vibrations’ and the refraction at the surface
potential steps. The coherent superposition of the initial photoelectron wave and the scattered
waves defines the final amplitude® measured by the detector' at a given angle’.

The calculations are performed using an exact representation of the Green function prop-
agator, meaning that no further approximation has to be done except for the muffin-tin ap-
proximation®. The muffin-tin model implies that a spherical atomic potential of a given atom
vanishes further than r,,;. The r,,; can be estimated via the average nearest-neighbour distance.
The calculation time is proportional to nN?(l,,4, + 1)3, where n is the scattering order, N the
number of atoms used in the cluster and [,,,, the value of the maximum angular momentum
in the multipole expansion of the wave function around each atomic center of scattering.

Parabolic Cluster Spherical Cluster
- - = AN
TTOO0OWwR
OO\ %
OoON
[e)e)e;

Figure 3.1: Cluster shapes as a function of the R,,,,. The light and gray disks correspond to
scatterers and to the emitter, respectively.

AEDAC command: cluster surface off

PEDAC command: cluster surface on

°EDAC command: cluster Rmaz I[(A) o, where a is the maximum distance in A from the emitter up to
which atoms are considered to belong to the cluster.

dEDAC command: polarization LPz/LPy/LCP/RCP

*EDAC command: for one simple inelastic mean free path: imfp inline 1 I(A) «, where « is the suitable
value

FEDAC command: Debye-temperature i 6p to select independant fp in Kelvin for each atom type i

8EDAC command: V0 E(eV) «, where « is the energy value of the vacuum level in eV.

"EDAC command: scan pd OutputName

'EDAC command: emission angle window «, where « is the half-width angle of the acceptance cone

JEDAC commands: emission angle phi ¢; @f Nstep and emission angle theta 8; 0 Nsiep

KEDAC command: muffin-tin
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Chapter 3. Multiple scattering calculations

3.2.2 Calculation procedure coupled with the reliability factor

A good starting point of an atomic structure optimization in EDAC begins by another para-
meter setting optimization. Indeed, the calculated diffraction patterns can strongly depend on
the initial value of parameters such as Ryaz, Lnaz, dmaz(the maximum distance between two
sticcessive scattering events taking place at cluster atom positions)!, Debye temperature, inelas-
tic mean free path, etc... To analyze the effect of these parameters on EDAC simulations, and
at the same time to suggest how to use EDAC to obtain better agreement between measured
and calculated diffractograms, we propose an R-factor [5] based self-consistent optimization
procedure, here applied on the well-known Cu(111) surface.

Indeed, to obtain a quantitative value of the agreement between calculated and measured
diffractograms, an R-factor analysis based on the multipole expansion of the angular intensity
distribution, i.e., the expansion into spherical harmonics, has been used. In short, the
multipole coefficients a;,,, for the experimental and the calculated diffraction patterns (6, ¢)
are obtained by

= 1= [ X(0,0)Y7,(6,6)a2, (3.1

where Y}* are the complex conjugates of the spherical harmonics, and (6, ¢) is the oscil-
latory part of the diffraction pattern obtained by normalization with respect to the average
intensity Iy(6) for each polar angle 0:

100,6) ~ To(6)

x(0,¢) = 100)

(3.2)

The R-factor is then obtained by summing the distance between the points in the complex
plane representing the experimental and theoretical multipole coefficients a;,, over all | and m
" s considered [5]:

lmaac l

R— factor =>_ > |afl —ap?|. (3.3)

=0 m=—1

Thus, based on various observations related to the variation of R-factors between one given
experimental result and different MSC calculations, it is possible to establish a procedure to
optimize non-structural and structural parameters.

First of all, the non-structural parameters which strongly influence MSC patterns, and of
course R-factors, (as Ryax Or Linee) are optimized, followed by the non-structural parameters
which have less impact on calculated diffractograms, such as Debye temperatures or inelastic
mean free paths. ™

'EDAC command: dmaz I(A) o, where « is the d,,., value in A . As default, this value is fixed to infinity.

MNote that this rule can suffer from exceptions. Indeed, if a non-realistic value for one of these parame-
ters is given (for the inelastic mean free path or the scattering order for instance), abnormal high R-factors
corresponding to completely wrong calculated MSC patterns can be obtained.
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In Fig. 3.2a-e, we show different R,,4. Vs L R-factor grids showing the influence of d,, 4.,
imfp, Debye temperature and the number of emitters. Fig. 3.2f shows the R-factor variation
as a function of d,,a,, for 9 emitters, Ryue=19A and 1,,,,,=8.

For a given cluster shape, the number of atoms taken into account is a function of the
number of emitters and is defined by the R,,., value. For the above example, the number of
atoms is, for 9 emitters, 30, 114, 219 and 336 atoms for R,...= 19, 20, 21, 22 A respectively
and for 6 emitters, 71, 107, 167 and 224 atoms for Ry..= 14, 15, 16 and 17A respectively™.

Contrary to what could be expected, the R-factor does not necessary decrease with an
increasing R,,4;. This is counterintuitive as with a larger R,,,, the number of atoms in the
cluster increases and should therefore lead to a MSC calculation more similar to the real ex-
periment. However, this counterintuitive phenomenon could be seen as an advantage because
the calculation time is related to the number of atoms.

In Fig. 3.2, R-factors are always smaller for small 1,,,, value. This behavior is specific
to this measurement and not observed on other systems. As seen in Appendix Fig. B.2,
B.1 and B.3 the l,,,,, which approximates the outgoing photoelectron wave function using a
combination of [,,,.° spherical harmonics, can strongly affect MSC calculations . Note that
its value is estimated by l,4. &~ k7, where k is the photoelectron wave vector (o< v/EjinP).
However, surprisingly the l,,,, corresponding to the smaller R-factor value does not in every
case scale with the photoelectron kinetic energy, contrary to the l,,., ~ kr,,; approximation.
For example, as seen in Section 3.3, optimal values for 1, of 13 and 8 are obtained for the two
different Ey;,,=320.8 eV and Ey;,, = 807.2 eV (corresponding to the excitation of Cu 2p; /2 line
by MgKa and SiKa radiation respectively). This unexpected behavior is not problematic as
the important point is to calculate with a large enough 1,,,, to obtain the best approximation
of the outgoing photoelectron wave function using a combination of 1,,,, spherical harmonics.

As can be seen in Fig. 3.2a-c, the R-factors obtained for different d,,.,(10, 15 and 20A )
values are similar and the minimal R-factor values are obtained for the same set of parame-
ters. Note that d,,., is the only parameter which has been changed between the three graphs.
This behavior is helpful for minimizing the calculation time. Indeed, the calculation time in-
creases with an increasing d,,., (with a 3.2Ghz processor, order=8 for dyae=10A ~1h20 and

for dpmee=20A ~4h ).

Between Fig. 3.2c and e, the only differences in the initial calculation parameter setting are
the dpae (20A and "unlimited” respectively) and the number of emitters (9 and 6 emitters).
Two informations can be obtained by studying these two figures. First, when a sufficiently
large number of emitters is selected (here 6), the minimal R-factor value is located at the same
position (same R4, and L4, values) than for a larger number of emitters, indicating that very
deep emitters do not strongly affect the MSC calculation (which is also naturally the case in
experiment). Second, the use of a limited d,,., (9 emitter case) does not affect the diffraction

"Trick to determine a useful range for Ry, values: try to first calculate with different R4, values using
degenerated (=1) lyq, and recursion order. It permits to check the cluster (EDAC command: cluster output
I(A) ClusterName) and the number of considered atoms for each Ry,qp (EDAC command: report natoms) with
a short calculation time.

°EDAC command: Imaz «, where « is the l,,,4, value

PEDAC command: emission energy E(eV) E; Ef ngtep
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Figure 3.2: (a)-(e) Riae VS lmaz R-factor grids for various parameters. Fig. 3.2f shows the
R-factor variation as a function of d,.., for 9 emitters, Rya,=19A and 1., =8.

pattern if it is large enough.

Note that it is very important to use the smallest number of emitters (for which the MSC
pattern is ”good”) to perform a complete optimisation procedure. Indeed, it can strongly reduce
the calculation time even if the number of atoms becomes larger. For instance, as shown in
Table 3.1, the calculation performed for 6 emitters (RmamzlélA and 7latoms) runs during ~1h
while for 9 emitters and a similar diffraction pattern and R-factor value, the calculation runs
during more than ~4h even with less atoms (Rmax:19A and 30atoms) and a limited dyae=20A
. Obviously in this last case, the calculation time can be reduced by decreasing the d,.. (for
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Figure 3.3: (a) R-factor as a function of the Debye temperature for different d,,,, values and
(b) two MSC calculations corresponding to two different Debye temperatures for dpae=20A
.(c) R-factor as a function of the imfp for different d,,,, values and (d) two MSC calculations

corresponding to two different imfp for d,,qa=20A .

Numbers of emitters | Ry [A ] | Number of atoms | dpa, [A ] | Cale. time
6 14 71 00 ~ 1h
9 19 30 20 ~ 4h
9 19 30 10 ~ 1h20

Table 3.1: Calculation time as a function of various parameters. Calculations performed with

a 3.2Ghz processor.
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dynar=10A ~1h20), but here at the detriment of the R-factor value as seen in Fig. 3.2f.

The R-factor evolution as a function of the Debye temperature is shown in Fig. 3.3a for
different d,,,, values. Here only the 9 emitters case is studied as it is very similar to the 6
emitters case for d,..=20A , and also because the modification of d,,.; can strongly affect
MSC calculation patterns which is a good way (only one parameter to change) to observe the
impact of the Debye temperature on lower accuracy MSC calculations. As shown in Fig. 3.3a,
the R-factor becomes worse for larger Debye temperatures, and this whatsover the d,,,, value.
This effect, not strong for d.,=15A in this example, is a permanent feature in the different
studies performed during this thesis. The R-factor is always better for Debye temperatures
smaller than those found in the litterature. This behavior suggests that features obtained in
MSC calculations performed with ”conventional” Debye temperatures are too sharp comparing
to features displayed in experimental diffraction pattern. This is shown in Fig. 3.3b for two
MSC calculations performed with two Debye temperatures for d,.,=20A .

As for Debye temperatures, imfp can be seen as a ”smoothing” parameter. The R-factor
variation as a function of imfp is shown in Fig. 3.3c. First of all, the R-factor is only feebly
affected by the imfp increase. But this small variation becomes larger for larger d,,., (better
R-factor). It thus suggests that for poor agreement between the MSC calculation and the
experiment (dmale()A ), the effect of the imfp is smaller than for more adequate MSC cal-
culations (dmax:2()A ). The effect of the imfp on MSC calculations is shown in Fig. 3.3d,
where calculations for imfp= 5 and 15A are displayed. It shows how a smaller imfp can slightly
smooth the diffraction patterns.
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0.32 — o e
T 1
2 10 12

4 [$) 8
Order n

Figure 3.4: (a) Calculated diffraction patterns for two different recursion orders. (b) R-factor
vs recursion order plot.

Obviously, the order of recursion plays an important role regarding to the accuracy of the
result. But the choice of a large enough value is, as first approximation, quite easy to do as
reflected in Fig. 3.4a which shows how the whole MSC calculation changes as a function of the
recursion order for the Cu(111) 2ps/, emission case. Moreover, in some cases (not shown here),
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if a too small order is chosen, singularities can appear in MSC diffraction patterns 4. If such
singularities are obtained, the recursion order value can be increased until their disappearance.
As the calculation time increases linearly with the recursion order, a particular attention to
this parameter has to be given. In the EDAC code, two kinds of iteration procedure can be
utilized. For the direct Jacobi iteration method (by default), each iteration corresponds directly
to an order of scattering while in the modified recusion method", the result obtained from one
iteration is mixed with the previous result to improve the convergence. In the latter case, the
convergence is also faster, as explained in Ref. [4].

Finally, to perform an atomic structure optimization related to an experimental XPD, we
can proceed following the way described in Fig. 3.5. First, based on physical considerations,
known bulk structure or litterature, an initial structural model is guessed. The number of
emitters, V., could be selected in such a way that the depth of the deeper emitter is =~ 1.5-
imfp. The other parameters are determined using the above explanation (and with horse sense).
The experimental diffraction pattern is then simulated and compared to the measured result.
By modifying alternatively the above-discussed non-structural parameters (R,,4z, lnaz, Debye
temperature, d,,q., recursion order, imfp) and the number of emitters, a minimal value is
obtained for the R-factor.

Second, when a reasonably low R-factor value is obtained (using a given setting of non-
structural parameters), various structural parameters can be varied until the best agreement
with experiment as judged by the R-factor. The new optimized positions can define a new
cluster which can be used as initial parameter of the first R-factor analysis loop. This procedure
can be repeated until the final lowest R-factor (or the non-structural and structure parameters)
does not vary anymore.

References for section 3.2

[1] R. Fasel, P. Aebi, R. G. Agostino, D. Naumovi¢, J. Osterwalder, A. Santaniello, L. Schlap-
bach, Orientation of adsorbed Cgy molecules determined via x-ray photoelectron diffraction,
Phys. Rev. Lett. 76 (25) (1996) 4733-4736.

[2] R. Fasel, P. Aebi, J. Osterwalder, L. Schlapbach, R. G. Agostino, G. Chiarello, Local
structure of ¢(2x 2)-Na on Al(001):Experimental evidence for the coexistence of intermixing
and on-surface adsorption, Phys. Rev. B 50 (19) (1994) 14516-14524.
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[4] F. J. Garcia de Abajo, M. A. Van Hove, C. S. Fadley, Multiple scattering of electrons in
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Multiple scattering theory based on a cluster model is used to simulate full
hemispherical x-ray photoelectron diffraction measurements in order to verify
how state of the art multiple scattering simulations are able to reproduce the
experiment. This approach is applied to the Cu(111) surface for two different
photoelectron kinetic energies. Differences and similarities between single and
multiple scattering are discussed in comparison with experimental results. We
find that the present approach gives very good results despite some limitations.

3.3.1 Introduction

The complete knowledge of the atom positions is a necessary prerequisite for the understanding
of the various properties of material’s surfaces. Among the numerous techniques available to
the scientist to obtain this crystalline information, x-ray photoelectron diffraction (XPD) has
proven to be very powerful, owing to its chemical sensitivity and its ability to measure sub-
angstroem atomic displacements. However without theoretical simulations it is often difficult to
understand the different structures appearing in XPD data and to link them to true crystalline
positions. Single scattering codes are used for some time now to simulate diffractograms and are
sufficient to calculate the major cristalline structure, the orientation of adsorbed molecules [1],
or to optimize atom positions of submonolayer coverages of adatoms via a R-factor analysis [2].
However, this approach appears insufficient for multilayer systems like in ferroelectric films
or for surface termination determination of quasi-two-dimensionnal systems [3], for which the
multiple scattering approach becomes essential.

Recently, thanks to the development of new computer codes and the availability of faster
computers, it has become possible to simulate XPD diffractograms using a MSC formalism (
see Ref. [4] and references therein). It is the aim of this paper to perform an as complete as
possible comparison of Cu(111) surface XPD measurements with the MSC simulations using
the EDAC (Electron Diffraction in Atomic Clusters) computer code [4]. Therefore, this study
serves to verify to what degree state of the art EDAC multiple scattering simulations are able
to reproduce full hemispherical XPD patterns.
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3.3.2 Experimental and Computational Details

The XPD measurements are performed in a modified Vacuum Generators ESCALAB Mark I1
X-ray photoelectron spectrometer equipped with a fixed hemispherical electron energy analyzer,
and a three channeltron detection system, operated with a base pressure in the lower 10~ mbar
region. The x-ray tube contains a MgKa (hv=1253.6 eV) and SiKa (hv=1740 eV) twin anode.
The samples are fixed on a computer-controled two-axis goniometer capable of scanning the
emission angle over the full hemisphere above the surface [5-10]. Data has been collected for a
polar angel range 6 € [0°, 78°] and an azimuthal angle range ¢ € [0°, 360°].

For electron kinetic energies higher than approximately 500 eV the analysis of diffraction
patterns is made easier by the so-called "forward focusing” effect which consists in an en-
hancement of the emission intensity along densely packed atomic planes and rows of atoms
(corresponding to low-index crystallographic directions) [11]. In the above-mentioned energy
range, the photoelectron inelastic mean free path () is large and thus the number of scattering
events can be also large. The scattering on the first few atoms has a tendency to focus the
emission in the emitter-scatterer direction while on the subsequent atoms it tends to defocus
the signal [12]. It is a clear indication for the necessity to use MSC in order to get precise
information on the intensity and shape of the ”"forward focusing” peaks. Furthermore, the
defocusing is also linked to the development of the conventional Kikuchi bands which become
more intense when the forward-scattering peak intensity diminishes [12].Thus MSC is also re-
quired to reproduce Kikuchi band intensities as well as diffraction pattern structure details.
Single scattering (SSC) is well-known to overemphasize the intensity of the”forward focusing”
peaks [11].

The cluster model approach of the EDAC code [4] used here to simulate the XPD experiment
is based on the muffin-tin potential approximation [13]. EDAC evaluates the MSC expansion
using a fully convergent recursion method. In order to overcome the rapidly-growing compu-
tational demand, EDAC contains the Rehr and Albers [14] procedure consisting in a separable
representation of the free-electron Green function. The Haydock recursion method is used to
calculate an iterative solution of the MSC series. The computation time needed to determine
the scattered wave function is proportional to n/N 2(lmax—l— 1)3, where n is the scattering order, N
the number of atoms used in the cluster and [,,,, the maximum angular momentum quantum
number. This last parameter permits an approximation of the outgoing photoelectron wave
function using a combination of [,,,, spherical harmonics. The number of spherical harmonics
is approximately given by lne: =& k7 [13] where k is the photoelectron wave vector and 7,
the muffin-tin radius. By estimating an average nearest-neighbour distance and selecting a
photoelectron kinetic energy Fgin, the l,,., parameter can roughly be deduced.

The number N of scattering atoms in the cluster is defined with the parameter R,,q..
Figure 3.6 shows how R, defines the scattering volume using the emitter either as the focus
of a parabola or as a sphere center. The following R,,., values are chosen: R,,,,=22 A for
Erin=807.2 eV (Cu 2ps/, core level excited with SiKa) and Rye,=13 A for E.;,=320.8 eV (Cu
2p3/2 core level excited with MgKa). To increase the contribution of scattering of the atoms
located between the emitters and the surface, the parabolic shape is selected in the present
study, which gives a scattering volume containing approximately 300 atoms for the high energy
case and 100 atoms for the low energy one. The electron inelastic mean free path A can be
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Figure 3.6: Cluster shapes as a function of R,,,,. The light and dark gray disks correspond to
scatterers and to the emitter, respectively.

deduced from the universal relationship between kinetic energy and inelastic mean free path,
given by [15,16]:

AMA) = % +0.13 - /d3 - Epin(eV), (3.4)

kin

where d is the Cu(111) interlayer spacing (d = 3.6149- % A ). In the case of photoelectrons

with E;,=807.2 ¢V, A ~ 11 A, nine emitters distributed down to -16.7 A below the surface
are chosen. At lower photoelectron kinetic energy, Ej;,=320.8 ¢V with A ~ 7 A five emitters
distributed over five layers are chosen down to -8.3 A. The introduction of an inner potential
V, permits to consider the refraction of the photoelectron wave at the surface-potential step.
For Cu, V,=13.5 eV is taken [13]. The calculations were performed for a temperature T=300
K and thermal vibrations are introduced by means of a reasonable non-zero Debye temperature
0p. Best agreement between experiment and MSC theory is obtained by optimizing .42, Rimae,
fp, n and the number of emitters.

To obtain a quantitative value of the agreement between calculated and measured diffrac-
tograms, an R-factor analysis based on the multipole expansion of the angular intensity distri-
bution, i.e., the expansion into spherical harmonics, has been used. The R-factor calculation
method is detailed in Ref. [2].

3.3.3 Results and Discussion

The calculated and measured diffractograms of Cu(111) 2p3/2 measured with SiKa (Egin =
807.2 eV) are presented in Fig. 3.7, using the same linear gray scale and stereographic projec-
tion. Experimental diffractograms are acquired simultaneously at two different kinetic energies:
one exactly at the center of the 2ps/, photoemission line (Eg;, = 807.2 ¢V in this case) and one
sligthly above (Eg;, = 812.2 V) to monitor the background intensity variation. The subtrac-
tion of the second from the first diffractogram, taking into account the channeltron sensitivities,
allows to get rid of the inelastic electron background. Taking advantage of the threefold symme-
try of the Cu(111) the measured diffractograms are azimuthally averaged. In order to facilitate
the comparison with the calculation, a smooth polar angle dependent background is subtracted
from both the measured and the calculated diffractograms. This polar angle dependent back-
ground originates from three different effects. First, the analyzed surface area changes with
1/cos(theta) by scanning the polar angle (theta) from normal emission (theta=0°) to grazing
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Figure 3.7: Stereographic projections for Cu(111). (a) The projections of some low-index crystal
planes (lines) and the major directions (dots) are drawn in order to facilitate the discussion.
The labeled low-index directions are indicated by black dots. Stereographic projections of (b)
measured and (c), (d) multiple and single scattering simulated diffractograms for Cu 2pg/, at
807.2 eV. (SiKa, hv=1740 eV). (e) Polar scans at ¢ = 60° and 0°. The experimental profiles
are represented by black dots. Polar scans are normalized with respect to their mean intensity
and offset with respect to each other.

emission (theta =78, here). Secondly, due to the refraction at the surface (linked to the in-
ner potential), the photoelectron intensity is anisotropically reduced with larger polar angles.
And finally, the photoelectron intensity depends on the photoelectron escape depth, which is
a function of the polar angle. The removal of a polar angle dependent background therefore
permits to obtain a diffractogram independent of these aspects, emphasizing the features due
to interference.

Figure 3.7a shows the stereographic projection of the low-index crystal planes and directions.
In all the theoretical and experimental data, see Fig. 3.7b, ¢ and d, the "forward focusing”
peaks along <110> directions are dominant (label ”A” in Fig. 3.7b, ¢ and d), and those
along the <001> directions are less intense (B). The shapes and widths of these two features
are better reproduced by the MSC calculation than by the SSC, as can be seen in Fig. 3.7e.
Kikuchi bands representing {100} and {111} type planes (C) are present in MSC with a width
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and intensity comparable to the experiment while they appear broader in SSC. The same V-
like structure (D) is observed in all diffractograms on the {100} Kikuchi bands between the
dominant <110> peaks and the <001> directions. Again, this experimental V-like feature
is better reproduced by the MSC code. Interferences of two neighbouring <110> directions
generate modulations along the 111 planes with maxima near [121] (E) [6]. Similar features (F)
appear in the [211] direction along the same planes, produced by interferences of the scattering
by [110] and invisible [101] neighbours. The E and F modulations are roughly the same for the
experiment, MSC and SSC simulations. So far MSC has given very good results. However, the
experimental diffractogram on Fig. 3.7b exhibits a doughnut-like feature in the center which is
not reproduced in the calculation. In fact, SSC gives a better agreement (see Fig. 3.7¢ at 0°).
By changing l,,,4., the number of spherical harmonics taken into account, this feature can be
reproduced in the MSC simulation but at the expense of disagreement in other diffractogram
structures, leading to an increase of the below-discussed R-factor. This points to a possible
instability with respect to the l,,,, convergence.

In order to give a more quantitative comparison between measurement and calculations,
and especially between MSC and SSC, two polar cuts at ¢ = 60° and 0° are displayed (Fig.
3.7¢e), for the measured and calculated Cu 2pg/, diffractograms. All polar cuts are normalized
with respect to their mean intensity and offset with respect to each other. The most striking
difference between the two calculations lies in the ”forward focusing” peaks, (label A and B),
whose intensities is much better reproduced by MSC calculation. As already mentioned, this
overemphasizing of the ”forward focusing” peaks is a well-known shortcoming of SSC. What
is visible locally in the interference patterns is confirmed by a global match approach which
uses the reliability R-factor to judge the quality of the fit between the complete experimental
interference pattern data and theory. The much smaller value for MSC, R-factor~ 0.33, than
for SSC, R-factora 0.55, confirms the better global agreement obtained with MSC [17] and
confirms what has been obtained by eye. Note that the better agreement is not only due to
the overemphasized ”forward focusing” peaks with the SSC approach but also due to better
agreement with the small structures comparing the MSC and the experimental result. This
has been checked by artificially putting the intensities in the "forward focusing” areas to a
common mean value. The idea is to remove the contribution of the overemphasized ”forward
focusing” peaks in the SSC to the R-factor. The obtained R-factor for the SSC approach is
still worse than for MSC, indicating that the ”forward focusing” peaks are not the only reason
of the better agreement between the experiment and MSC.

This conclusion is corroborated with the result of the following analysis using a smaller
photoelectron energy. In fact, the same 2ps/, photoelectron line is selected, but excited with
MgKa radiation (hv = 1253.6 €V), changing the photoelectron kinetic energy to 320.8 eV. MSC
effects are damped owing to the shorter inelastic mean free path A, which still corresponds to 2-3
atomic distances. In this case, the SSC model should perform better than at high photoelectron
kinetic energy.

The same procedure in terms of data treatment as for the high kinetic energy has been used
in order to facilitate the comparison between both energies. In Fig. 3.8, the intensity enhance-
ments along <110> directions are still dominant (label A’), as in the true ”forward focusing”
regime at high kinetic energies. These peaks correspond to scattering on nearest neighbour
atoms. Nevertheless, the signal is broader at lower kinetic energy, because the photoelectron
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Figure 3.8: Stereographic projections of (a) measured, (b) MSC calculated and (c¢) SSC simu-
lated diffractograms for Cu 2pgz/, at 320.8 eV. (d) Polar scans as labeled.

scattering amplitudes become more isotropic. In the SSC calculation this enlargement is too
prominent owing to the absence of defocusing [12]. At the diffractogram center, the intensity
modulation (E) in Fig. 3.7 has been replaced by a mushroom-shaped feature (B’), with a higher
intensity area on the top. Its shape and width are well reproduced in the MSC simulation. The
C’ structure, which was a ”forward focusing” peak at higher kinetic energy, is now broader.
It has a V-like shape with a small asymmetry visible in the measured and SSC interference
patterns, originating from photon polarization effects owing to the oblique photon incidence
in our setup. These asymmetry effects are especially visible at lower energies [6]. Presently,
our special setup geometry and therefore this asymmetry behaviour cannot be simulated with
EDAC. Finally, the shapes and intensities of the D’ and E’ regions are globally the same be-
tween experimental data and theory. Two polar cuts at ¢ = 60° and 0° are displayed in Fig.
3.8d. The A’ and C’ peaks, corresponding to nearest neighbour emitter-scatterer directions,
are well described with the MSC approach, as well as the more complex B’ feature. For the
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specific polar scan, MSC does not appear better than SSC. In particular, the center part of
feature A’ in the experiment has a narrowness which is not reproduced in both calculations.
Note that features in a localized angle-range may be better reproduced by choosing a different
set of parameters but this results in a worse global agreement with a higher R-factor.

Despite the polarization effect not being taken into account by MSC, the R-factor analy-
sis performed on the diffractograms displayed in Fig. 3.8 shows a better agreement between
experiment and calculation using the MSC (R-factora 0.45) [18] than SSC (R-factora 0.50),
confirming the importance to use a multiple scattering formalism to simulate diffractograms.

For a more detailed comparison of the agreement between the experiment and both cal-
culation methods and for both kinetic energy cases, the local anisotropy, A = I(&}Mﬂ’ is
calculated for different features, as well as for the total diffractogram, and is reportedmicg Table
3.2. The anisotropy does not give information about similarities in the shape of particular
features in the different cases (MSC, experiment, SSC) but indicates the intensity variations
only. First, the anisotropy has been calculated for the entire MSC, SSC and experimental dif-
fractograms, for both Eg;,=807.2 eV and E,;,=320.8 eV cases. In the high kinetic energy case,
as shown on the left part of Table 3.2, the anisotropy of the full experimental diffractogram
(55% ) is more similar to the one for MSC (68%) than to the one for SSC (84%) due to the
overemphasized " forward focusing” peak intensities in the latter case. For the same reason, the
anisotropy values of the A and B labeled regions are more similar comparing experiment with
MSC than comparing with SSC. Also, a comparable observation can be done for the two Kikuchi
band modulations labeled with D and F. Globally, smaller anisotropies were obtained for the
experiment and the MSC while the SSC pattern regions always show much larger anisotropy
values in the high kinetic energy case. However it is the opposite in the lower energy case, right
part of the Table 3.2, and especially in regions sensitive to photon polarization effects owing to
the oblique photon incidence, namely the C’; D’, E’ labeled regions but with a less dramatic
difference in the entire diffractogram. Indeed, the anisotropy values of these features in the
SSC are closer to experimental anisotropies than the ones calculated with MSC. However, for
the A’ labeled region as well as for the diffractogram center (around the normal emission) the
SSC and MSC anisotropies are comparable.

Table 3.2: Anisotropies calculated on different diffractogram regions for both kinetic energy
cases. (Fig. 3.7, Fig. 3.8)

Region A(E;,=807.2 eV) || Region | A(Ex;»=320.8 eV)

SSC | Exp | MSC SSC | Exp | MSC

Entire diffractogram | 84% | 55% | 68% idem || 63% | 49% | 76%
A 66% | 39% | 47% A’ 48% | 40% | 52%

B 44% | 21% | 34% C’ 30% | 22% | 45%

D 63% | 40% | 33% D’ 35% | 24% | 50%

F 56% | 22% | 39% E’ 41% | 28% | 50%

Circle (0 <6 < 30°) || 44% | 21% | 34% | idem | 52% | 38% | 59%

This comparison, using the anisotropy, between both calculation methods gives complemen-
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tary information about the intensity agreement of local features and complete the feature shape
analysis performed above(R-factor).

3.3.4 Conclusion

In the presented diffractograms, diffraction patterns are dominated by the ”forward focusing”
peaks along low-index crystallographic directions for both photoelectron kinetic energies. For
the higher energy pattern, the relative intensities of "forward focusing” peaks are perfectly
reproduced using the MSC code EDAC. Kikuchi bands and less intense peaks are also well sim-
ulated and appear with the same width and intensity in the experiment as in MSC. However,
a specific doughnut shaped feature close to normal emission is not reproduced for the simula-
tion with the best R-factor. For the lower energy pattern the ”forward focusing” is less well
reproduced and the difference between MSC and SSC is not as drastic. Nevertheless, for both
energies, the lowest R-factors were obtained for MSC simulations, indicating the best match
with experimental diffractograms. It appears that it is possible to have a good match in a
limited angular range with worse agreement on the global pattern. Therefore, in order to judge
a particular parameter set, the capabilities of an algorithm or simulation program, it is of prime
importance to test is on an as extended as possible data set. Note that remaining inadequacies
of the MSC description are certainly related to the fact that presently it is not possible to
converge all available parameters simultaneously, because of memory and CPU requirements.
Furthermore, if certain parameters are pushed too far, the algorithms may become numerically
unstable. In general, calculations using MSC prove to be necessary to accurately simulate ex-
perimental interference patterns and increase the confidence in theoretical results, specially in
peak widths and intensities. Such agreement cannot be achieved with SSC calculation.
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Multiple scattering theory based on a cluster model is used to simulate
full hemispherical x-ray photoelectron diffraction measurements on a 17-
TaS2(0001) surface. Key points to determine the surface termination are dis-
cussed. As the commonly applied single scattering simulations do not give
satisfying results, a multiple scattering approach has to be used to accurately
simulate the full hemispherical photoelectron diffraction patterns. Differences
and similarities between calculations of Ta and S terminated surfaces are pre-
sented along with experimental results at room temperature using both, the
single and the multiple scattering approaches. We find that the surface is S
terminated and that the quantitative difference between the calculations for
both terminations permits to show the limits of the single scattering approach
for solving surface termination problems. Moreover, by generalizing the results
obtained using the multiple scattering approach, we discuss the application of
this method to other similar systems.

3.4.1 Introduction

In general, the complete knowledge of the atom positions is necessary to understand the var-
ious properties of material’s surfaces. Among the numerous techniques available to obtain
information on the crystal structure, x-ray photoelectron diffraction (XPD) has proven to be
very powerful, due to its chemical sensitivity and ability to measure sub-angstroem atomic
displacements. However, without theoretical simulations it is often difficult to understand the
different structures appearing in an XPD result and to rely them to true atomic positions. The
use of multiple scattering (MSC) is unavoidable especially for bulk-emission XPD [1], as in
the present case, because the simpler single scattering approach dramatically overemphasizes
the so-called emitter-scatterer ”forward focusing” effect, rendering the interpretation of finer
interference features, which is necessary for the determination of the surface termination, very

difficult.

Transition metal dichalcogenides are since long of strong interest because of their quasi-
two-dimensional character, interesting electronic properties and various phase transitions. The
basic structure of 17-TaS, is "sandwich-like”: Hexagonal planes of Ta are sandwiched by
two hexagonal S planes leading to a quasi-two-dimensional material, see Fig. 3.9. The forces
between the sandwiches (of the magnitude of Van der Waals forces) are small, letting the
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Figure 3.9: Unit cell of 17-TaS,. Ta atom (black) planes are ”"sandwiched” between the S
atoms (white).
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Figure 3.10: (a) Stereographic projection of the calculated Ta 4f;/, emission intensity of the
structure shown in (b). In-plane cuts are displayed for (b) a hypothetical hexagonal Ta struc-
ture, (c) the Ta-terminated and (d) S-terminated surface. The two dashed lines in the (a)-(d)
parts correspond to the low-index atomic planes from which the Kikuchi bands contained in
the diffractograms originate. The labeled regions in the S-terminated cut are discussed in the
text.

layered crystal be easily cleaved (between two S layers as will be shown in the present article).
Similar surfaces, i.e. MoSs, NbSe; and TiSe,, were studied in the past by dynamical low energy
electron diffraction [2,3].

Here we investigate the 17-TaS, surface termination using room temperature XPD mea-
surements together with MSC and SSC calculations. We show that the surface termination
determination is very difficult using only the SSC approach while the MSC is more adapted to
answer to this question. Furthermore we attempt to generalize this approach and discuss the
applicability to other similar systems.

3.4.2 Experimental and computational details

Pure 17-TaS,, prepared by vapour transport [4,5], was cleaved in-situ at a pressure in the lower
1071% mbar region. The surface quality was checked by low energy electron diffraction (LEED).
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The XPD measurements are done in a modified Vacuum Generators ESCALAB Mk II x-ray
photoelectron spectrometer equipped with a fixed hemispherical electron energy analyzer, and
a three-channeltron detection system, operated with a base pressure in the lower 10~ mbar
region. The x-ray tube contains a MgKa (hv=1253.6 eV) and SiKa (hv=1740 eV) twin anode.
The samples are fixed on a computer-controled two-axis goniometer capable of scanning the
emission angle over the full hemisphere above the surface [6-11]. Data has been collected up
to 78° polar angle.

Thanks to the chemical sensitivity of the photoemission technique, the core levels of a given
type of atom can be selected. The chosen outgoing photoemitted electrons exhibit a strong
anisotropic angular intensity distribution related to the local geometry around the selected
atom. The analysis of the obtained diffraction patterns is simplified for electron kinetic energies
higher than approximately 500eV by the so-called ”forward focusing” effect. This effect consists
in a strong intensity enhancement along the emitter-scatterer direction and more generally
along densely packed atomic planes (resulting in so-called Kikuchi bands) and rows of atoms
(corresponding to low-index crystallographic directions) [12].

Note that experimental diffractograms are acquired by simultaneously collecting electrons
at two different kinetic energies: one exactly at the maximum of the Ta 4f;/; photoemission
line (Ex;,=1229eV) and one sligthly above (Ej;,=1234eV) to monitor the background intensity
variation. The subtraction of the two signals, taking into account the channeltron sensitivities,
allows to get rid of the inelastic electron background.

To simulate the XPD experiment, the cluster model approach of the EDAC (Electron Dif-
fraction in Atomic Clusters) code [13] is used here. This code, based on the muffin-tin potential
approximation [14], evaluates the MSC expansion implemented using a fully convergent recur-
sion method.

The calculations are performed for the 17T crystallographic structure (space group P3ml
and lattice parameters are a =b = 3.36 A , ¢ = 5.85 A ), for the Ta 4f7 ), core level electrons
(Egin = 1229 eV when excited with MgKa). Three Ta emitters distributed down to 13 A below
the surface are chosen. The calculations were performed for a temperature T = 300 K and
thermal vibrations are introduced by means of non-zero Debye temperatures 6p. To obtain
a quantitative value for the agreement between calculated and measured diffractograms, an
R-factor analysis based on the multipole expansion of the angular intensity distribution, i.e.,
the expansion into spherical harmonics, has been used [16,17]. Moreover, anisotropies of local
interference features have been calculated.

3.4.3 Results and discussion

The MSC simulated diffractogram of a hypothetical hexagonal Ta structure is presented in
Fig. 3.10a besides an in-plane cut of the crystal structure in Fig. 3.10b. The stereographically
projected diffractogram is plotted using a linear gray scale with high intensity in white (the
outer circle corresponds to grazing emission, whereas the center represents the normal emission
direction). Three different Ta emitters are chosen. They are located in the center of the Fig.
3.10b, one at the surface and the two others just below, in the second and third unit cells. The
6-fold symmetry of the calculation is evident in Fig. 3.10a. Each peak of the diffraction pattern
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a) MSC - Ta termination b) MSC - S termination

R-factor=0.44 R-factor=0.25

R-factor=0.59 R-factor=0.44

Figure 3.11: Stereographic projections of (a) MSC calculated (Ta-termination), (b) MSC cal-
culated (S-termination) , (c¢) measured, (d) SSC calculated (Ta-termination) and (e) SSC cal-
culated (S-termination) diffractograms for Ta 4f7,, emission at 1229¢V on a 17-TaS, (0001)
surface.

corresponds to a ”forward focusing” direction and is directly linked to a Ta-Ta direction.

The 6 most intense peaks, closest to normal emission, defining a center hexagon (plotted
with a white line), are each surrounded by another hexagon (dashed line hexagon, displaced
along the [1000] direction), and followed by another one (dotted). The hexagons are distorted
in the diffractogram due to the stereographic projection. The discussed hexagons are plotted
on the in-plane Ta structure in Fig. 3.10b and illustrate how it is possible to attribute directly
each ”forward focusing” peak (Fig. 3.10a) to an emitter-scatterer direction.

The insertion of S atoms into the hexagonal Ta structure, as in the 1 7-TaS, structure, breaks
the 6-fold symmetry of the clusters as shown in Fig. 3.10c and d. MSC and SSC calculations
are performed on both surfaces shown here. In the following, differences and similarities are
discussed, first between the two terminations for the MSC and the SSC approaches separately
and second between the two approaches.
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3.4.3.1 Termination via multiple scattering

If the surface is either Ta-terminated (Fig. 3.11a), or S-terminated (Fig. 3.11b), the diffrac-
tograms become 3-fold symmetric, with the appearance of variations in the ”forward focusing”
peak intensities and the formation of other completely different structures.

In the theoretical and experimental data, see Fig. 3.11, the ”forward focusing” peaks are
dominant, like in the hypothetical hexagonal Ta structure shown in Fig. 3.10a. But, by
introducing the S atoms, the 6-fold symmetry is broken. First, the feature labeled with A
reveals four very sharp "forward focusing” peaks in the calculated Ta-terminated case, while
there is more intensity inbetween in the experiment (Fig. 3.11c) and in the S-terminated case.
This behavior is directly linked to the influence of the added uppermost S atom between the
four Ta scatterers, see Fig. 3.10d, which does not exist in the Ta-terminated structure. A
similar behavior is visible in the B labeled region, along the Kikuchi bands, as well as in the
C structure, where the "forward focusing” peaks are very sharp and clearly distinct in the
Ta-terminated case while they appear connected in both the experiment and the S-terminated
case simulation. Note that the B labeled region contains three peaks, but not with the same
intensity. The middle peak is modulated by the two neighbouring ”forward focusing” peaks
aligned along the Kikuchi bands, see Fig. 3.10d and by the presence or the absence of the S
topmost layer. In the MSC S-terminated case and in the experiment (Fig. 3.11b and c), this
middle peak has a higher intensity than the two outer ones neighbouring peaks, while it is the
opposite for the Ta-terminated case (Fig. 3.11a).

The D labeled feature contains only a weak peak in the Ta-terminated case while it ap-
pears more intense and with a completely different shape in the S-terminated case, like in the
experiment. The normal emission, which corresponds to the center of diffractograms, has a
reduced intensity in the experiment and in the S-terminated MSC calculation, with respect to
the Ta-terminated surface diffractogram. The opposite behavior is observed around the center,
where the E labeled rhombus intensity is much weaker in the Ta-terminated case than in the
two others diffractograms. Again, the formation of this centered three-branches star results
from the scattering on the S topmost layer, as shown in Fig. 3.10d. The same observation can
be made concerning the F (at the end of one Kikuchi band) and G regions.

So far, many similarities have been observed between the S-terminated crystal calculated
case and the experiment and the agreement is better than for the Ta-terminated case. To
evaluate the agreement between the complete experimental interference pattern data and the
two theoretical cases, a global match approach, which uses the reliability R-factor, is employed
and confirms what has been observed locally. The much smaller value obtained for the S-
terminated case, R-factorr 0.25, than for the Ta-terminated case, R-factorr 0.44, confirms
what has been obtained by eye, which does not let any doubt on the S termination.

3.4.3.2 Termination via single scattering
As shown in Fig. 3.11d and e, the S insertion into the hexagonal Ta structure also breaks the

6-fold symmetry, as in the MSC case. Globally, the same regions of the diffractograms can
be detailed, but in the SSC case, the peaks are larger and some structures are missing in the
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diffraction patterns.

In the experiment (Fig. 3.11c), the A labeled region contains four peaks of almost equal
intensity while there is a clear lack of intensity for the most external peak in the SSC calcula-
tions. For both terminations, this lack is filled using the MSC approach proving the necessity
of working with MSC in this system to accurately simulate the diffraction patterns. The B
region is broader using the SSC as compared to MSC and the modulation of the middle peak
intensity (as discussed above) is not as visible in the Fig. 3.11a and b as in the Fig. 3.11d and
e. Indeed the three peaks contained in the B region have almost the same intensity in the SSC
for both terminations, contrary to the MSC case. The C, D and G labeled regions show almost
no intensity in the SSC calculations as compared to the experiment. However, the E and F
regions are well reproduced by the SSC.

As well as for the MSC approach, we use the reliability R-factor to quantify the agreement
between the complete experimental interference pattern data and the two theoretical cases. The
smaller value obtained for the S-terminated case, R-factor &~ 0.44, than for the Ta-terminated
case, R-factor ~ 0.59, indicates a better agreement for the S terminated surface. But the result
is not as evident as for the MSC result since first, the feature shapes are broader and second,
some structures are missing in SSC compared to the experiment, involving a weaker confidence
in the SSC result. These differences result from known effects described in Ref. [1]. In fact,
the scattering on the first few atoms has a tendency to focus the emission in the emitter-
scatterer direction while on the subsequent atoms MSC tends to defocus the signal. It is a clear
indication for the necessity to use MSC in order to get precise information on the intensity and
shape of the "forward focusing” peaks. Note that the better agreement is not only due to the
overemphasized ”forward focusing” peaks obtained with the SSC approach but also due to the
better agreement of the interference fine structures comparing the MSC and the experimental
result.

3.4.3.3 Multiple scattering vs single scattering

For a more detailed comparison of the agreement between the experiment and the simulations,
the local anisotropy, A = Im“"(f’qs)_(g"g)"(e’@, is calculated for different features. The anisotropy
does not give information about similarities in the shape of particular features in the three
different cases (Ta-terminated surface, S-terminated surface and experiment) but indicates the

intensity variations only.

The local anisotropy calculated for the different features are generally closer to the experi-
ment for the S-terminated surface. For example, the anisotropies for the A labeled feature are
33.2% for the experiment, 44.8% and 46.7% for the MSC for the S- and Ta-termination while
they are 69.3% and 76.2%, respectively, for the SSC approach. In this later case, the local
anisotropies are much larger than those of the experiment. The same behavior is observed for
the B, C, and D features.

Moreover, to obtain a quantitative indication of the diffraction pattern intensity variation
owing to the S topmost layer, the two different diffractograms (S- and Ta- terminated surface)
have been subtracted and then normalized as shown in Eq. 3.5. Note that both clusters have
the same reference system to insure that the signal attenuation due to the escape depth is equal
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Figure 3.12: Ip,.(0, ¢) calculated for the (a) SSC and the (b) MSC approaches. The contour
plots indicate the larger differences in both cases.

and thus that the calculated difference only contains information about the S topmost layer
presence. Ip;sr.(6,¢) is given by:

|IS—term.(07 (b) - ITa—term.(ea ¢)|
(IS—term.(ev ¢) + ITa—term.(ev ¢))/2

and is plotted in Fig. 3.12a and b for the SSC and MSC approaches. A larger difference is
obtained for grazing emission angles, for both the SSC and MSC calculations. This is a logic
consequence of the fact that by looking at grazing angle, the surface contribution is amplified
compared to the one of the bulk. Indeed, the signal decreases proportionately to 6_%, where \
is the electron inelastic mean free path and d is the path length. Emission from deeper lying
emitters is thus strongly attenuated since it corresponds to long paths d at grazing emission.

Ipipr.(0,¢) = (3.5)

Near normal emission, Ip;sr. (6, ¢) is only significant in the MSC case. This variation corre-
sponds to the bulk emission sketched in Fig. 3.12. In SSC, the final emitted signal along a given
"forward focusing” direction is proportional to the same emitter-scatterer signal multiplied by
e + e F + ..., where d;,7 = 1,2, ..., are the emitter depths, depending on the number of
emitters taken into account.

On the contrary, in MSC each scattering process (in all directions) contributes to modify
independently the emitter-scatterer signal coming from the different emitters. It involves an
intensity transfer (which is not considered in the SSC approach) between all the scatterers.
As all the emissions are finally scattered by the topmost layer before escaping, the scattering
contribution of the surface atoms is increased, leading to an enhancement of the influence of
the surface termination.

This result is corroborated by the difference in the R-factor which can also be interpreted
in these terms. Indeed, the difference in the R-factor between both terminations is 0.19 for the
MSC (reduction of 76%) while it is 0.15 for the SSC (reduction of 34.1%). It indicates that
there are less differences between the two terminations relative to the experiment for the SSC
approach compared to MSC, leading to a larger sensitivity of the MSC to the S termination.
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3.4.3.4 Generalization

In this section, key points to determine the surface termination for bulk-emission with the MSC
approach are discussed. Based on the above results, and to obtain a quantitative indication
about the nature of the surface topmost layer, we compare < Ip;ss.(6,¢) > averaged over all
(0, ¢) angles for different cases, thereby giving a simple measure to differentiate the two surface
terminations. Three different parameters are modified, the c-axis parameter, the scatterer type
and the stacking sequence. The other parameters are fixed, leading to hypothetical materials
systems.

< Ipifs.(0,¢) > is shown in Fig. 3.13 for c-axis parameters between 5.853 (bulk value)
and 3.75 A | for different kinds of scatterers (O, S, Se), and for the two most natural stacking
sequences, the so-called 1T and 2H polytypes. The values obtained for the case studied in
Fig. 3.12(¢ = 5.853 A, 1T-TaS,) are reported in Fig. 3.13, left. First, as the c-axis becomes
smaller, < Ip;rs.(0,¢) > decreases. This is due to the increasing contribution of the bulk
emission to the whole signal due to the electron inelastic mean free path. Indeed, as the c-
axis is reduced, the emitter depths are also reduced and the signal coming from deep emitters
is less attenuated. Consequently, the contribution of the topmost layer emission, and thus
the difference between both terminations, is reduced relative to the whole signal. As plotted
in Fig. 3.13, this attenuation is weakly dependent on the scatterer type. Nevertheless the
< Ipifs.(0, ¢) > variation as a function of the c-axis value becomes larger for heavy scatterers.

Next, we substitute the S atoms of the 17-TaS, structure by two other scatterers, namely
O and Se atoms. By changing scatterers, phase shifts are naturally changed, affecting the
scattering strengths. This effect is well seen in Fig. 3.13. When S atoms of the 17T-TaS,
are substituted by O atoms, < Ip;ss.(6,¢) > drastically decreases, and becomes even lower
than the reference value obtained by the SSC approach. For such a substitution, the Ta-Ta
emission dominates the entire diffraction pattern and at the same time the Ta-O scattering
becomes negligible [18]. This observation suggests that for too light scatterers (small scattering
strength), it becomes very difficult to determine the surface termination for bulk-emission
with this method. However, when S atoms of the 17-TaS, are substituted by Se atoms,
< Ipiss.(0,¢) > increases, leading to a larger sensitivity to the surface topmost layer.

Finally, < Ipiss.(6,¢) > has been calculated for the 2H-TaS, stacking sequence. As shown
in Fig. 3.13, both 17 and 2H stacking sequences exhibit a similar < Ip;r.(6, ¢) >, indicating
that the stacking is not crucial for the surface topmost layer determination procedure.

The best R-factor has been obtained for the 17T stacking sequence, the c-axis parameter
corresponding to 5.95A ( corresponding to a slight (2% ) surface relaxation) and obviously using
S atoms as scatterers. For comparison, R-factora 0.31 and 0.55 have been obtained with the
2H stacking for the S- respectively Ta- surface termination. This R-factor is worse (by ~28%
) than what is obtained for the 17T polytype (0.25, 0.44) showing the sensitivity of XPD to the
stacking sequence.
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Figure 3.13: < Ip;fs.(0,¢) > calculated for different c-axis parameters, kind of scatterers
and stacking sequences. The value obtained with the SSC approach shown in Fig. 3.12 is
reported here as reference. The filled and empty markers correspond to the 17T and 2H stacking
sequences respectively.

3.4.4 Conclusion

In all the presented experimental and calculated diffractograms, diffraction patterns are domi-
nated by the ”forward focusing” peaks along low-index crystallographic directions. But as seen,
the variations of the peak widths, shapes and intensities are also strongly linked to the S atom
presence at the surface. A larger confidence can be obtained with the MSC approach owing to a
better agreement with the experiment (seen by eye and calculated via the R-factor). Moreover,
it appears that the contribution of the topmost S layer is quantitatively very strong in the
MSC approach, which permits to clearly distinguish both terminations. It is shown that the
full hemispherical XPD combined with the MSC approach is a powerful method to determine
the surface termination for bulk-emission and may be applied to similar systems in the future.

A generalization of this approach for other systems is discussed. It appears that for a chosen
emitter it becomes very difficult to determine the surface termination with this method for too
light scatterers. Finally, by comparing the R-factor for the two most natural polytypes (17,
2H) it is shown that XPD is also sensitive to the stacking sequence.
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3.5 InN surface polarity investigated by single scattering

3.5.1 Introduction

The kind of surface polarity is of considerable fundamental and practical interest concerning the
crystal structure of the III-nitrides. More particularly, the basal (0001)-plane of such a crystal
is a bilayer containing two closely spaced hexagonal arrangements of anions and cations. In
these bilayers, either the anions (the metal ions) or the cations (the nitrogen ions) are sitting
on top and determine whether we have to deal with group III or group V-face material.

Theoretical calculations predict that on sapphire, the so-called III-face surface is energeti-
cally more favorable [1]. At a strained GaN/AlGaN interface, the occurrence of a 2 dimensional
electron gas is an indirect proof of the type of surface polarity [2]. At a more heavily strained
InN/InGaN-interface, however, this method does generally not work well.

Other non-destructive methods like the x-ray standing wave method, Auger electron spec-
troscopy, electron diffraction or ion channeling have been used to determine the polarity of GaN
and AIN [3]. XPD was reported for GaN samples fabricated with different growth methods [4],
whereas convergent beam electron diffraction is the only non-destructive method used so far
on InN [5].

There exist also a couple of destructive methods, like chemical etching procedures, which
are especially suited for GaN [6]. In the past, XPD has been employed for investigations
of tetragonality, surface termination, and crystal orientation in various materials, including
GaN [4,7,8]. Indeed, owing to the chemical sensitivity of the XPD, local atomic structure
around a given atom can be probed. Here, we use this versatile technique to determine the
polarity of 1 pum thick, high quality InN films.

3.5.2 Experimental and computational details

Fabrication of these layers was accomplished by plasma-assisted molecular beam epitaxy in the
Department of Electrical and Computer Engineering at Cornell University. The structure is
grown on C-face sapphire substrates and contains a 50 nm thick AIN nucleation layer, followed
by roughly 250 nm of GaN. Between this buffer and the subsequent 1 micron thick InN layer, a
6 period InN /InGaN superlattice with a nominal period of 15 nm was inserted. The purpose of
this stack was to bend dislocations and to improve the following InN material quality. The InN
layer itself was grown by migration enhanced epitaxy, a growth method which offers indium
and nitrogen atoms in an alternate way and never at the same time. At present this growth
method results in the highest possible quality of InN. Note that prior to the measurements, the
InN surface was cleaned in situ using soft oxygen plasma in order to increase the XPD signal.

In order to better understand the collected data, single-scattering calculations have been
performed to simulate the experimental diffractograms. No structure optimization has been
made; instead, the usual InN lattice parameters have been employed (a=b=3.544 A and ¢=5.718
A ) to create a cluster containing 1211 atoms. For the selected In 3ds5/ photoelectron kinetic
energy (Ex;, = 809.5 V), the photoelectron inelastic mean free path is about 8 A and therefore
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3.5InN surface polarity investigated by single scattering

we have chosen as emitters five In atoms down to a depth of approximately 12 A below the
surface. To obtain a quantitative value of the agreement between calculated and measured
diffractograms, a reliability R-factor analysis has been used.

a) Experiment, In 3ds), (E,;,=809.5¢V )

b) Calculation for In-face ) Calculation for N-face
Rfactor=0 46 ¢ Rfactor=0 . 5 7

Figure 3.14: Stereographic projections of (a) measured and (b), (c¢) 2-fold symmetrized single-
scattering simulated diffractograms for the In- and N-face respectively, for In 3ds,, photoelec-
trons at 809.5 eV (MgKa).

3.5.3 Results and discussion

Measured and calculated diffractograms of InN(0001) 3ds/, are presented in Fig. 3.14 using the
same linear gray scale and stereographic projection. According to the InN crystal structure,
a threefold symmetrisation has been applied to the experimental diffractogram. This purely
mathematical operation improves the contrast of the measured diffractogram. However, even
without performing this symmetrisation procedure, the obtained result is six-fold symmetric.
It suggests that the InN crystal surface is either made of two different domains rotated by 60°
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around the [0001] axis with respect to each other or contained steps of half unit cells. The XPD
measurement is not capable to distinguish between the two possibilities which create both a
2-fold symmetry of the diffraction pattern.

This observation made by eye has been confirmed by a global match approach which uses
the afore-mentioned reliability R-factor. For both In-face and N-face material, smaller R-factor
values (i.e. better agreement) are obtained for the 2-fold symmetry as shown in Table 3.3.

Moreover, the best agreement between the experiment and the single-scattering calculation
is obtained for an In-face termination. This is in agreement with the result obtained by surface
etching in Ref. [9].

H H Without folding H 2-fold symmetry H

In-face 0.65 0.46
N-face 0.67 0.57

Table 3.3: R-factor calculated between the experimental diffractogram and single-scattering
calculations for the two possible configurations and two different symmetrizations. The smallest
R-factor corresponds to the best agreement.
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Chapter 4

Local structure of Nb-SrTiO3

4.1 Introduction

Owing to its high dielectric constant, SrTiOs (STO) is a promising material that has the
potential to replace silicon dioxide in some nanoelectronic devices. Moreover, STO is considered
as a standard model to study oxide surfaces and is widely used as substrate for epitaxial film
growth.

Here, Nb doped(0.5%) STO has been used as substrate as it exhibits almost the same
lattice constant than PTO, preventing an in-plane lattice strain. Indeed a large stress due to a
lattice mismatch can artificially increase the PTO tetragonality, which in turn will enhance its
polarization.

During the last three decades, many different aspects of the STO have been studied. Like
other perovskite compounds, STO shows a complex physical behavior. Its cubic (a=3.902A)
structure turns into a tetragonal phase at T" < 105K but remains paraelectric for all temper-
atures. In the ideal non-reconstructed state, both TiOs and SrO terminations are possible.
However, depending on various conditions, as temperature, atmosphere, doping, defect density,
the picture becomes much more complex. For instance Jiang has reported ¢(6 x 2) and ¢(4 x 2)
surface reconstruction of STO and suggested that the final ordering depends not only on the
annealing conditions, but critically on the surface condition before the annealing [1].* Ander-
sen has studied the effect of the Ca concentration on the STO surface reconstruction [2] while
Erdman and Gunhold have shown how the (2 x 1), ¢(4 x 2) and ¢(6 x 2) surface reconstructions
were obtained under different oxidizing conditions on the STO (001) and (110) surface [3,4].
The results obtained by different groups can sometimes differ or can be even contradictory,
indicating the sensitivity of STO surface structures to preparation procedures. The aim of this
chapter is not to entirely solve the problem of the STO surface preparation and characteriza-
tion but to sensitize the reader to some aspects between the structure and chemistry of STO
surfaces.

aAccording to Jiang, a c¢(4 x 2) surface can be obtained by annealing the surface with the assistance of
hydrogen, while annealing an Oy pre-treated surface both with and without hydrogen generates a ¢(6 x 2)
reconstruction.
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Several theoretical [5] and experimental [3,6-8] studies have been performed on the STO
electronic structure. For instance the electronic structure of STO surfaces with defects produced
by Ar ion sputtering, surfaces annealed before and after the ion sputtering and surfaces with
adsorpted Oy [9] have already been studied. Therefore, this aspect has not been discussed in
the present thesis.

This chapter is organized as follows. The Section 4.2 is dedicated to XPD measurements
and a MSC analysis which shows that the STO surface exhibits an unexpected polar distortion
analogous to the one observed in PTO films and discussed in Chapter 5. Then in Section
4.3, a (1 x 1) surface obtained with different cleaning procedures is shown together with XPS
measured after each cleaning process. The result is then discussed and general conclusions are
given.

4.2 X-ray photoelectron diffraction on Nb-SrTiOj
4.2.1 Experimental results

a) Sr 3d5/2 b)

Figure 4.1: Experimental diffractograms up to # = 70° for a Nb-STO substrate. MgKa excited
(a) Sr3ds/s, (b) Ols and (c) Ti2pgz/2 photoelectrons.

Photoelectron diffraction patterns are plotted in Fig. 4.1a-c for a bare Nb-STO substrate.
No surface cleaning procedure was applied and measurements were performed at room temper-
ature. Despite the presence of surface contaminations, such as C and O, we obtain well-defined
XPD patterns for the three selected emission kinetic energies, corresponding to the Sr3ds s,
Ols and Ti2p3/; emissions. Note that STO is an insulator in its primary state and thus hardly
measurable using photoelectron spectroscopy. When it is reduced in UHV ( heating to about
1000K for several hours), it becomes n-type with a maximum carrier concentration of the order
of 10" electrons/cm?® [9]. By doping cations such as Nb®", the STO has also an n-type con-
ductivity while p-type STO can be obtained if acceptor ions (Sc3™) are introduced into Ti**
ion sites [6].
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As the structure of STO is very similar to the PTO which is presented thoroughly in
Chapter 5, no detailed XPD analysis will be done. The only difference worth to be mentioned
is that at room temperature, the STO is cubic while PTO is tetragonal, implying a measurable
(using Sr3ds/, and Pbaf;; emission lines) forward focusing peak position variation between
both samples. This observation is discussed in Section 5.3.

4.2.2 Multiple scattering investigation

A structure optimization of the STO has been performed using the MSC approach for the Ols
emission. The results ( R-factor grids ) are shown in Fig. 4.2a-d. Each figure shows R-factor
values calculated between the measured XPD pattern(shown in Fig. 4.2¢) and different MSC
calculations obtained with various O and Ti atom positions, for one given c-axis structure
parameter. O and Ti atoms have been shifted along the c-axis direction relative to the centro-
symmetric position. The vertical and horizontal R-factor grid axis correspond to O and Ti
shifts respectively. c-axis parameters between 3.7 and 4 A are chosen. The MSC calculation
corresponding to the smallest R-factor (= 0.34) is shown in Fig. 4.2f.

The minimal R-factor values correspond to the dark part of the R-factor grids. A paraelectric
structure at the surface would lead to a minimal R-factor value located in the center of the
grid, which is not the case here.

First, an approximately 0.4A positive shift of the O atoms along the c-axis permits to
decrease the R-factor values, almost independently of the c-axis parameter. This value corre-
sponds to &~ 0.1/c while a shift of 0.1118/c is obtained for the ferroelectric PTO [10]. This
result suggests that, contrary to long-established beliefs, the STO surface is not paraelectric,
but exhibits a polar distortion analogous to the one observed in PTO films.

Second, the R-factor grids suggest a more confusing behavior concerning Ti atom shifts.
Indeed the determination of the Ti shift shows a larger uncertainty which indicate that shifts of
Ti atoms in the two directions are compatible with our measurements. A structure optimization
has been performed for the Ti emission including the presence of alternative up- and down-state
Ti atom shifts, with different amplitudes, but no satisfying R-factor has been obtained up to
now by comparing the measured experiment and MSC simulations calculated with this wide
range of Ti atom positions. In parallel, based on the Sr emission diffraction pattern, we have
been able to confirm the cubic structure of the STO surface, as shown in Section 5.3.

4.3 NDb-SrTiO; surface reconstruction

As discussed in the Introduction section of this chapter, many different surface reconstructions
can be obtained using different preparation procedures. The aim of this section is to emphasize
some aspects regarding the structure and chemistry at STO surfaces.

To permit a wide variety of cleaning procedures and more specifically to heat the sample
in a gaz or plasma atmosphere, we built the sample holder described in Fig. 4.3. With this
sample holder, it is possible to directly pass a given current through the sample laying on an
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Figure 4.2: (a)-(d) R-factor grids for different c-axis parameters. Each figure shows the R-
factor variation when O and Ti atoms are shifted along the c-axis from -0.8A to 0.8A relative
to their centro-symmetric position. The negative value of the O and Ti shifts corresponds to
the down-state while positive value corresponds to the up-state. The measured diffractogram
is shown in (e) together with the MSC calculation corresponding to the best R-factor in (f).
The best R-factor is founded in grid (c¢) and is represented with a gray x. The dotted white

lines correpond to the centro-symmetric position.
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Chapter 4. Local structure of Nb-SrTiOs

insulator sapphire plate, permitting to heat the sample at high temperatures in UHV without
degassing all the sample holder for a long time.

Sapphire plate

Figure 4.3: Sample holder which permits to heat different size samples (in UHV, plasma or
gaz atmosphere) using direct current. With the small thermic exchange surface between the
sample and the sample holder, the degassing time is reduced.

Two different cleaning procedures have been applied to a Nb-STO bare substrate to obtain
a (1 x 1) surface. In the first case, which will be called the ”plasma” recipe, the STO has
been annealed up to 400°C for 10min and then flashed at 1000°C in UHV. At this stage, the
LEED shows a ¢(2 x 2) surface reconstruction” (Fig. 4.4a). Then an O-plasma (50W, 0.02mbar,
Imin) has been applied to this surface reconstruction. The corresponding LEED measurement
is shown in Fig. 4.4b) and revealed a (1 x 1) surface.

In the second case, another cleaning procedure has been applied [4], which will be called
the ”standard” recipe. The sample has been annealed at 830°C for 60min in vacuum and for
10min in 1075mbar of Oy. The LEED of the surface obtained using this cleaning procedure is
shown is Fig. 4.4c. The same (1 x 1) surface has been obtained as in the first case after the
plasma exposure.

So both treatments give the same LEED, but XPS measurements performed at the different
stages of cleaning reveal drastic modifications of the surface chemistry, as shown in Fig. 4.4d.
The O1s emission line measured on the exposed-to-air raw sample (continuous line) is composed
of two visible structures due to oxygen atoms in different environments. The more intense peak

PNote that other preparation procedures can be applied to obtain a ¢(2 x 2) surface reconstruction. For
instance, if a low current (= 0.15Amps, which corresponds here to less than 100° C) passes through the sample
during enough time, such surface reconstruction can be created, according to results obtained by accident by
C. Monney.
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Figure 4.4: Different LEED measurements at 68.7¢V. (a) ¢(2 x 2) surface reconstruction after
the annealing up to 400°C during 10min and the flash at 1000°C of the Nb-STO sample. (b) The
application of an O-plasma on the (a) induces a (1x 1) surface. (¢) (1x 1) surface obtained after
the standard preparation procedure [4]. (d) O 1s spectra measured on the different surfaces:
the exposed-to-air, the ¢(2 x 2) and the (1 x 1) after the "plasma” and the ”standard” recipes
(MgKa).
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(larger kinetic energy) corresponds to the O from the Nb-STO while the shoulder (at smaller
kinetic energy) originates from contaminants at the surface.

The three other spectra correspond to the surface of the ¢(2x 2) reconstruction (dashed line),
the (1x1) surface after the plasma (dashed-dotted line) and the (1x 1) surface after the standard
recipe (dotted line). In all cases, the shoulder visible for the raw sample has disappeared,
indicating that this kind of surface contaminant has been removed. The XPS measurements
corresponding to the ¢(2 x 2) reconstruction and the (1 x 1) surface after the standard recipe
are very similar even if the atoms at the surface are arranged in a different manner. However,
the XPS measurements corresponding apparently to the same (1 x 1) surface(Fig. 4.4b and c)
are completely different. In the spectrum corresponding to the (1 x 1) surface after the plasma
recipe, a new peak appears at Eg;, = 718eV, contrary to the XPS measurement at the surface
obtained using the standard recipe. According to Knipe, this new peak consists of electrically-
isolated clusters of OH/H2O [11]. We thus suppose that when the ¢(2 x 2) reconstruction
is destroyed by the plasma and revealed the (1 x 1) surface, an inhomogeous distribution of
ad-atoms at the surface creates the OH/H50O clusters while, in the second case, the (1 x 1) is
directly obtained after the annealing procedure.

These results show that a different LEED pattern does not necessarily imply a different
chemical state but also that a similar LEED pattern does not necessarily imply a similar
chemical state. Finally, note that the (1 x 1) surface reconstruction is the easiest to obtain
and also the most stable one. Indeed, it is difficult to completely destroy the (1 x 1) without
using an Art-sputtering. This is an important point in order to use the STO as substrate.
However, as reported above, the surface chemistry is not inevitably correlated to the surface
reconstruction and should be analysed before the growth process to have a complete control of
the substrate preparation.
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Chapter 5

Structural and spectroscopic
investigation of PbTiO3 films

5.1 General remarks

Advanced techniques are required to probe ferroelectricity in thin films and nanostructures.
Scanning probe characterization based on piezoelectric microscopy has allowed a ferroelectric
ground state to be identified down to 40 A in thin Pb(Zrg5Tip)Os films [1], and x-ray studies
on PTO films suggested that 28 A films are ferroelectric [2]. Ferroelectricity has been identified
in polymer films down to 10 A (two unit cells) using dielectric and pyroelectric response mea-
surements [3]. Ultrahigh vacuum scanning probe characterization based on electrostatic force
microscopy was used to study ferroelectricity in BaTiO3 nanowires with diameters as small
as 10 nm [4]. Using x-ray diffraction, lateral periodicity has been observed in a 12 A -thick
PTO film deposited on an insulating substrate and has been attributed to alternately polarized
domains [5,6]. Nevertheless, in all these studies, properties are averaged over the complete
ferroelectric structure and no local information on the atomic displacements is obtained.

In contrast, the XPD presents two interesting characteristics: it is naturally surface sensitive,
due to an electron escape depth of approximately 20 A (at the energy used here) ; and atomic
displacements within the unit cell can be directly probed. These characteristics allow the non-
centro-symmetric and tetragonal nature of the crystal lattice to be directly demonstrated. This
turns out to be crucial for studying ultrathin films and for discriminating the behavior of the
surface from that of the body of the film.

The chapter is organized as follows. In Section 5.2, a comparison between experiment and
theory allows us to identify a preferential ferroelectric polarization state in a 60 A -thick PTO
film. In Section 5.3, we characterize the ferroelectric distortion of a 20A -thick PbTiO; film and
contrast it to the natural atomic relaxation appearing at surface and interface. We also show
the tetragonality measurements as a function of film thickness down to 4 A and that if the film
is reduced to one or two unit cells, both non-centro-symmetry and tetragonality are governed
by surface effects. In Section 5.4, we investigate the evolution of the photoelectron kinetic
energy in PbTiOj3 thin films as a function of thickness together with the film tetragonality.
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We then change the PTO film dielectric environment by modifying the substrate
(Lag.¢7Sr0.33MnO3 or SrRuO3), the surface using a plasma, or even both studying briefly the
PTO in a superlattice configuration, as seen in Section 5.5. And finally, in Section 5.6, MSC
calculations coupled to an R-factor analysis have been performed to check whether the XPD
measurements are sensitive to a ¢(2x2) antiferrodistortive reconstruction.
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5.2 X-ray photoelectron diffraction study of ultrathin
PbTiO; films
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Full hemispherical X-ray photoelectron diffraction (XPD) experiments have
been performed to investigate at the atomic level ultrathin epitaxial c-axis ori-
ented PbTiO3 (PTO) films grown on Nb-doped SrTiOg substrates. Comparison
between experiment and theory allows us to identify a preferential ferroelectric
polarization state in a 60 A -thick PTO film. Multiple scattering theory based
on a cluster-model (Phys. Rev. B 63, 075404 (2001)) is used to simulate the
experiments.

5.2.1 Introduction

Ferroelectric oxides display a variety of interesting physical properties including piezoelectricity,
pyroelectricity, and a non-volatile switchable electric polarization. This functionality makes
them attractive candidates for numerous applications such as actuators, high frequency filters,
infrared detectors, or high density non-volatile memories [1-3].

Recently, progress on the material side and new techniques have allowed ferroelectricity
to be studied at nanoscale [4]. In particular, scanning probe microscopy has emerged as one
interesting technique allowing local manipulations of domain structure in thin films and stud-
ies of ferroelectricity on nanometer scales [3,5,6]. Combining this technique with epitaxial
Ph(Z10.2Tiy.8)O3 thin films, ferroelectricity was demonstrated down to 40 A [5]. X-ray syn-
chrotron was also used to study epitaxial PbTiOg3 thin films grown on insulating SrTiO3 sub-
strates and revealed periodic 180° stripe domains in films from 420 down to 12 A thickness [7,8].
Very recently, a synchrotron x-ray micro-diffraction technique was developed to probe domain
growth and switching in ferroelectric devices with submicrometer spatial resolution [9].

All the techniques described above are probing an average (throughout the depth of the
films) response of the material. To get a more detailed microscopic information on ferroelec-
tricity and to be able to directly probe the ferroelectric polar distortion, an atomic scale sen-
sitive technique is needed. In this paper we show that X-ray photoelectron diffraction (XPD),
already known as an important tool for crystal structure analysis might be a possible route
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Figure 5.1: Tetragonal PTO unit cell with the ferroelectric bulk lattice parameters a=b=3.902
A and ¢=4.156 A. The displacements, in fractional units, from cubic phase sites are §Ti=0.0377
for titanium, 60(1)=0.1118 for the first oxygen type (alternating along the ¢ axis with the
titanium) and dO(2)=0.1174 for the second oxygen type (in the vertical Pb plane) [11]. The
electric dipoles resulting from the ionic displacements are schematically shown.

to address the problem of ferroelectricity in ultrathin films. In particular, this technique is
applied to PbTiO3 (PTO), a ferroelectric perovskite with a tetragonal structure below the crit-
ical temperature T, characterized by two oppositely polarized ground states along the (polar)
tetragonal c-axis [10-12]. These two “up” and“down” equivalent and electrically switchable
states are characterized by the corresponding displacements of the Ti and O atoms in the
unit cell delimited with Pb atoms, see Fig. 5.1. For the data analysis and simulation of the
experiment, the cluster-model approach of the EDAC code [13] is used.

5.2.2 Experimental and computational details

Here we study epitaxial c-axis oriented PbTiO3 perovskite films grown using off-axis magnetron
sputtering onto metallic (001) Nb-SrTiO3 substrates. Topographic measurements using atomic
force microscopy showed that these films are essentially atomically smooth. X-ray diffraction
measurements allowed us to precisely determine the thickness of the films and the c-axis lattice
parameter value, and to confirm epitaxial growth [14,15].

The samples were exposed to air during transfer from the growth chamber to the XPD
experiment. No surface cleaning procedure was applied, and the measurements were performed
at room temperature. Despite the presence of surface contamination, we obtain well-defined
diffraction patterns. Via X-ray photoelectron spectroscopy (XPS), Fig. 5.2, we detect small
amounts of C. In addition, the O 1s emission line is doubled due to oxygen atoms in chemically
different environments (see inset of Fig. 5.2). One emission line has its origin from O within
the PTO and the other from contaminants at the surface. The distinction is possible since
the XPD pattern of the O 1s emission from the contamination layer, as well as from the C 1s
emission does not show anisotropy whereas it does for O 1s emission from oxygen within the
PTO. This also demonstrates that the contamination layer is disordered. The shift between
both O lines is roughly 3 eV and allows a clear separation of the PTO oxygen from the one at
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the surface. The photoelectrons emitted from O contained in the substrate can not be detected
as the thickness of the measured film, 60 A is larger than their inelastic mean free path. that
the polarization determination by selecting the O emission signal is limited to film thicknesses
down to approximately 20 A due to the presence of O in the substrate (also for the Ti emission).
This limitation is also a function of the photoelectron kinetic energy which defines the distance
after which the signal becomes negligibly small depending on the inelastic mean free path.

The XPD measurements were done in a modified Vacuum Generators ESCALAB Mk 1T X-
ray photoelectron spectrometer equipped with a fixed hemispherical electron energy analyzer,
and a three-channeltron detection system, operated with a base pressure in the lower 107!
mbar region. X-ray photons are provided with a MgKa (hry=1253.6 ¢V) and SiKa (hv=1740
eV) twin anode. The samples are fixed on a computer-controled two-axis goniometer capable
of scanning the emission angle over the full hemisphere above the surface [16,17].

A 27 emission-angle intensity scan of a given X-ray photoemission line permits the determi-
nation of the local geometry around the selected atom [18-21]. The angular dependence of the
collected electron intensity originates from the interference of the directly emitted photoelec-
tron wave and the scattered electron waves. XPD being sensitive at an atomic scale, [22,23] it
can be used to analyze crystal structures down to the monolayer and, in particular, to study
ultrathin films of PTO. The knowledge of the crystal structure, then, allows us to discriminate
between paraelectric and ferroelectric states.

The analysis of diffraction patterns is facilitated due to the so-called “forward focusing”
effect occurring if the photoemitted electron has a kinetic energy above approximately 0.5
keV. Single scattering model calculations predict strong enhancement of the emission inten-
sity in direction of near neighbours and more generally along densely packed rows of atoms
which correspond to low-index crystallographic directions [24]. When compared to experimen-
tal results, the “forward focusing” intensity is overemphasized in single scattering calculations.
This implies the necessity to use multiple scattering calculations(MSC). Furthermore, in the
above-mentioned energy range the photoelectron inelastic mean free path (\) is large. Thus
the number of elastic scattering events is also large and therefore the use of MSC calculations
becomes essential. In fact, scattering at the first few atoms along a row of atoms focuses the
emission in the emitter-scatterer direction. Then, subsequent atoms tend to defocus the sig-
nal [25]. The defocusing is linked to the development of the conventional Kikuchi bands which
become more intense when the forward-scattering peak intensity diminishes [25,26]. Therefore,
MSC provides a solution to increase the accuracy in peak and band intensities as well as in
structural details.

To simulate the XPD experiment, we use the cluster-model approach of the EDAC code
[13]based on the muffin-tin potential approximation [27]. We employ the Haydock recursion
method to calculate an iterative solution of the MSC series [13]. The chosen atomic positions
in the clusters are taken from the bulk structure in Ref. [11]. The computation time needed
to determine the scattered wave function is proportional to nN?(l,,q + 1)3, where n is the
scattering order, N the number of atoms used in the cluster and [,,,, the maximum angular
momentum quantum number. This last parameter permits an approximation of the outgoing
photoelectron wave function using a combination of [,,,, spherical harmonics. The number of
spherical harmonics is approximately given by lna: & krye [27] where k is the photoelectron
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Figure 5.2: (a) XPS spectrum for PTO (60 A thick film), obtained with MgKa radiation. O 1s
(I) is the emission from the contamination layer while O 1s (II) has its origin within the PTO.
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Figure 5.3: Two different cluster shapes with the scattering volumes defined by R,,... The
light and dark gray disks correspond to scatterers and to the emitter, respectively.

momentum and 7,,; the muffin-tin radius. By assuming an average nearest-neighbor distance
and selecting a photoelectron kinetic energy FEy;,, we can roughly deduce the [,,,, parameter.

The number N of scattering atoms in the cluster is defined using the parameter R,,q.. In
Fig. 5.3 we show how R,,,, defines the scattering volume using the emitter, in the first case,
as the focus of a parabola or, in the second case, as a sphere centre. Sufficiently large R,,q
have been used in the calculations to insure the convergence on the cluster size. To increase the
contribution of scattering on atoms between the emitters and the surface, the parabolic shape
is selected in the present study. In our case, the scattering volume contains approximately 150-
250 atoms (R, =16 A-22 A). We can deduce the electron inelastic mean free path A\ by taking
into account the universal relationship between energy and inelastic mean free path [28,29].
For each layer located within A\ from the surface we take one of every inequivalent atom as
emitter. For PTO, with A=10 A for O 1s (Ej;,,=724.1 eV, MgKa), seven (for the “up” state)
and eight (“down” state) emitters are chosen over three unit cells while, with A=17 A for Pb
4f7 /5 photoelectrons (Eg;,=1115.5 eV, MgKa), five emitters (for “up” and “down” states) are
selected over five unit cells.

The introduction of an inner potential V, permits to consider refraction effects of the pho-
toelectron wave at the surface-potential step. A value of 10.5 eV is chosen [30]. Thermal
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vibrations are introduced by means of a Debye temperature (6p), and the 6p have been intro-
duced separately for each type of atom. We have taken values of =105 K, 420 K and 80 K
for Pb, Ti and O atoms respectively [31]. The calculations were performed for a temperature
T=300 K.

Two different surface terminations are possible, but using XPD it is not possible to extract
the surface termination in the case of PTO films. The reason is that in this system the con-
tribution due to scattering of electrons from deeper layers at the top most layer is negligible
compared to the direct emission from deeper layers. This behaviour originates from the small
distance between the strong-scatterer layers (containing Pb). However, the calculations are
performed with a Pb-O terminated surface. Indeed, Meyer et al. [32] suggest that only the
Pb-O surface termination is thermodynamically stable in PTO.

5.2.3 Results and Discussion

Analysis of the XPS spectrum presented in Fig. 5.2 shows that the most intense signals come
from the core levels of Pb and O. The signal for Ti emission is smaller. In addition, for both,
the "up” and ”down”-states, the displacement of the Pb atoms relative to the Ti atoms is
smaller than the displacement of Pb atoms relative to the O atoms [11]. This signifies that the
difference between the "up”- and the "down”-state ”forward focusing” peak positions is smaller
for the Ti emission than for the O emission. Moreover the polarization signature is located in
the (110)-plane if Ti emitters are selected. This means that the Ti-Pb distance is larger than
the O-Pb distance (in the (100)-plane), suggesting a smaller ”forward focusing” peak intensity
(exponential signal decrease along the photoelectron path due to the inelastic mean free path).
Therefore, in the following we chose to analyze in details the Pb and O XPD patterns.

In Fig. 5.4a the major low-index directions and crystal planes of the perovskite structure
are plotted in stereographic projection. Calculated diffractograms for the Pb 4f7 /5 core level are
displayed in Figs. 5.4b and 5.4c for the “up” and the “down” state cases, respectively, according
to the structure of Ref. [11]. The experimental diffractogram for a 60 A thick film is displayed
in Fig. 5.4d. All the diffractograms are plotted in stereographic projection. A background
has been subtracted to all experimental data in the following manner: the total intensity was
recorded at the kinetic energy corresponding to the maximum of the relevant peak (I,eq;) and
at its high-energy footpoint (Iy;gn). The background-corrected intensity was then calculated by
subtracting Ip;gn from Iy..,. The patterns have been azimuthally averaged exploiting the four-
fold symmetry of the PTO and normalized to a smooth polar angle dependent background. As
the calculations do not contain the secondary electron background, only the final normalization
has been applied to the simulations.

The main “forward focusing” peaks , labelled A; (<111> directions), By (<101> directions)
and C; (normal emission, [001]) are at the same positions for both the simulations and the
experiment, with similar intensities and widths. These peaks correspond to scattering by Pb
atoms. The intensity modulations D; (between [001] and <101> directions), E; (between
[001] and <111> directions) and F; (between <101> and <100> directions) have also the
same behaviour for “up”, “down” and the experiment. The intensity enhancements, Gy, on
the {101} Kikuchi bands, near <121> directions are also comparable for the three different
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Figure 5.4: MgKa excited Pb 4f;/, photoelectrons at Ej;,,=1115.5 eV. (a) Stereographic projec-
tion of major directions (dots) and low-index planes (continuous lines correspond to dominant
high-density planes {101}, dashed lines correspond to minor high-density planes {111} ). Sim-
ulated diffractograms for PTO (b) “up” and (c) “down” cases. (d) Experimental result for a
c-axis oriented PTO 60 A-thin film. (e) Polar cuts at ¢ = 0° for the two simulated states and

the experimental case.
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diffractograms. This is also true for the H; modulations. Polar cuts at ¢ = 0° are performed
from the normal emission direction up to 6 = 78° polar angle, in Fig. 5.4e. The differences
between both simulations are not large enough to distinguish between both polarization states.

Therefore, at this point, it is not possible to differentiate between the two different polar-
ization states. The diffractograms are completely dominated by the scattering on the heavy Pb
atoms. This is due to the larger Pb scattering cross section compared to Ti or O. As Pb is the
main scatterer in this material, the attention has to be focused on the Pb atom displacement
relative to others kinds of atoms. By selecting O atoms as emitters, therefore, we change the
reference system from which the photoelectrons are ejected. Instead of looking at the displace-
ment of the light atom sublattice relative to Pb, we expect to see the corresponding shifts of
Ti and Pb atoms relative to O atoms.

The results displayed in Fig. 5.5 show diffractograms obtained with the O 1s core level
(Exin=724.1 eV). In Fig. 5.5a we see the major low-index crystallographic directions and
dominant high-density planes. In Figs. 5.5b and 5.5¢, we show the calculated diffractograms
for PTO “up” and “down” state structures. Figure 5.5d displays the experimental result for the
60 Athin film. To bring into evidence the region of large differences between the two different
structures, polar cuts are presented at ¢ = 0° starting at normal emission [001] up to 6 = 78°
polar angle, plotted together with the experimental result along the same direction. The main
difference comes from the scattering of O 1s photoelectrons on nearest neighbor Pb atoms
(label A in Fig. 5.5), as expected from the previous result obtained with Pb emission. Near
<101> directions we observe easily the corresponding principal “forward focusing” direction
which appears to be the same in Figs. 5.5b and 5.5d, namely for the “up” state structure.

In the Pb emission case, the dominant Kikuchi bands are the {101} and the main “forward
focusing” peaks (label A; and By) are aligned on these bands, while for O emission the dominant
Kikuchi bands are the {111} and the main peaks (label A) are shifted from the aligned position.
This behaviour indicates that, in the first case, the dominant high-density planes are constituted
by Pb atoms, and trivially, the peaks representing the scattering by Pb are along the bands.
In the O emitter case, the diffraction on the crystal planes formed by O atoms is dominant.
Then the main “forward focusing”, O-Pb directions, are not aligned anymore with the bands.
This behaviour is well observed where, for the “up” structure simulation and the experimental
result (Figs. 5.5b and d), the peaks (label A) are inside the Kikuchi bands delimited zone,
while they are outside of the same region for the “down” structure simulation (Fig. 5.5¢). The
information extracted from this region of the diffractogram is strongly influenced by the small
distance between emitters and scatterers.

Furthermore we observe intensity enhancements (B) on {111} Kikuchi bands. The length
and the width of this modulation agrees well between the experiment and the “up” state
calculation. Similar features (C) appear close to <211> directions, but differences between
“up” and “down” in this case are not significant enough to identify the different states. The
center peaks (label D) originate from the scattering by O atoms, just above the selected emitters.
As this configuration is exactly the same for “up” and “down” states, no information about the
structure differences is revealed. The origin of the peak (label E), between [001] and the <101>
directions, could not be extracted in a direct way and thus is linked to multiple scattering effects.
As displayed in Fig. 5.5e, this peak is not exactly reproduced in the “up” structure case but
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Figure 5.5: MgKa excited O 1s photoelectrons at Ey;,,=724.1 eV. (a) Stereographic projec-
tion of major directions (dots) and low-index planes (continuous lines correspond to dominant
high-density planes {111}, dashed lines correspond to minor high-density planes {101}). (b)
Simulated diffractogram for PTO “up” state plotted in stereographic projection. (c¢) The same
calculation as in (b) but for the “down” state. (d) Experimental result for a c-axis oriented
PTO 60 Athin film. (e) Polar cuts at ¢ = 0° for the two simulated states and the experimental

case.
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shows more similarity with the experimental result than in the “down” case, where there is a
lack of intensity in the concerned region.

As seen from Fig. 5.5, the agreement of the calculation with experiment is good but not
perfect. The reason may be found in the fact that we use structural parameters taken from
the bulk [11]. In reality, surface relaxation may take place and a detailed optimization and
a R-factor analysis of structural parameters will be required. Furthermore, PTO contains
three highly different atomic types and the exact relative scattering strength and vibration
parameters are difficult to determine. Correct relative scattering strengths are necessary to
obtain accordance on relative intensities of interference features.

The intention here is to establish the basic principle for the use of XPD to investigate
ultrathin ferroelectric films. We are able to make a clear distinction between the “up” and
“down” state for a bulk-terminated surface, and subsequently we are able to characterize the
sample as “up” polarized, according to angular positions, e.g. features A-E in Fig. 5.5. In
particular, the O-Pb first order near neighbour “forward focusing” direction (feature A) is
practically given by geometrical consideration. Since Pb is the dominant scatterer (cf. Fig.
5.4, results for the Pb emission) , the analysis concerning the large difference coming from peak
A is therefore giving very robust information.

5.2.4 Conclusion

Calculations taking into account multiple scattering prove to be necessary to accurately simulate
XPD diffractograms. Diffraction patterns are dominated by the “forward focusing” peaks along
low-index crystallographic directions. Kikuchi bands appear with the same width and intensity
as in the experiment. Regarding PTO, differences between “up” and “down” simulations are
sufficiently large to be distinguishable when selecting the O 1s core level. Globally the agreement
between experiment and calculation is good and allows us to identify our 60 A film as “up”
polarized.
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X-ray photoelectron diffraction is used to directly probe the intra-cell polar
atomic distortion and tetragonality associated with ferroelectricity in ultrathin
epitaxial PbTiOg films. Our measurements, combined with ab-initio calcu-
lations, unambiguously demonstrate non-centro-symmetry in films a few unit
cells thick, imply that films as thin as 3 unit cells still preserve a ferroelectric
polar distortion, and also show that there is no thick paraelectric dead layer at
the surface.

5.3.1 Introduction

Theoretical developments and novel experiments in the area of ferroelectrics have rapidly
evolved over the last ten years, allowing further progress in the understanding of this re-
markable phenomenon. In particular, “nanoscale” ferroelectrics have attracted considerable
attention [1-5]. The question of the existence of a critical thickness, in other words whether
or not ferroelectricity can be maintained at reduced dimensions, is amongst the most exciting
topics of the field today, with very active experimental [6-9] and theoretical efforts [10-13].

Probing ferroelectricity in thin films and nanostructures is a difficult task, which requires
advanced techniques. Among these, scanning probe characterization based on piezoelectric
microscopy has allowed a ferroelectric ground state to be identified down to 40 A in thin
Pb(Zrg2Tigg)O3 films [6], and x-ray studies on PbTiOj3 films suggested that 28 A films are
ferroelectric [9]. Dielectric and pyroelectric response measurements have allowed ferroelectricity
to be identified in polymer films down to 10 A (two unit cells) [14]. More recently, ultrahigh
vacuum scanning probe characterization based on electrostatic force microscopy was used to
study ferroelectricity in barium titanate nanowires with diameters as small as 10 nm [15].
On insulating substrates, lateral periodicity was observed via x-ray diffraction in thin PbTiO3
films down to 12 A and attributed to alternately polarized domains [7,8]. In all these studies,
however, properties averaged over the complete ferroelectric structure were measured and no
local information on the atomic displacements was obtained.
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Figure 5.6: (Color online) (a) Schematic of the measurement setup. Core electrons have well-
defined binding energies, and their photoemission spectra exhibit characteristic emission lines.
By selecting a particular emission line, photoelectrons from a given emitter can be chosen, thus
probing the local real-space environment of the emitter. The interpretation is facilitated by
forward focusing of electron flux along the emitter-scatterer direction. The difference between
two “forward focusing” peak positions is directly related to a modified emitter-scatterer direc-
tion, illustrated here by the “para’- toward “up”-state- O shift. Above 490°C, bulk PbTiO;
has a cubic unit cell, with the O and Ti atoms centered in the Pb cage (“para”-state). (b) Be-
low 490°C, bulk PbTiO3 has a tetragonal unit cell: two equivalent ferroelectric configurations
corresponding to two opposite polarizations, “up”-state and “down”-state. The displacements
(in fractional units) from cubic phase sites are 0.111 and 0.037 for O and Ti, respectively [16].

In contrast, the photoemission based photoelectron diffraction (XPD) used in our study
presents two interesting characteristics: it is naturally surface sensitive, due to an electron
escape depth of approximately 20 A (at the energy used here) ; and atomic displacements
within the unit cell can be directly probed, allowing the non-centro-symmetric and tetragonal
nature of the crystal lattice to be directly demonstrated. This turns out to be crucial for
studying ultrathin films, and for discriminating the behavior of the surface from that of the
body of the film.

The paper is organized as follows. In Section II, we characterize the ferroelectric distortion
of PbTiO3 and contrast it to the natural atomic relaxation appearing at surface and interface.
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In Sec. III A, we discuss aspects of the measurement methods while, in Sec. III B we show
the non-centro-symmetry of a 20 A thick film using XPD. The Sec. III C is dedicated to the
tetragonality measurements as a function of film thickness with XPD using Pb as emitter, down
to 4 A (one unit cell). We summarize and conclude in Sec. IV.

5.3.2 Ferroelectric distortion versus surface relaxation

The studies were carried out on c-axis oriented perovskite PbTiOj5 ultrathin films epitaxially
grown on conducting Nb-SrTiO3 substrates. Above 490°C, bulk PbTiOj is a paraelectric insu-
lator and a simple cubic perovskite structure with a lattice parameter of 3.96 A (“para”-state,
see Fig. 5.6a). In this structure, the Ti and O atoms are in perfectly centro-symmetric positions
with respect to the surrounding Pb cage. At lower temperature, the material becomes tetrago-
nal and ferroelectric with a- and c-axis parameters of 3.90 A and 4.17 A, respectively [16,17],
as illustrated in Fig. 5.6b. The ferroelectric phase is characterized by a non-centro-symmetric
structure where the O and Ti atoms are unequally shifted with respect to Pb. In a unit cell
with the polar c-axis along the z-direction, O and Ti move either upwards or downwards (with
a larger O displacement) resulting respectively in a “down”- and “up”-polarized state, as drawn
in Fig. 5.6b.

In the surface region (five top unit cells) that is probed by the XPD technique, the evidence
of such a polar atomic distortion could be the signature of a ferroelectric “up”- or “down”-
state but may also arise from the natural atomic relaxation at the film surface and interface
already present in the paraelectric phase. A proper interpretation of our data therefore requires
independent quantification of both effects. To that end, a reference configuration (“para-
unrelaxed”) is defined in Fig. 5.7a: it corresponds to the truncated bulk paraelectric structure
of PbTiO3 with the in-plane lattice constant constrained to that of SrTiOs (asro = 3.90 A)
and a consequent tetragonality co/asro = 1.03 [9]. Fig. 5.7b (“ferro-unrelaxed”) shows the
atomic distortion of the “up”-state as determined for bulk tetragonal PbTiO3 by Nelmes and
Kuhs in Ref. [16] with ¢ = 4.17 A. In order to quantify the surface relaxation, density functional
theory calculations [18] were performed within the local density approximation (LDA) using the
ABINIT [19] package. Two different supercells were considered : a thick PbTiOj slab in vacuum
(Fig. 5.7(c)) and a SrTiO3/(one unit cell) PbTiO3/vacuum stack [20](Fig. 5.7d). Insulating
SrTiO3 was considered in our simulations since Nb doping is not presently affordable at the first-
principles level [21]. To reproduce the substrate clamping effect, the in-plane lattice constant
was fixed to the relaxed a-axis value of bulk SrTiOj3 [22]. The atomic positions were then
relaxed until the maximum residual atomic force was smaller than 40 meV/A. Our calculations
were restricted to (1 x 1) surface periodicity and did not allow for an eventual antiferrodistortive
(AFD) ¢(2x2) reconstruction [23-25]. The latter is not excluded but, as discussed later, was not
evidenced on our films at room temperature. The distortions in the upper half of each supercell
are reported in Fig. 5.7c, d (“para-relaxed” state). For easy comparison with the experiment,
because of the typical LDA underestimate of the lattice constant [22], the values are given as a
percentage of ¢y. The magnitudes of the ferroelectric and surface relaxation effects can now be
compared. First, the cation-oxygen displacements due to ferroelectricity (11.6% - 8.3% of ¢y,
Fig. 5.7b) are significantly larger than the displacements due to surface relaxation/rumpling
(3.4% - 1.4% of ¢y, Fig. 5.7 (¢) and 3.3% - 1.5% of ¢y, Fig. 5.7d). Second, the mean layer
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Figure 5.7: (Color online) Schematic view of the atomic displacements resulting from ferroelec-
tric distortion and from surface/interface relaxation in the uppermost layers of a PbTiOj3 film
epitaxially grown on SrTiOjs. In bulk PbTiOj, epitaxial strain produces a tetragonality at zero
polarization that can be estimated from the macroscopic elasticity theory as c¢o/asro = 1.03.
The ionic configuration resulting from the truncation of such a strained bulk paraelectric state
(a) is considered as the reference structure. Freezing the bulk ferroelectric distortion (as re-
ported in Ref. [16]) into this reference structure results in the “up”-state shown in (b). Addi-
tionally, the natural ionic relaxation at the surface in the paraelectric state has been computed
from first-principles (see text) both for a thick PbTiOj slab in vacuum (c) and a SrTiO3/(one
unit cell) PbTiO3/vacuum stack (d). Numbers in black correspond to the change of interlayer
distances. Numbers in gray (blue) corresponds to the atomic rumpling in each layer (cation-
oxygen distance). All the values are in % of ¢g, except those in italic that concern SrTiO3 and
are in % of agro.

displacement for the “up”-state (Fig. 5.7b) and for the surface relaxation (Figs. 5.7, ¢ and d)
are opposite. Third, the surface relaxation and rumpling effects are globally unaffected by the
film thickness (Figs. 5.7, ¢ and d) and their amplitude decays very quickly in the interior of
the film : they are already negligible two unit cells below the surface. This implies that the
XPD measurements will be probing both the narrow relaxed surface region and a few unit cells
below, essentially not affected by the surface relaxation.
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5.3.3 Experimental results and discussion
5.3.3.1 Experimental details

The samples used in this study are epitaxial, c-axis oriented PbTiOj3 thin films grown on
conducting (001) Nb-SrTiO3 substrates using off-axis radio-frequency magnetron sputtering [26,
27]. Topographic measurements using atomic force microscopy (AFM) showed that these films
are essentially atomically smooth, with a root-mean-square roughness between 2 and 6 A over a
10 x10 pm? area. Room temperature x-ray diffraction measurements, for films with thickness
> 28 A allowed us to precisely determine the thickness and the c-axis parameter of the films,
and to confirm their epitaxial “cube-on-cube” growth.

After growth and characterization, the films were transferred ez-situ to a modified Vacuum
Generators ESCALAB Mk II photoelectron spectrometer. The XPD measurement system
comprises a hemispherical electron energy analyzer with a three-channel detector, an x-ray
photon source with two possible energies (hv = 1253.6 eV and 1740 eV for MgKa and SiKa
radiation, respectively), and a computer-controlled two-axis goniometer capable of rotating the
photoelectron emission angle over the full hemisphere above the surface [28,29].

The local geometry around a selected atom can be probed by performing an intensity versus
emission-angle scan of a chosen photoemission line. Because of the chemical sensitivity of pho-
toemission, a given atom type is then chosen by selecting one of its core levels. The outgoing
photoemitted electrons exhibit a strongly anisotropic angular intensity distribution. This an-
gular distribution is due to the interference of the directly emitted photoelectron wave with the
scattered electron waves. The analysis of the interference (or diffraction) patterns is facilitated
by the so-called “forward focusing” effect taking place for photoelectron kinetic energies greater
than = 0.5 keV. When considering a row of atoms, scattering at the first few atoms along this
row focuses the electron flux in the emitter-scatterer direction (for a review see Ref. [30,31]).
This enhancement of the intensity in the emitter-scatterer direction is schematically illustrated
by the gray (green) curve in Fig. 5.6a (right part) for the centro-symmetric “para’-state (con-
tinuous line) and the “up”-state (dotted line). The forward focusing effect is further amplified
for electron scattering by heavy atoms. In a semi-classical picture this can be understood as the
focusing of the electron wave by the high number of protons in high atomic number atoms [30].
Note that, despite the forward focusing effect, the experimentally measured angles are sensitive
to multiple interferences, refraction and possible anisotropic atom vibrations at the surface. In
the present case of PbTiO3, Pb scattering is highly dominant compared to the scattering by
other elements [32]. As a first step, in order to probe the non-centro-symmetry, O was chosen
as emitter-atom (O 1s core level, Ey;,, = 724.1 eV), since it has the largest displacement [16]
and has Pb scatterers as nearest neighbors (see Fig. 5.8). However, the O contribution from the
Nb-SrTiO3 substrate becomes non-negligible for films thinner than the photoelectron inelastic
mean free path, making the study of films thinner than 20 A more difficult. As a second step, in
order to probe the tetragonality of the films, i. e., the ¢/a ratio of the Pb lattice (related to the
polarization via the polarization-strain coupling as discussed below and in details in Ref. [9]),
Pb was chosen as emitter-atom (Pb 4f7/, core level, Ey;,, = 1115.5 eV), and Pb-Pb forward
focusing directions were used. Since Pb atoms are absent from the substrate, this study can be
done down to a monolayer of ferroelectric material.
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5.3.3.2 Non-centro-symmetric position of oxygen atoms

First, considering oxygen as the emitter atom, fully automated computer code for calculating
electron diffraction in atomic clusters (EDAC) via multiple scattering [33], based on the muffin-
tin potential approximation [34] was used to calculate the XPD pattern. Fig. 5.8a shows four O
1s core level emission (Eg;, = 724.1 eV) interference patterns. One is the measurement made on
a 20 A thin film while the three others are multiple scattering EDAC calculations of the “up”-,
“down”- and “para”-state. Intensities are plotted in a stereographic projection with the center
corresponding to normal emission (polar angle § = 0°) and the outer border corresponding to
grazing emission (0 = 70°). The strongest intensities (surrounded by white ellipses) correspond
to the scattering of O 1s photoelectrons by Pb nearest neighbours (see Fig. 5.8b). The white
circle is a guide to the eye indicating the polar angle of maximum intensity for the measured
interference pattern. It is evident that the polar angle position of this peak, which is directly
linked to the O-Pb directions, is perfectly reproduced by the “up”-state calculation while the
“para”- and the “down”-state simulations predict a different position. The “up”-state (down-
shifted O position) corresponds to a smaller polar emission angle (6, in Fig. 5.8b) appearing
closer to normal emission (center of the interference pattern in Fig. 5.8a). Such measurements
have also been performed on films with thicknesses of ~ 500, 200, 100, 60, 44 and 28 A, and
all perfectly reflect the characteristics of the “up”-state 2.

These conclusions, drawn from visual inspection of the interference patterns locally around
the intensity maximum (Fig. 5.8a), are confirmed by a global matching approach using a relia-
bility R-factor to evaluate the quality of the fit between the complete experimental interference
pattern data and theory (Fig. 5.8b). The c-axis lattice constant value and the O and Ti shifts
are the adjustable structural parameters. A cut in the (100) plane, containing Pb and O atoms,
is shown to facilitate the discussion. In the calculation, O and Ti atoms are moved together and
the dipole is continuously changed from the “down”-state to the “up”-state, crossing over the
“para’-state. The best fit corresponds to the minimal R-factor value, which is reached when O
and Ti atoms are shifted below the centro-symmetric position (parameters used for the “up”-
state simulation in Fig. 5.8a), with an R-factor value of ~ 0.34. In comparison, for the same
c-axis parameter but the opposite O and Ti atom shifts (parameters used for the “down”-state
simulation in Fig. 5.8a), the calculation gives a much higher R-factor of ~ 0.47. In between
(zero O shift), in the centro-symmetric “para”-state, the R-factor is &~ 0.45 (parameters used
for the “para”-state simulation in Fig. 5.8a).

It is important to note that surface relaxation and rumpling, neglected here, cannot weaken
our conclusions; indeed they would give a picture resembling a “down”-state, the corresponding
O-Pb atoms being shifted in the opposite direction than what is observed (see Fig. 5.7¢). Also,
the possibility of a surface AFD reconstruction was explored without finding evidence for it in
our room temperature experiments.

This R-factor analysis therefore quantitatively confirms the observations made in Fig. 5.8a,
namely that the measured interference pattern is best simulated with the “up”- state. This

#The presence of alternating 180° domains in our films can be ruled out from the XPD measurement because
the two characteristic “up” and “down”-state “forward focusing” peaks are not observed simultaneously in
the experimental diffractogram, Fig. 5.8a. This contrasts with the results of Fong et al. [8] on a insulating
substrates.
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Figure 5.8: (Color online) (a) Stereographic projection of experimental and theoretical O 1s
emission line intensities on quarter hemispheres for four different cases: experimental data for
a 20 A thin film and theoretical simulations taking into account “up”-, “para”’- and “down”-
state structures. Normal emission corresponds to the center of the plot and grazing emission
( = 70°) to the outer border. (b) R-factor calculation to quantify the agreement between
experiment and simulations for different structures, where a low R-factor corresponds to good
agreement. A cut in the (100)-plane containing Pb and O atoms is shown to facilitate the
discussion. A downward shift of Pb and O atoms optimizes the fit.
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demonstrates unambiguously that, for a film as thin as 20 A the O atoms have a non-centro-
symmetric position in the Pb cage corresponding to a non-vanishing spontaneous polarization,
which is in agreement with the polar monodomain state observed in ultrathin PbTiOj3 films
with synchrotron x-ray scattering by Fong and coworkers [35].

Let us emphasize that piezoelectric AFM measurements performed after the XPD exper-
iments on the thickest films (~ 500 A) confirmed the uniform“up”-state polarization while a
uniform “down”-state polarization had been initially found for the same films just after growth.
This confirms the monodomain character of the as grown sample and also indicates that the
films are uniformly switched from “down” to “up”-state by exposure to our conventional x-ray
source, attesting for the switchable character of the polarization. The details behind the switch-
ing are presently not known, but we believe that it occurs at the initial stage of the experiment
while the measurement itself is essentially done in zero field. In fact, our results do not depend
on the x-ray intensity, proving that the films are in equilibrium state during the measurements
b As discussed below, the agreement between the tetragonality deduced from x-ray diffraction
and XPD also suggests that the measurements are performed in similar conditions.

5.3.3.3 Tetragonality via lead emission

In a second step, considering Pb as the emitter atom, XPD was used to determine the tetrago-
nality. As demonstrated in Ref. [9], below 200 A the tetragonality decreases as the film thickness
decreases. This decrease is a consequence of the strong polarization-strain coupling in PbTiO;
and a signature of a reduced polarization in thin films. In Ref. [9], this polarization reduction
was attributed to imperfect screening of the depolarizing field [12]. With XPD, using Pb as
emitter, the tetragonality was measured down to the unit cell level as shown in Fig. 5.9. The
absolute values of ¢/a, deduced from the forward focusing angles, are particulary large. This
might reflect a strong enhancement of the polarization in the probed surface region (of the
order of 80% for ¢/a = 1.15, from the PbTiOj3 polarization-strain coupling), even larger than
in the theoretical prediction of Ref. [10]. However, as previously stated, we are not necessarily
measuring the precise atom-atom directions and the anomalously large forward focusing c/a
might also be related to other effects (anisotropic atom vibrations at the surface, refraction and
multiple scattering interferences). Therefore a comparison with x-ray diffraction (XRD) [9]
must be done at the relative level (Fig. 5.9, left and right scale).

To study the evolution of the tetragonality as a function of the film thickness, the measured
XPD values are compared to the ¢/a values obtained by XRD. The XPD measurement on
Fig. 5.9 confirms the evolution of ¢/a obtained from x-ray measurements in Ref. [9] and agrees
with the theoretical prediction (dashed curve) relying on the suppression of polarization due
to imperfect screening of the depolarizing field [9]. The similar thickness dependence for the
XPD (very surface sensitive) and the x-ray measurements (average on the whole film) implies
that the polarization evolves at the surface in the same way as at the interior of the film and
that there is no thick paraelectric dead layer at the surface. In addition, the XPD tetragonality
measurement shows a continuous decrease of tetragonality down to the thickness of one unit

PThe influence of the x-ray intensity on the tetragonality was measured by investigating different x-ray pow-
ers. A modification of the tetragonality would have indicated, via the polarization-strain coupling, a variation
of the spontaneous polarization. However no such modification was found.
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Figure 5.9: (Color online) Tetragonality (c¢/a ratio) as a function of film thickness for PbTiO;
films (blue) circles, for the Nb-SrTiO3 substrate through PbTiO3 films of one and two unit
cells (green) squares and the Nb-SrTiOj3 substrate surface (red) triangle. Black open circles
are x-ray diffraction data and the black dotted curve is the result from model Hamiltonian
calculations from Ref. [9]. Ribbons, labeled 1 and 2, indicate regions as discussed in the text.
The left scale indicates the c/a values extracted from the XPD experiment forward focusing
directions using 6. The inset shows the crystallographic plane used to extract the c¢/a ratio. Pb-
Pb scattering dominates compared to Pb-O scattering allowing 6 to be determined via Pb-Pb
forward focusing.

cell [20]. Two ribbons are drawn in Fig. 5.9, labeled with 1 and 2. They indicate the regions
within which ¢/a values of 1.03 and 1.01 are crossed with respect to both c/a scales. For
film thicknesses above two unit cells, the c¢/a values are larger than 1.03, the value expected
at the bulk level for the paraelectric phase (resulting from the mechanical constraint imposed
by the substrate, see also Fig. 5.7a). This observation directly implies, via the polarization-
strain coupling, that the films still have a finite -although progressively reduced- spontaneous
polarization. At thicknesses of one or two unit cells, as can be seen on Fig. 5.9, ¢/a drops even
more, reaching a value close to 1.01 for the one unit cell thick film [20]. This further decrease
highlights that macroscopic elasticity no longer applies at such thicknesses where the interlayer
atomic distances are affected by surface relaxation and rumpling as shown by the ab-initio
calculations (Fig. 5.7d). The measured tetragonality agrees with the computed value of 1.01
for the one unit-cell thick relaxed paraelectric film suggesting the absence of any additional
ferroelectric distortion at this thickness.
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5.3.4 Conclusion

This study thus directly demonstrates non-centro-symmetry, unambiguously a result of ferro-
electricity in PbTiOs thin films down to 20 A. The measurements of the tetragonality, with a
continuous decrease down to the bare substrate, show that even extremely thin films (3 unit
cells) have a ¢/a value larger than 1.03, attesting for the presence of a non-vanishing sponta-
neous polarization at this thickness scale. As the film thickness is reduced to a single unit cell,
the experiments, together with calculations, strongly suggest that both non-centro-symmetry
and tetragonality are governed by surface effects, giving rise for our geometry to a polar relaxed
structure but without switchable ferroelectric distortion.
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5.4 Investigation of effective screening length in ferro-
electrics by photoemission

5.4.1 Introduction

The question of a ferroelectric critical thickness, i.e., whether or not ferroelectricity can be
maintained at reduced dimensions, is currently a highly active research topic, both experimen-
tally [1-7] and theoretically [8-11]. In particular, it has been shown from first principles that
for ultrathin films in the case of perfect screening of the depolarization field perovskite slabs can
sustain a polarization perpendicular to the surface down to a thickness of 3 unit cells [8]. How-
ever the ferroelectric properties can be drastically modified by an incomplete screening of the
depolarization field resulting from a non-zero screening length of the metal electrode [10-14].
The majority of these studies illustrates the predominant role of electrostatic boundary condi-
tions, i.e., of the electrodes, making the knowledge of their screening capacity crucial in order
to control/stabilize the ferroelectric polarization in ultrathin films.

A related issue is that of the dead layer in very thin capacitors (either ferroelectric or non-
ferroelectric), which can often have an extrinsic origin connected with film fabrication issues or
defects such as oxygen vacancies [15-19], but in otherwise ideal samples is eventually determined
by the effective screening length of the electrodes [20-25]. Experimentally, the evaluation of this
“dead layer” capacitance is obtained by measuring the in-series capacitance of a series of films
of decreasing thickness. Such a measurement only gives information about the macroscopic
quantities, and is not useful for separating the contributions of the top and bottom electrodes
to the screening capability of the system. It is thus of interest to use an experimental method
sensitive on the atomic scale which can probe the effective screening length A ¢;.

Here, we demonstrate that using photoemission based x-ray photoelectron spectroscopy
(XPS) to study the potential drop across the ferroelectric film and x-ray photoelectron dif-
fraction (XPD) to simultaneously probe the tetragonality (and therefore the polarization via
the polarization-strain coupling), we can model the effective screening lengths of ferroelectric
thin films that have the substrate as a bottom electrode and the exposed-to-air surface as the
top electrode. Experimentally the system and therefore the modelled screening length can be
modified by a controlled plasma treatment of the surface.

5.4.2 Experiments

The materials studied in this paper are epitaxial c-axis oriented PbTiO3 (PTO) perovskite
films grown using off-axis magnetron sputtering onto metallic (001) Nb-SrTiO3 substrates [27].
Topographic measurements using atomic force microscopy showed that these films are essen-
tially atomically smooth. X-ray diffraction (XRD) measurements allowed us to precisely de-
termine the thickness and tetragonality of the films and to confirm epitaxial growth. XPS
and XPD measurements are performed at room temperature in a modified Vacuum Generators
ESCALAB Mark II X-ray photoelectron spectrometer equipped with a fixed hemispherical elec-
tron energy analyzer, a three channeltron detection system, an x-ray photon source (hv=1253.6
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Figure 5.10: Schematic representation of the potential drop across a ferroelectric film. Note
that dimensions are not to scale, i.e., A¢¢y is much smaller than the thickness of the electrodes
or the film.

eV (MgKa)), and a computer-controlled two-axis goniometer capable of scanning the electron
emission angle over the full hemisphere above the surface [28,29], operating with a base pres-
sure in the 10~ mbar region. The XPS and XPD methods are used with the same setup and
thus the same surface region is probed in each experiment. More details about XPS and XPD,
which is capable to extract local, real space information around a selected type of atom close
to the surface, are given in Ref. [6]. Note that the samples were exposed to air during the
transfer to the x-ray spectrometer therefore creating a randomly distributed layer of different
oxide species such as OH, CO and H,O on top of the PTO films. In this paper we treat this
layer as a top electrode, characterized by an effective screening length. The properties of this
layer may be modified by an O plasma cleaning procedure, which reduces the quantity of these
oxide compounds. The obtained results are interpreted in terms of a potential drop across the
ferroelectric film, as shown in Fig. 5.10.

In a ferroelectric thin film a uniform polarization can only be stabilized if charges are
provided that compensate the bound charges related to the termination of the ferroelectric
polarization. In the case of real electrodes, the compensation charges are not located “exactly”
at the location of the ferroelectric polarization charges, but they are distributed over a finite
length. One way of mathematically dealing with this problem is the so called air-gap approach
in which one considers a sheet of charge separated by a finite distance, the effective screening
length A.sf, from the physical ferroelectric-electrode interface (Fig. 5.10). The A sy length
depends on the capacity of the electrode to screen the polarization charges inside the ferro-
electric film and may be different at the interface with the substrate (\! ) and at the surface
(Afff). The existence of a non-zero Az is at the origin of an incomplete screening of the
polarization charges. This incomplete screening generates a residual depolarization field and
the corresponding potential drop V' (x) (Fig. 5.10, continuous line) across the ferroelectric film.
Under short-circuit boundary conditions, the potential maxima at the substrate-ferroelectric

. . AgpeP . .
film interface is V(z = 0) = ==, and at the ferroelectric film-surface electrode interface

Viz = d) ~ — 22 [11,30].
€0
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Figure 5.11: Pb 4f;/, XPS spectra (obtained with MgKa radiation) for different PTO film
thicknesses, before and after the cleaning procedure. The inset illustrates the effect of the
cleaning procedure on the O 1s emission line. O 1s (I) is the emission from the contamination
layer while Ols (II) originates from the PTO.

5.4.3 Results and discussion

Figure 5.11 (top) shows the main difference observed between photoemission spectra of samples
with different thicknesses, namely a shift of some photoemission lines towards decreasing Ey;,
for decreasing thickness. This shift is of the same magnitude for Pb and Ti lines but not for
the C line, which is contained in the contamination layer. An interpretation of these shifts as
simple sample charging can thus be ruled out since not all the peak shifts are identical. Also,
the fact that Pb and Ti lines are shifted by the same amount indicates that it is not due to a
chemical effect. The behavior of the O line cannot be described so easily, as it comprises both
a sample and a contamination layer contribution (inset of Fig.5.11).

In Fig. 5.12 the relative positions of the Pb4f;/, line and the tetragonality (c/a) are super-
imposed for samples with different thicknesses (c/a is the ratio of the out-of-plane and in-plane
lattice constants). The similarity of these two curves suggests that these results are correlated.
Indeed, the polarization gives rise to a strain (polarization-strain coupling) which is measured
as an increase in the tetragonanlity. The polarization also produces a surface potential drop
V(z) which affects the photoelectron kinetic energy Ey;,. The polarization in Fig. 5.12 (in-
set) is calculated using (c/a) — (¢/a)g = aP?. The (c/a); = 1.03 value corresponds to the
paraelectric phase [4] and o = 0.05747(’;—;l is the polarization-strain coupling parameter obtained
by Ghosez [32]. In order to consider the bulk polarization of the films, the ¢/a values ob-
tained by the XPD measurements, which are sensitive only to the surface, have been rescaled

to correspond to the bulk sensitive XRD values as described in detail in Ref. [6].

For a quantitative comparison, the description of the potential drop has to be complemented
to deal with photoemission as follows. The electron inelastic mean free path (imfp) has to be

99



5.4 Investigation of effective screening length in ferroelectrics by photoemission

2) o7 { e
g E L1149
1.06 |
a -1123
< 1057 E { E L10E
5 )
[} - =5
5 1.04 } _1_085
S 1.03 4 | 106 2
& %62
1.02 E - 1.04 €
[=¥)
T T T \\ v
b) —
~ _ %
g 80 %
2
2 60 % %
g ]
_O
g 40
N
5
= 20
[T}
0 T T ™\ Y »
c) " | Q
0.6 XL o6g
¢ 2
I~ =)
E 0.4 - 0_4§
AR E
3 024 X - 028
g ®
s X b
LL]E 0.0+ - 005
T | | T T S X

0 20 40 60 8 100 120 5
Thickness[A]

o
(=)

Figure 5.12: (a) Tetragonality (c¢/a ratio) as a function of film thickness for PbTiOj films. The
right scale indicates the c¢/a values extracted from the XPD experiment while the left scale
corresponds to the rescaled value using XRD results. (b) Polarization calculated using the
rescaled tetragonality. (c) Pb 4f;/; emission line position shifts (black circles) as a function of
film thickness and potential variation V' (crosses) calculated separately for each thickness.

included to allow for the finite escape depth of photoelectrons in order to calculate the mean
fod dx e=(d=2)/imfpy (z)
¢ gz e—(d—a)/imfp
used for imfp. In other words, for a photoemission line that is due to photoelectrons emitted
from different depths in the film, one can estimate an average potential drop (shift), V, by
considering the potential drop at each depth, weighted by the imfp. Because of the exponential

attenuation of electrons coming from deeper layers, the V is thus mainly determined by the
A, P

eff

€0

probed by the photoelectrons. A value of 8 A has been

potential drop V =

potential drop at the surface V(z = d) ~ — , as shown above.

Thus, taking the potential drop from XPS and estimating the polarization from XPD, it
is possible to access the surface Af;,;. Therefore, with a fixed A\;;, and P extracted from c/a
(see above) for every thickness d (inset of Fig. 5.12 ), V' can be computed and compared to
the measured variation of Ej;,. The procedure can be repeated for different A3 £ in order to
optimize agreement. The best agreement is obtained with A\Z;,= 0.07A, a value comparable to
the one found in Ref. [4], which gives the potential variation plotted in Fig. 5.12.

In comparison to the determination of the screening length from XRD alone [4] this method
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has an advantage in that one level of modeling is removed from the process. Although it
is still necessary to infer the polarization from structural information through the use of the
strain-polarization coupling, the potential drop that results from the depolarization field is now
measured directly, whereas previously a model hamiltonian was used to extract the value of
the depolarization field, from which the screening length could then be estimated.

To confirm that the screening at the top of the sample is due to surface adsorbates, we show
that the surface AZ;, can be modified using a soft oxygen plasma cleaning procedure together
with a sample annealing. In this process, the sample temperature is first increased up to ~
500°C in vacuum during several hours. No modification of the PTO compound stoichometry
can be observed after this annealing. Following this, an O plasma (0.05 mbar of O,) is produced
near the surface for few minutes. After the plasma treatment, the sample is left hot for a few
minutes.

The effect of this procedure, applied to the different films thicker that 284, is clearly seen
on the XPS spectrum, as shown in Fig. 5.11 for the O1s and Pb4f emission lines of a 100A thick
film. The C emission (not shown here) and the O emission lines of the surface contamination
layer are drastically reduced and a low energy electron diffraction pattern can be obtained,
indicating that the surface contamination layer has mostly been removed. In parallel, an
additional shift of ~0.4-0.6 eV for the PTO peaks is observed.

As the tetragonality (¢/a measured by XPD) remains unchanged after the sample cleaning,
it suggests that the E;, increase observed upon cleaning is not correlated to a ferroelectric
polarization enhancement, but rather to an increase of the surface Aj;,;. The invariance of the
tetragonality suggests that the bottom electrode has a significantely worse screening capacity
than the top electrode and that small changes in the top electrode screening do not result
in large changes in the polarization. The additional shift of 0.4-0.6 eV corresponds to an
increase of the surface A, of ~0.05-0.07A. This suggests that as the surface contamination
layer is removed with the plasma, its capacity to screen the macroscopic field generated by the
polarization charges inside the ferroelectric thin film is also reduced and thus AZ;, increases.

5.4.4 Conclusion

In conclusion, we have shown that the effective screening length AZ;, of surface layers can be
modelled with an approach combining XPS and XPD measurements, together with a simple
description of the potential drop across the ferroelectric film. Here, AZ;; values have been
obtained for exposed-to-air and O plasma cleaned surfaces therefore demonstrating the tun-
ing of the effective screening length by controlled modification of the surface. The method
could be applied to determine the screening properties of a wide range of atomic or molecular
surface coverages. In turn, the understanding of how the different species contribute to the
screening may enable some novel applications, from optimizing the surface conditions to allow
ferroelectricity in increasingly thin films, to utilizing the response of the ferroelectric to surface
contaminants as a detection method.
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5.5 Influence of the boundary conditions

5.5.1 Local structure investigation of SrTiO;/PbTiO; superlattices

In the preceding chapter, the effect on the ferroelectricity of a reduced film thickness has been
probed. We have shows that when the film thickness is reduced to one or two unit cells, both
non-centro-symmetry and tetragonality are governed by surface effects. Now what happens for
the case of a superlattice configuration made of alternated layers of PTO and STO, implying
a completely different dielectric environment for the PTO?

Dawber et al. have shown that the polarization is reduced in PTO/STO superlattices as the
PTO thickness is decreased but also that a suprising recovery of the ferroelectricity occurs for
PTO/STO ratios smaller than 1 [1]. In parallel, Tenne et al. have demonstrated that one unit
cell thick BaTiO3 (BTO) in BTO/STO superlattices is not only ferroelectric but also polarizes
the paraelectric STO layers adjacent to it [2]. These behaviors, intimately related to boundary
conditions, are observed by averaging measurements (XRD) [1]or by using an indirect method
(ultraviolet Raman spectroscopy) [2].

By using XPD, it is possible to obtain independently the STO and PTO surface tetragonal-
ities of a PTO/STO superlattice owing to the chemical sensitivity of the method. Moreover, in
some specific cases it is possible to determine the PTO tetragonality below few STO cells and
the STO tetragonality below few PTO cells. But a cubic STO topmost layer can influence the
signal coming from a deeper tetragonal PTO layer and thus modify the measurement of the bulk
tetragonality. Indeed if the signal coming from a tetragonal PTO cell passes through a cubic
STO layer, the effective tetragonality is artificially reduced. MSC calculations are performed
for PTO/STO superlattices to quantify such behaviors. Based on these results, we propose a
correction table to extract the real bulk tetragonality from the measured tetragonality.

The chemical sensitivity of the XPD permits to extract independently the Sr and Pb signals
of a PTO/STO superlattice if the topmost layer, either STO or PTO, is thin enough (one or
two unit cells). Here we will focus our attention on this case, PTO below one or two STO cubic
layers.

The Fig. 5.13a illustrates how the measured bulk tetragonality can be affected by different
parameters. First we calculate the tetragonality correction to apply to PTO films, without
STO topmost layers, in the paraelectric or ferroelectric up-state, labeled with open rhombus
and triangles respectively. The tetragonality correction is obtained by (i) calculating the dif-
fraction pattern (with the EDAC code) of the given cluster, (ii) fitting the foward focusing peak
corresponding to the <101> direction (see Section 5.2), (iii) calculating the difference between
the obtained value and the geometrical (c/a) used to create the cluster.

The Fig. 5.13a illustrates how the measured bulk tetragonality can be affected by different
parameters. First we calculate the tetragonality correction to apply to pure PTO films (without
STO topmost layers) in the paraelectric or ferroelectric up-state, labeled with open rhombus
and triangles respectively. The tetragonality correction is obtained by (i) calculating the dif-
fraction pattern (with the EDAC code) of the given cluster, (ii) fitting the foward focusing peak
corresponding to the <101> directions (see Section 5.2), (iii) calculating the difference between
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the obtained value and the geometrical (c/a) used to create the cluster.

For the paraelectric ¢/a = 1 case, only the effect of the surface potential step V, affects
the tetragonality, acting like a negligible artificial compression of 0.1%. This influence is tiny
compared to others like the tetragonality, the polar distortion or the presence of one or two
cubic STO topmost layers. For the paraelectric ¢/a > 1 case, the bulk tetragonality is artifically
enhanced by more than 0.5% of ¢/a, certainly due to the anisotropy increase related to the
cubic-tetragonal transition. If a polar up-state distortion is induced in the PTO film, the
artificial enhancement of the c¢/a of the paraelectric case is rather uniformly compensated and
the measured tetragonality is similar to the real bulk tetragonality.
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Figure 5.13: (a) Correction table to apply to the measured tetragonality to obtain the real bulk
tetragonality for different cases. The two cases with a STO topmost layer are sketched in (b)
and (c) for a one and two unit cell thick STO layer respectively. The labels a and ¢ correspond
to the in-plane and out-of-plane axis parameters.

Then if one or two STO cubic cells are added on the ferroelectric up-state PTO film, as
seen in Fig. 5.13b and c, the variation of the apparent PTO bulk tetragonality becomes larger
(black disks and squares in Fig. 5.13a). Note that because of the large electrostatic cost of
having different polarizations in each layer, the up-state distortion has also been included in
the STO layers, according to Ref. [2]. For a one unit cell thick layer of STO, the measured
tetragonality appears to be reduced by &1 to 1.7% compared to the real bulk tetragonality. For
a two unit cells thick layer of STO, the artificial tetragonality reduction becomes even larger,
from =~ 2.1 to 2.5% of the bulk tetragonality.

These corrections are essential in order to extract the real PTO bulk tetragonality. Here
only cubic STO cells are used but in reality, STO with ¢/a > 1 could also exist. Obviously,
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when PTO and STO c¢/a values are very close to each other, the STO topmost layer affects
less the measurement of the PTO bulk tetragonality. This effect is visible in Fig. 5.13a where
the ¢/a correction increases for increasing bulk tetragonality in both cases with cubic STO on
top of PTO. Thus the use of a STO topmost layer with ¢/a = 1 represents the case where the
variation of the tetragonality is the largest compared to the conventional bulk PTO tetragonality
(¢/a =~ 1.06) and provides the maximal correction bound.

5.5.2 PbTi03 on La0,67Sr0.33Mn03

Two PTO films (27 and 250A -thick ) deposited on Lag ¢7Sr0.53MnO3 (LSMO) have been mea-
sured by means of XPD in order to determine their tetragonality. The LSMO substrates have
been grown by J. B. Yau and J. Hoffman in the group of C. Ahn at Yale University, using
off-axis magnetron sputtering. Then, PTO films have been grown on LSMO at the University
of Geneva.
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Figure 5.14: (a) Tetragonality (c¢/a ratio) as a function of film thickness for PTO films deposited
on Nb-STO (black circles), for Nb-STO substrate measured through PTO films (gray squares),
for the Nb-STO substrate surface (gray triangle) and for PTO films deposited on LSMO (black
crosses). (b) Polar cuts along the <100> directions for the two different PTO film thicknesses
deposited on LSMO .

XRD has been performed on these films and has revealed that, contrary to the PTO on
Nb-STO case, the tetragonality shows a decrease with decreasing thickness, followed by a re-
covery [3], which can be explained by the switching from a monodomain to a polydomain
(with up- and down-state) configuration. This behavior has been studied by Nagarajan for
SrRuO3/PbZr 2 Tips/SrRuO3/SrTiO3 heterostructures in Ref. [4], where on sees that the poly-
domain configuration reduces the depolarization field responsible of the film tetragonality de-
crease.

Nevertheless, contrary to results obtained by XRD, the tetragonality obtained using XPD
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is similar to the result for PTO deposited on Nb-STO, as shown in Fig. 5.14a. This would
indicate that in our measuring conditions the samples are monodomain, and in an up-state
configuration. Indeed, no drastic difference is visible between the O emission polar scans taken
along the <100> directions for the two PTO film thicknesses, as seen in Fig. 5.14b.

5.5.3 Ferroelectric polarization switching using XPD

XRD measurements performed after the XPD analysis of the PTO/LSMO samples reveal a
polydomain configuration for the 27A -thick film. It appears thus that during the XPD mea-
surement, the samples are forced to be in a monodomain configuration with a concomitant
increase of the depolarization. This effect tends to reduce the polarization and thus the tetrag-
onality for very thin films. The sample returns in its more stable polydomain state when the
XPD measurement is over.

In other cases, the sample can stay in the configuration induced during the XPD measure-
ments. This has been checked using the piezoresponse mode of the atomic force microscopy
(PFM) on a 500A -thick PTO film deposited on Nb-STO. Alternate voltages are applied between
a metallic tip and the film to polarize parallel stripes and the piezoresponse (piezoelectric defor-
mation) is then measured by applying an AC voltage lower than the coercive voltage. When it
is possible to write up- or down-state stripes, one can deduce the down- or up-state background
polarization respectively, as writing stripes with the same polarization as the background has
no effect.

PFM: down-state —> XPD: up-state —> PFM: up-state

=, =y

Figure 5.15: Effect of the XPD method on the ferroelectric polarization. AFM measurements
have been performed in Geneva by C. Lichtensteiger.

As illustrated in Fig. 5.15, the first PFM measurement performed on an as grown 500A
-thick PTO film deposited onto Nb-STO reveals a down-state monodomain configuration. Then
the XPD Ols emission diffraction pattern performed on the same sample shows an up-state
polarization. After the XPD measurement, a PFM measurement has again been done and
confirms that the ferroelectric polarization has been switched during the XPD measurement
and stays in its up-state configuration.
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It is worth noting that in the case of PTO/LSMO, the electrostatic energy cost needed to
remain polydomain for very thin films can be paid when the XPD measurement is running
but turns out to be unsufficient to stabilize this configuration afterwards while, in the case of
PTO/STO, the substrate allows the up-state polarization to persist after the end of the XPD
measurement. This observation is thus a direct indication of the importance of the substrate
on the ferroelectric instability. We could thus imagine the case of a substrate which will be

able to stabilize the down-state or the polydomain configuration during or even after the XPD
measurements ©.

Interestingly, both XRD and XPD use x-rays (several keV) for the sample analysis but
only the XPD method appears to be able to act on the ferroelectric polarization. The main
difference between both methods is that the sample environment is drastically different, either
the air or the vacuum. The vacuum allows the electrons generated during the x-ray creation
(x-ray window) to reach the sample surface while they are stopped by the air in the case of the
XRD method. This electron shower could play a major role in the ferroelectric polarization
switching. Indeed, in the same manner as the as grown down-state configuration observed on
PTO/Nb-STO films could be due to the Ar" ions created in the O-Ar plasma atmosphere
during the sample growth, the e~ shower can certainly affect the ferroelectric polarization and
induce an up-state.

To check whether the electron shower generated by the x-ray creation is the right explanation
for the down-state to the up-state film switching for PTO/Nb-STO and the apparently forced
monodomain configuration during the measurements of PTO/LSMO films, an x-ray source
without e~ creation is needed, for instance synchrotron radiation.

5.5.4 Reversible PbTiOj surface states, applying O and H plasma
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- - - - After a 20s O plasma
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Figure 5.16: Cls XPS spectrum of a thin PTO film measured at a grazing emission angle,
before and after a 20 seconds O plasma exposure.

°This point will be discussed in more details in the sub Section 5.5.5.
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The first step of the PTO sample treatment consists in removing the C contaminant located
at its surface. It is unfortunately not possible to completely remove C contaminant from the
PTO surface using conventional annealing. However, using an O plasma, C can be entirely
removed without destroying the sample or modifying its stoichiometry. The result of such an
O plasma cleaning is shown in Fig. 5.16 for the C 1s peak. Note that the spectrum has been
collected at a grazing emission angle to enhance the surface sensitivity.

Moreover, the Ols spectrum of the freshly introduced film is not affected by this 20 seconds
O plasma and is similar to the spectrum taken after the O plasma shown in Fig. 5.17a. It
consists of three oxide compounds: the peak at lower binding energy corresponds to PbO oxide,
the middle peak to TiO, oxide, while the O peak at high binding energy stems from H5O.

O 1s emission
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Figure 5.17: O 1s spectra of a PTO film after (a) an O plasma and (b) a H plasma. Pb 4f
spectra of a PTO film after (c) an O plasma and (d) a H plasma.

The sample surface has then been further exposed to an H plasma ( 40 seconds). The
corresponding O 1s and Pb 4f spectra are shown in Fig. 5.17b and d, respectively. The
three above-mentioned O lines still exist after the H plasma but a new O species appears
together with a new Pb species. The new O species has a binding energy similar to C,-H,-O,
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compounds? [6]. The grazing angle measurements combined with the fact that the C,-H,-O,
compound is logically located at the sample surface (see below) permits to enhance the C,-H,-

O, contribution, creating a large photoelectron peak using a small quantity of O transferred
from the first three O lines (PbO, TiO, and H,O) .

The photoelectrons originating from the new Pb species are collected at a lower binding
energy and correpond to less or unoxidized Pb (the O is maybe used in the C,-H,-O, com-
pounds). More surprisingly, if the sample is exposed again to an O plasma, both new O and
Pb species disappear. The C,-H,-O, compound reacts with the O plasma which in parallel
reoxidizes the Pb. In fact, these surface states are reversible and can be easily switched many
times using either O or H plasma without destroying the surface.

To confirm that these reactions take place only at the sample surface, Pb 4f;/, spectra are
measured as a function of the polar angle along the (100)-plane, and plotted in Fig. 5.18a.
The intensity variation of both Pb components as a function of the polar angle is reported
in Fig. 5.18b°. It illustrates how the Pb 4f;/; peak intensity of the new Pb species increases
with increasing the polar angle 8 while the opposite behavior happens for the Pb associated
to the PTO. This behavior trivially indicates that the new Pb species is located at the surface
of the PTO film. The very same behavior is observed for the new O species. Moreover, the
new species Pb 4f;/; peak intensity does not reveal the presence of any forward focusing peaks
along the (100)-plane, indicating a disordered environment.

5.5.5 Monodomain to polydomain transition in ferroelectric PbTiOj;
thin films on SrRuQOs; substrates.

The important role played by the effective screening length has been demonstrated in Section
5.4, in which the A.f; values of exposed-to-air and O plasma cleaned surfaces have been obtained
using an electrostatic model combining XPS and XPD measurements. XRD results found in
Ref [5] suggest an SRO effective screening length A.f; equal to 0.23A | which is larger than for
the Nb-STO (0.12A ), therefore leading to a poorer screening. What is the effect of this lower
screening capacity on the PTO tetragonality or its core level position?

Here, we show measurements performed on a series of epitaxial c-axis oriented PbTiO3
perovskite films(246A to 4A thick) grown onto metallic (001) SrRuOs substrates, showing
the evolution of the tetragonality and the PTO core level positions as a function of the film
thickness, but also the PTO core levels positions as a function of the x-ray exposure time.

The value determined by means of XPD measurements performed on these samples are
shown in Fig. 5.19. For the three thicker films, the appearance of a shoulder in the polar scan
performed along the (100)-plane complicates the interpretation of the main foward focusing
peak and tends to artificially reduce the (¢/a). This behavior has already be seen in some thick
PTO films on Nb-STO and could stem from a relaxed cubic topmost layer. This interpretation
is compatible with some multiple scattering results obtained using a cluster made of tetragonal

d0wing to its very small absorption cross section, a residual quantity of C could persist at the sample surface
without a visible signature on the spectrum.
°The double peak is fitted using two gaussians to extract each individual contribution.
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Figure 5.18: (a) Pb 4f7 ), line spectra taken at different polar angles from 0 to 60° along the
(100) crystallographic plane. The peaks labeled with I and II correspond to the Pb of the PTO
and the new species respectively. (b) Intensity variation as a function of the polar angle for
both Pb species contributions.

structures terminated by one or two cubic layers!.

For the thinner films, no such effect is observed and the tetragonality reduction with de-
creasing film thickness is comparable to the result found for the PTO on Nb-STO. However, the
tetragonalities obtained for the 4, 8, 13 and 29A thick films are always larger than expected.
More surprisingly, the tetragonality of the 4A thick film, which is expected to be paraelectric,
is much higher than the 1.02 value obtained for the PTO on Nb-STO.

In order to understand this behavior, an XPS investigation has be performed. In Fig. 5.20a,
we show that the photoelectron kinetic energies change with the x-ray exposure time for a 77A
thick film and that a stabilized regime is achieved after few hours. As seen in Fig. 5.20b,
showing different spectra taken at grazing angle on a 29A thick film, the evolution of the core
level position seems to be linked to a modification of the top electrode, which is a priori made
of a randomly distributed layer of different oxide species such as OH, CO and H,O, labeled
with I. We have observed that the oxide contamination layer is not affected by the vacuum
environment, but by the x-ray exposure which acts like a smooth surface cleaning.

The Pb4f;/; and Ti2ps/, photoelectron kinetic energies have been reported as a function
of the film thickness in Fig. 5.21a for the ”freshly measured” case and after the saturation 8.
A drastic modification of the PTO photoelectron kinetic energies is observed after saturation
indicating that the modification of the surface electrode can strongly modify the whole system.

fIn the series used in Section 5.3 no similar shoulder has been observed.
gNote that the tetragonality has been measured in the saturated regime.
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Figure 5.19: Tetragonality (c/a ratio) as a function of film thickness of PbTiO3 films grown
on the Nb-SrTiO3 substrate (black disks) and the SrRuOj substrate (open squares). Inset:
Comparison of the main forward focusing along the (100)-plane for two film thicknesses.

In the case of the ”freshly measured” photoelectron kinetic energies, the behavior of the
Ej;, is similar to the case of PTO on Nb-STO discussed in Section 5.4. However, after the
soft cleaning performed by the x-ray exposure, the system exhibits the characteristics of a
polydomain configuration.

Indeed, as discussed in Section 5.4, the surface cleaning can increase the effective screening
length A.s (corresponding to a surface electrode screening capacity decrease) and can thus
lead to an increase of the depolarizing field (Egep ~ Acss). In the case of insufficient screening,
the system could undergo a monodomain to a polydomain transition in order to reduce the
depolarizing field. This behavior has already been observed in ultrathin epitaxial SrRuOgs
/PbZr5Tigg03 /SrRuO3 /SrTiO3 heterostructures and is summarized in Fig. 5.21b [4].

For this heterostructure system, the polarization undergoes a transition from the bulk po-
larization value down to zero with decreasing thickness and, at the same time, the tetragonality
remains very high for thin films. We observe the same behavior on the PTO/SRO sample series
studied after few hours of x-ray exposure.

First, unusual high tetragonalities have been obtained for the thinner films compared to the
previous results obtained for PTO/STO.

Second, for the saturated case, the photoelectron kinetic energy reduction, which can be
associated to the polarization thanks to the electrostatic model exposed in Section 5.4, exhibit
a unconventional behavior which could be divided into three parts. First, thick films ( label 1 in
Fig. 5.21) consist of a stable monodomain configuration perhaps insensitive to the x-ray induced
cleaning. Note that a small reduction of the oxide contamination layer has also been measured
in this case.For thinner films (label 2), the photoelectron kinetic energy is slightly reduced. The
system is affected by the surface modification and the polarization decreases in response to the
increasing depolarizing field. For the thinnest films (label 3), the system undergoes a mono- to
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Figure 5.20: (a) Photoelectron kinetic energies as a function of the x-ray exposure time. The
same scaling has been used for the different elements. (b) XPS spectra for a 29A thick film

taken at a grazing angle, revealing a reduction of the O contained in the contamination layer
(I). O emission from the PTO sample is labeled with II.

polydomain transition in order to reduce the depolarizing field and consequently the average
polarization tends to zero. The reference value corresponding to a zero average polarization
is given by the photoelectron kinetic energy of the freshly measured 4A thick film. All these
similitudes suggest that the thinnest PTO/SRO films, after few hours of x-ray exposure, are in
a polydomain configuration.

As all surfaces have been identically exposed-to-air, the only parameter which has changed
between the PTO/STO and the PTO/SRO series is the substate. However, the obtained
results are drastically different. Indeed in the case of the PTO/STO, no such effect(cleaning
with the x-ray exposure and a concomitant mono- to polydomain transition) has been observed,
indicating that the substrate modification (variation of the interface effective screening length)
has permitted to modify the film properties. It suggests also that we could be able to tune
the film sensitivity to surface electrode modifications by modifying its interface A.¢s electrode.
This can be done by either change the electrode material or perhaps by injecting additional
charges (number of charge carriers).

5.5.6 How to obtain LEED patterns of PbTiO; surfaces?

As discussed in Chapter 4, it is possible to obtain LEED patterns on STO surfaces cleaned
following various processes. However, cleaning PTO in order to obtain a LEED pattern is a
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Figure 5.21: (a) Evolution of the Pb4f; ; and Ti2pg,, photoelectron kinetic energies as a function
of the film thickness for freshly introduced samples (open squares) or after many hours of x-
ray exposure (black squares). (b) Thickness dependence of the normal average polarization O,
the tetragonality (c/a), and the out-of-plane piezoelectric constant dsz at room temperature in
ultrathin epitaxial STRuO3 /PbZr2Tips03 /SrRuO3 /SrTiO3 heterostructures. The evolution
of the domain structure from monodomain to polydomain is represented in the inset. This
Figure was published in Ref. [4]. The unconventional behavior of the photoelectron kinetic
energy could be divided into three parts as discussed in the text (labeled with (1), (2), (3)).

much more complex task. First of all, an O plasma is required to remove C contaminant from
the PTO surface. Nevertheless, the surface O contaminant is still present after the O plasma
which prevents the measurement of a LEED pattern.

A way to remove O surface contaminants is to heat the sample at a sufficiently high tem-
perature which should stay lower than the Pb evaporation temperature. This heating process
permits to remove O contaminants, but in parallel C is deposited onto the sample surface
presumably owing to the degazing of the sample and its neighborhood. The application of O
plasma/heating cycles is not sufficient to completely clean the surface.

However, the simultaneous application of an O plasma and heating permits to remove O and
C contaminants at the same time ®. The PTO XPS spectra before and after this treatment are
shown in Fig. 5.22. The C atoms are entirely removed together with the O surface contaminant.

After this surface cleaning, the sample is heated a few moments to get a LEED, as seen in Fig.
5.22e.

iNote that both direct (using the sample holder described in Section 4.3) and indirect (using a button-heater
sample holder) heating can be used.
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Figure 5.22: XPS spectra for (a) the C 1s, (b) O 1s, (¢) Ti 2p and (d) Pb 4f emission lines
together with the LEED pattern obtained after the cleaning procedure (e).
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5.6 Antiferrodistortive distortion at the (001) PbTiO;
surface

5.6.1 Basic notions

The antiferrodistortive (AFD) instability consists of an in-plane rotation of the O octahedral
cage surrounding the Ti atom. In the previous XPD studies presented in Section 5.2 and 5.3, the
calculations were performed using only out-of-plane (along the z-axis) ferroelectric distortions
but a variety of reconstructed surfaces have been observed under different growth conditions.
For example, using grazing incidence x-ray scattering, Munkholm et al. have shown that a
c(2x2) AFD reconstruction can be obtained at the (001) PTO surface by an annealing at 875
to 1025K under most of the PbO partial pressures while a (1x6) surface occurs for low PbO
partial pressures. They also found, a 10° in-plane rotation of the O cage surrounding the Ti
atoms [2].

AFD does not occur in bulk PTO as it is suppressed by the out-of-plane polar distor-
tion. However, ab-initio calculations performed by Bungaro and Rabe show that near a PbO-
terminated surface, the ferroelectric distortion does not prevent the AFD distortion [1].

Here MSC calculations coupled to an R-factor analysis have been performed to check
whether the XPD measurements are sensitive to such an ¢(2x2) AFD reconstruction.

5.6.2 MSC analysis

The possible presence of an AFD distortion in the 20A thick PTO film has been investigated
including in-plane and out-of-plane O atom shifts in the optimized MSC calculation parameter
set obtained in Sec. 5.3.

The Fig. 5.23a and b show two R-factor grids which quantify the agreement between the O1s
emission of a 20A thick PTO film and different MSC calculations with various AFD distortions.
The AFD is simply included in the calculation via the modification of the O atom positions
within the cluster. To obtain an as complete as possible study of the AFD distortion influence
on XPD patterns, not only the in-plane ( horizontal O shift) but also the out-of-plane ( vertical
O shift) AFD distortion is considered, as shown in Fig. 5.23c. In Fig. 5.23a, all O atoms of
the vertical PbO plane(marked with a cross in Fig. 5.23d) contained in the cluster are shifted
relative to their initial (0,0) centro-symmetric position while in Fig. 5.23b, only the topmost
layer encounters an AFD'. The region below(above) the horizontal dotted white line in R-factor
grids corresponds to O up-state (down-state) distortions.

In both cases, a minimum is clearly obtained for O atoms shifted down (up-state distortion),
which is equivalent to the result obtained in Section 5.3 without AFD distortion. Nevertheless,
R-factor values are globally smaller in the case of a unique AFD distorted topmost layer (Fig.
5.23b). In this latter case, the calculations are compatible with the presence of an horizontal O

"Munkholm et al. have found, using in situ x-ray scattering measurements of PTO in equilibrium with PbO
vapor, that only the first topmost layer experiences an AFD distortion [2]
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Figure 5.23: Two different R-factor grids calculated for a 20A -thick PTO film and different
MSC calculations obtained by varying the position of (a) all O atoms of vertical PbO (100)
planes contained in the cluster, and (b) O atoms of the topmost layer only. The other atoms
remain fixed. (c) Side view: cut along the (100) plane. (d) Top view: only the first PbO and
TiO layers are shown. Only O atoms marked with a cross are moved. O atoms on top of Ti
remain fixed.

shift up to &~ 0.3A | similar to the result obtained by Munkholm who has found an horizontal
O shift of ~ 0.35A using n situ x-ray scattering measurements. Moreover, the horizontal O
atom shift is coupled to a progressively small reduction of the vertical O shift corresponding to
a reduction of the out-of-plane ferroelectric polar distortion as seen in Fig. 5.23b.

The same low R-factor values (=0.34) are obtained for both the case with and without
AFD. Tt is thus not possible to insure the presence of an AFD in the studied 20A thick PTO
film. As both cases are compatible with our XPD measurements, it shows the limitation of the
XPD measurements to reveal such distortions.
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Chapter 6

Conclusions and future perspectives

Conclusions

The main goal of this work was to investigate the ferroelectricity in very thin films. We
show how different parameters, such as the film thickness or the electric boundary conditions,
can influence the properties of ferroelectric materials.

First of all the Nb-Sr'TiO3 substrate has been studied by means of XPD measurements to-
gether with a MSC analysis, showing that its surface exhibits an unexpected polar distortion.
Then, different cleaning approaches have been used to obtain a (1x1) surface reconstruction.
Using XPS measurements, we show that the surface chemical state may be completely different
even with the same atomic surface reconstruction (measured by LEED). As the surface chem-
istry is not inevitably correlated to the surface reconstruction, it should be analysed before the
growth process to have a complete control of the substrate preparation.

XPD measurements performed on PbTiOj films show that films of only three unit cells
thick are still ferroelectric and that atomic relaxation and rumpling are paramount for thinner
films. The asymmetry makes the films polar but probably not switchable. Instead of a sharp
ferroelectric-paraelectric transition, a gradual change of the ferroelectric polar distortion was
measured as the film thickness was decreased.

We have then presented our XPD and XPS results obtained on PbTiOj3 epitaxial films with
different electrical boundary conditions, using XPD and XPS. A key parameter for understand-
ing ferroelectricity in thin films, the effective screening length, has been probed by means of
photoemission, permitting the experimental determination of the screening properties of the top
electrode. We have also demonstrated a change of the effective screening length upon cleaning
of the thin film surface.

The decrease of the tetragonality was also measured in thin PbTiOj; films grown on
Lag 7Sr0.33MnO3 or SrRuOj. However, in the latter case, the measured values of c¢/a were
surprisingly higher than expected for the thinner films. This result together with XPS mea-
surements have suggested the transition of a monodomain to a polydomain configuration when
the film thickness is reduced.
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We have also shown that a surface treatment combining an oxygen plasma together with
an annealing leads to a LEED pattern on a PbTiO3 surface. Then by exposing the surface to
an oxygen/hydrogen plasma, we have been able to reoxidize/desoxidize the Pb surface species
and at the same time to remove/create new O surface compounds, in a reversible way.

Finally, in order to validate some results found in XPD investigations, simulations of the
photoelectron diffraction process have been used. In this work, the EDAC code, adopting
a cluster approach, has been studied, tested and used for many systems, including different
crystal symmetries, kinds of atoms or photoelectron kinetic energies. Despite some limitations,
the EDAC code furnishes much more satisfying results than the standard SSC approach but
to the detriment of the computation time, making this approach essential but highly time-
consuming.

Future perspectives

Based on the results and the observations done during this work, different measurements on
perovskite oxides could certainly contribute to increase the knowledge on ferroelectric materials.

First, as the PTO cleaning procedure becomes well controlled, we can easily imagine to
perform a state-of-the-art ARPES investigation which could furnish interesting information.

Second, the discussed effect of the electron shower, which seems to play a major role in the
ferroelectric polarization switching, could be confirmed by performing the measurements using
an x-ray source without e~ creation, for instance synchrotron radiation.

Third, in order to stabilize and measure a initial down state configuration, we can try either
to reduce the atom mobility by measuring at low temperature, or to employ other substrates.

Fourth, as it has been shown, the effective screening length of the PTO/SRO surface elec-
trode is modified by a simple x-ray exposure which seems to act, in this case, like a very smooth
cleaning. This cleaning, which has affected the surface electrode, has drastically changed the
core level positions of the ferroelectric film emitters. We could thus optimize the surface con-
ditions to allow ferroelectricity in increasingly thin films, by depositing very thin metallic
electrodes or polar electrodes made of water for instance. In addition, we can imagine to utilize
the response of the ferroelectric film to surface contaminants as a detection method.
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Appendix A

MSC shell script example

Here is a simplified input file used for the optimization procedure discribed in Section 3.2.
In this example, only the R4z, lnae, Debye temperature and inelastic mean free path values
are changed in order to get the best R-factor value. Obviously, as already discussed, other
parameters as d,,.., the number of emitters or even the atom position can also be varied using
the same structure described in this input file. Different existing or new programs are used
within this input file. Moreover, additional inputs are required. The Table A.1 shows how these
programs are related.

H Program H Required input files H Output files H
edac_2geo_Td.exe edac-input.txt edac-ouput.txt
Cluster.in
interpolation.exe polardirections.in edac-map.txt
edac-ouput.txt
rfactor.exe experiment.itp rfactor.txt
edac-map.txt(tpi)
LinCombSSCs.in
RfactMinLoc.exe rfactor.txt Status-check.out
stuff.txt

Table A.1: Programs and files created and/or required during the optimization procedure.

#Initialization of the R-factor matriz and Status files

echo "Rmax Lmax DebyeTemp Imfp Rfactor” > R-factor.out
echo ”STATUS CHECK” > Status-check.out

calc-nbr=0

index=0

level=0

# This defines the range of imfp to be analyzed.

for (m=4 ; m<=15; m++ ))
do
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# This defines the range of Debye temperatures to be analyzed: 25+$k*25
for ((k=0 ; k<=7; k++ ))
do
# This defines the range of Rmax to be analyzed.
for ((i=19 ; i<=22; i++ ))
do
#This defines the range of Lmax to be analyzed.
for ((j=7; j<=14; j++))

do

if [ $level -eq O |

then

if [ $index -eq 0 |

then
echo "Level 0 (Rmax and Lmax)” >> Status-check.out
echo "Ncal Rm-min Lm-min Rfactor-min ” >> Status-check.out
index=1

fi
Rm=‘echo $i | bc' Scan R,.. values
Lm=‘echo $j | bc*  Scan lLyq, values
DT-Cu=50 Fiz the Debye temperature
Imfp=11 Fiz the inelastic mean free path

fi

if [ $level -eq 1 |

then

if [ $index -eq 1 |

then
echo "Level 1 (Debye temperature for Cu)” >> Status-check.out
echo "Ncal DT-Cu-min Rfactor-min” >> Status-check.out
index=2

fi

Rm=%$Rm-min Fix the Ryup and ly., using the values obtained for the minimal
R-factor value. This (Rmax,Lmax)my:, set is found using ./RfactMinLoc.exe
Lm=$Lm-min
DT-Cu=‘echo 25 + $k 25 | b¢*  Scan Debye temperatures
Imfp=11  Fix the inelastic mean free path
fi

if [ $level -eq 2 |

then

if [ $index -eq 2 |

then
echo "Level 2 (Inelastic mean free path)” >> Status-check.out
echo "Ncal Imfp-min Rfactor-min” >> Status-check.out
index=3

fi
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Rm= $Rm-min

Lm=$Lm-min

DT-Cu=$TD-Cu-min

Imfp=‘echo $m | bc*  Scan the inelastic mean free path
fi

#This counts the number of calculations.
calc-nbr="‘echo $calc-nbr + 1 | be!
#This prepares the input file using an existing cluster Cluster.in.
echo ”verbose oft” > edac-input.txt
echo ”clear cluster” >> edac-input.txt
echo ”cluster surface on” >> edac-input.txt
echo ”cluster reference-point 1(A) 0 0 0”7 >> edac-input.txt
echo ”cluster Rmax 1(A) $Rm” >> edac-input.txt
echo ”cluster input Cluster.in” >> edac-input.txt
echo ”cluster natoms 16504” >> edac-input.txt
echo "dmax 1(A) 15”7 >> edac-input.txt
echo ”emitters 9 1(A) 0 0 0 Cu 0.738 1.278 -2.087 Cu 1.476 0 -4.174 Cu 0 0 -6.261 Cu 0.738
1.278 -8.348 Cu 1.476 0 -10.435 Cu 0 0 -12.522 Cu 0.738 1.278 -14.609 Cu 1.476 0 -16.697 Cu”
>> edac-input.txt
echo ”initial state 2p” >> edac-input.txt
echo "movable cluster” >> edac-input.txt
echo "beta 54”7 >> edac-input.txt
echo ”emission energy E(eV) 807.2 807.2 17 >> edac-input.txt
echo ”emission angle theta 0 90 46” >> edac-input.txt
echo ”emission angle phi 0 360 360” >> edac-input.txt
echo V0 E(eV) 13.5” >> edac-input.txt
echo ”cluster surface 1(A) 2.3” >> edac-input.txt
echo ”imfp inline 1 1(A) $Imfp” >> edac-input.txt
echo "lmax $Lm” >> edac-input.txt
echo "iteration recursion” >> edac-input.txt
echo "orders 1 9” >> edac-input.txt
echo "muffin-tin” >> edac-input.txt
echo "temperature-T 300” >> edac-input.txt
echo "polarization LPx” >> edac-input.txt
echo ”Debye-temperature Cu $DT-Cu” >> edac-input.txt
echo "muffin-tin” >> edac-input.txt
echo ”scan pd edac-output.txt” >> edac-input.txt
echo "report natoms” >> edac-input.txt
echo "end” >> edac-input.txt
./edac_2geo_Td.exe edac-input.txt

#This interpolates edacoutput onto the angles of polardirections.in.
./interpolation.exe edac-output.txt edac-map.txt polardirections.in
cp edac-map.txt edacCuRm=‘echo $Rm‘Lm=‘echo $Lm‘DTCu=‘echo $DT-Cu‘lm="‘echo
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$Imfp-9em.out

#This calculates the R-factor value using the experiment.itp and the edac-map.tzt files.

that both files contain the same angles defined by polardirections.in.
#The LinCombSSCs.in is required.

./rfactor.exe

rGBD="‘cat rfactor.txt’

echo "$Rm $Lm $DT-Cu $Imfp $rGBD 7 >> R-factor.out

done
done

if [ $level -eq O |
then
echo 7$rGBD $Rm $Lm” >> stuff.txt
./RfactMinLoc.exe
Rm-min="‘cat x1val.txt’
Lm-min="‘cat x2val.txt
Rfactor-min=‘cat xvalmin.txt’
echo ”$calc-nbr $Rm-min $Lm-min $Rfactor-min” >> Status-check.out

fi

if [ $level -eq 1 |

then
echo ”$rGBD $DT-Cu 07 >> stuff.txt
./RfactMinLoc.exe
DT-Cu-min=‘cat xlval.txt’
Rfactor-min="‘cat xvalmin.txt
echo ”$calc-nbr $DT-Cu-min $Rfactor-min” >> Status-check.out

fi

if [ $level -eq 2 |

then

echo 7$rGBD $Imfp 0”7 >> stuff.txt

./RfactMinLoc.exe

Imfp-min=‘cat x1val.txt’

Rfactor-min="‘cat xvalmin.txt’

echo ”$calc-nbr $Imfp-min $Rfactor-min” >> Status-check.out
fi
echo "now we do the next”

level=1

done

level=2

done

128

Note



Appendix B

MSC calculated diffraction patterns for
Cu(111) surface

The three following figures correspond to the MSC calculations obtained using the EDAC code
applied on the well-known Cu(111) surface and largely discussed in Section 3.3.

They show how the 1,,,, parameter strongly influences the diffraction pattern and that, in
this case at least, the MSC calculations seem to be insensitive to the R,,., value modification.
Note that it is far from being the case for every systems. Moreover the calculations show that
a d,nqee value can strongly affect the diffraction pattern, specially for small 1,,,, values.
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Figure B.1: Different MSC calculations for 9 emitters, Debye temperature=50K, imfp=11A
dinar=10A and various R, s Lmaz- There are used for the R-factor grid plotted in Fig. 3.2a.
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Figure B.2: Different MSC calculations for 9 emitters, Debye temperature=50K, imfp=11A
dymae=20A and various Rymas , lmaz. There are used for the R-factor grid plotted in Fig. 3.2c.
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Figure B.3: Different MSC calculations for 9 emitters, Debye temperature=50K, imfp=11A
"unlimited” d,,q, and various R,z , lmez. There are used for the R-factor grid plotted in Fig.
3.2e.
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Appendix C

Nb-SrTiO3 (4 x 2) multi-domain surface
reconstruction

A wide range of surface reconstructions can be obtained on STO. Fig. C.1 shows one of them,
namely a multi-domain of (4 x 2) reconstructions. It has been obtained after an Art-sputtering
and an annealing at 1000°C during 20min.

Multi-domain = (4x2) + (2x4)
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Figure C.1: LEED measurement at 40.2eV of a multi-domain of (4 x 2) reconstructions at the
Nb-STO surface.
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Appendix D

Plasma characterization

With the collaboration of Dr. M.G. Garnier.

D.1 Introduction

The plasma can be employed as a soft cleaning procedure of ex situ prepared samples. It
is based on the ion chemical reactivity instead of the ion mechanical sputtering. It can also
be used for enhancing field emission from carbon nanotubes [1], for smoothing semiconductor
surfaces [2], for influencing the oxygen content in thin oxide films or for preparing hydride films,
and so on.

It appears necessary to have the smallest possible ion kinetic energy in order not to destroy
the sample surface structure. Different measurements have shown that samples exhibiting
LEED patterns have been destroyed(no LEED) using not adapted plasma parameters corre-
sponding to too high ion kinetic energies. The ion kinetic energy minimization is thus a pre-
requisite for an efficient and soft cleaning. The plasma calibration is done using an homemade
ion analyzer designed for measuring the ion kinetic energy at the sample position.

D.2 How the ion analyzer works and how to calibrate
the plasma

The ion analyzer is illustrated in Fig. D.1. It is made of three grids (in gray) separated from
each other by insulators, inside a grounded shield. The first grid (labeled with q) corresponds to
the sample surface. With this configuration, it is investigate the behavior of a grounded, biased
or floating sample. When the plasma is started, the ions are first decelerated by the +V .4
electrode(2) and then accelerated by the -80V electrode (3). The electrons are decelerated by
the third grid in such a way that only the ion current is measured at the end. Only the ions
with a sufficiently large kinetic energy are thus collected. The current I., created by the ions
achieving the electrode 3, is then measured as a function of the grid voltage V.4, as shown in

135



Sample grounded/biased Sample floating

1 2 3 1 2 3
I.I.I |.|.|
P P
' '

'lil'
+ [Vgid + |V rid
Ic - Ic

+ +
80V 80V

Vsample

Figure D.1: Electrostatic analyzer simulating the sample holder.

Fig. D.2a. The average ion kinetic energy is given by the minimum of the dI./dV ;4 derivative
(Fig. D.2b).

D.3 Results and discussion

For one given gas(argon, oxygen and hydrogen for instance), the plasma properties can be
modified using different gas pressures, microwave power while the sample conditions depend on
the distance to the plasma antenna, or its potential: grounded, biased or floating. An overview
of the influence of all these parameters on the ion kinetic energy is given in Table D.1.

It is possible to decrease the ion kinetic energy by decreasing the microwave power or by
increasing the gas pressure, but to the detriment of the ”peak shape” (whatever it means for
the ions). It is also possible to decrease the ion kinetic energy by applying a positive bias to
the sample, but in this case the kinetic energy of neutral atoms will be unaffected making this
kinetic energy minimization approach less meaningful. We will thus focus our attention to the
microwave power and the gas pressure.

To get a minimal ion kinetic energy it is necessary to float the sample, and to monitor
the potential on the sample, which encounters a drastic change when the microwave power is
varying. The microwave power which corresponds to the minimal ion kinetic energy is slightly
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Figure D.2: (a) The measured current I. as a function of the grid voltage V4 for increasing
Ar gaz pressure and (b) its derivative dI./dV,q4 for a grounded system.

H Plasma change H Effects H Comments H
Gas pressure /* Eion The ions encounters more
Néon N\, collisions reducing their kinetic energy.
The effect is weaker for floating than for
grounded samples.
Microwave power ™\ Eion The effect is weaker for floating than for
grounded samples.
Time\ Eg / Probably due to parts of

the plasma source that are heating.

Plasma source with grid
and floating sample

Eio" ~ without
grid but with
grounded sample

The plasma does not seem to see
the floating sample behind the grid.

H Sample change H Effects H Comments H
Distance /* Eion Ions are faster near the antenna.
Bias Ejon N\ The ions are decelerated by the bias.

Table D.1: Summary of the ion kinetic energy dependences.

above this abrupt change. The sample voltage depends also on the gas pressure and it appears
that the ideal gas pressure to reduce the ion kinetic energy occurs when this voltage is the
largest. The reflected power plays also an important role. An elegant way to find the "real” 0
W reflected power is to adjust the impedance adapter to obtain the maximal sample voltage.

To summarize, to get the minimal ion kinetic energy,
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Figure D.3: For a floating sample in an oxygen plasma. (a) Cutoff vs pressure. (b) Sample
voltage, its derivative and the deduced cutoff as a function of the microwave power. (c¢) Sample
voltage and cutoff as a function of the elapsed time. (d) Cutoff vs the antenna-sample distance.

e Adjust the impedance adapter to obtain the maximal sample voltage. It corresponds to
the real OW reflected power.

e Scan the microwave power and measure the sample voltage. Find the cutoff and choose
a power slightly” higher.

e Scan the pressure to maximize the sample voltage.

Finally, a summary of the plasma paramaters corresponding to the lowest ion kinetic energies
is reported in Table D.2 with a precision of £1eV. Note that without plasma parameter
optimization, ion kinetic energies higher than 20eV are not surprising.
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H Gas and pressure H Microwave power H Ion kinetic energy H

Ar, 0.02mbar 60W 8 eV
O, 0.05mbar 50W 8 eV
H, 0.05mbar 50W 4 eV

Table D.2: Summary of the plasma parameters corresponding to the lowest ion kinetic energies,
at an antenna-sample distance of 100mm.

D.4 Cleaning parameters for the PbTiO3 surface prepa-
ration

The PTO surface preparation is made of three steps.

(1) The sample is slowly heated(~4h) up to 490-520°C (measured using a conventional
pyrometer, e=0.5). Note that there is a large delay (several minutes) between the start of the
current passing through the sample and its degazing and heating. This reactivity diminishes
when the sample begins to heat, certainly due to the electron mobility increase.

(2) Still while annealing, an 50W plasma is started with a 0.05mbar O partial pressure.
During the increase of the gas pressure and during the plasma, the temperature increases
(correlated to a modification of the current and the voltage). We can thus imagine that this
temperature increase may be due to the additionnal current generated by the electrons of
the plasma, or due to a modification of the surface conductivity in the O atomsphere. The
O plasma cleaning duration is generally smaller than 10min but rarely smaller than 2min to
entirely remove the C contaminant.

(3) The O plasma is then switched off and the sample is annealed (/=550°) during ~30min
to show a LEED pattern®. The sample is then quenched.

References for Appendix D

[1] C.Y. Zhi, X.D. Bai and E.G. Wang, Appl. Phys. Lett. 81, 1690 (2002).

2] E. Picard, P. Gentile, D. Martrou and N. Magnea, Appl. Phys. Lett. 75, 677 (1999)

aIf the heating current is switched off directly after the plasma extinction, no LEED will be obtained.
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