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Preface

This thesis is based on research carried out at thestitut de Physique, Universie de Neuchétel,
Neuchatel, Switzerlandduring the period 2003 - 2007, in collaboration with thdPMC, Uni-
versity of Genevawhere the samples have been grown. It consists of six di etechapters and
four appendices. The chapters 3 and 5 contain sections fromdependent articles. Therefore,
these sections stand completely on their own with an abstradntroduction, and an experi-
mental section. This allows the reader to study these sectis independently and in any order,
with no loss of continuity, depending on the personal intest. For sequential reading, this
leads to some redundancy concerning the introductions antié descriptions of experimental
procedures. These parts may therefore be skipped.

The rst chapter gives an introduction to the ferroelectriaty. It explains shortly the concept
of phonon softening which is at the origin of the ferroeledtr instability but also why this
instability can be suppressed in very thin Ims. The notion & ferroelectric charge screening is
explained together with the origin of the depolarizing eld

The second chapter is dedicated to the photoemission techoes used in this thesis, nhamely
the x-ray photoelectron spectroscopy, as a probe of theectronic structure and the x-ray
photoelectron di raction, that provides the local atomic structurearound a given atom.

The third chapter deals with the theoretical approach of theghotoelectron di raction. Here

a new code taking into account multiple scattering events described and the main parameters
used in the multiple scattering program are discussed. Thast part of this chapter has been
arranged as a tool for further multiple scattering investigtions. In the second part, di erences
and similarities between single and multiple scattering ardiscussed for the Cu(111) surface
for two di erent photoelectron kinetic energies. Then the T-TaS, surface termination has
been investigated using the multiple scattering approachna the application of this method to
other similar systems is discussed. Finally, using singleadtering calculations have been used
in order to determine the polarity of an InN(0001) surface. e aim of all these examples is to
show, despite some limitations, the utilization domain ofcattering calculations.

In the fourth chapter we report an analysis of the Nb-SrTiQ which has been mainly em-
ployed as substrate for the ferroelectric Ims studied in tke fth chapter. A multiple scattering
based structure optimization of the substrate suggests thacontrary to long-established be-
liefs, its surface is not paraelectric but exhibits a polaridtortion analogous to the one observed
in ferroelectric Ims. In this chapter, we also emphasize s@e aspects regarding the surface
reconstruction and the chemistry at the Nb-SrTiQ surface according to di erent cleaning pro-
cedures.

The fth chapter consists of a wide investigation of ferroactric PbTiO3 Ims. The ferro-
electricity is typically regarded as a collective phenomem and is consequently expected to be
strongly in uenced by nite-size and surface e ects. Both & 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 infornt@n about the non-centro-symmetry
in Ims a few unit cell thick, the preservation of the ferroeéctricity in Ims as thin as 3 unit



cell and the inuence of the surface relaxation on the ferrdectric distortion switchability.
Second, the environment of the PbTi@ Ims has been modi ed, either by changing the inter-
face/substrate (Lay.s7Sr:33MnO3 and SrRu(;), the surface boundary conditions using plasma
based cleaning procedures for instance, or even both usinguperlattice con guration made of
alternated layers of PbTiO; and SrTiOs. Finally, we have suggested a way to understand an
unexpected behavior of XPS line positions as a function of é¢him thickness, combining XPS
and XPD measurements together with an electrostatic modelThis approach could be used
to determine the e ective screening length characterizinghe screening e ciency of electrode
materials.

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

Some results presented in this thesis have been publishedfe following articles':

X-ray photoelectron diraction study of Cu(111): Multiple scattering inves-
tigation

L. Despont, D. Naumovc, F. Clerc, C. Koitzsch, M. G. Garnier, F. J. Gar cia de Abajo, M. A.
Van Hove and P. Aebi ,

Surf. Sci. 600, 380-385 (2006)

Multiple scattering investigation of the 1 T-TaS , surface termination
L. Despont, F. Clerc, M. G. Garnier, H. Berger, L. Foro and P. Aebi ,
Eur. Phys. J. B 52, 421-426 (2006)

X-ray photoelectron di raction study of ultrathin PbTiO 3 Ims

L. Despont, C. Lichtensteiger, F. Clerc, M. G. Garnier, F. J. Garcia de Abajo, M. A. Van
Hove, J.-M. Triscone and P. Aebi,

Eur. Phys. J. B 49, 141-146 (2006)

| Highlighted in Europhysics News37, No 3 (2006)

Direct evidence for ferroelectric polar distortion in ultr athin lead titanate
perovskite Ims

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. Aehi

Phys. Rev. B73, 094110 (2006)
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L. Despont, C. Monney, C. Battaglia, H. Cercellier, M. G. Garnier, C. Lichtensteiger, M.
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Introduction

A ferroelectric is generally de ned as a material with two omore stable states of di erent
non-zero intrinsic lattice polarization P which can be rewsed through the application of an
external electric eld E greater than the coercive eld E. An external electric eld of 50
kV/cm is required to reverse the polarization of a typical faoelectric. In order to integrate
ferroelectric material in most electronic applications {Bcon chips 5V), submicrometer Im
thicknesses are needed, which is no longer a problem thanksvarious deposition techniques.

The information storage in ferroelectric random access menes (FeRAM) is a quite evident
and interesting application for such materials but require a wide technical know-how to achieve
a mass production comparable to the ongoing " ash memory" faication. However, nowadays
FeRAM are already commercially utilized (for instance by Hitsu in the SONY Playstation 2).
The di culties to reduce the ash memory operating voltage, from 5V at present to 0.5V in the
near future, could help to develop the utilization of FeERAM &large scale by simply reducing
the ferroelectric Im thickness.

The semiconducting eld-e ect transistors (FETs), based a the manipulation of charge
carrier densities, are widely used in modern electronicsjch as in cellular phones, computers,
cars, etc. The main idea is to modulate the charge densitiesnd thus the electrical resistance
through the application of an electric eld. However, the bst polarization obtained using SiQ
in oxides FETs is rather small (3 C/cm?) compared to ferroelectric oxides (10-8GC/cm?),
which limits the carrier density modulation. The utilization of ferroelectric oxide could thus be
used to increase the e ciency of eld-e ect transistors.

Other short-term applications could arise using ferroelétc materials. For instance during
the switching, the ferroelectrics emit a large number of edleons from their surface. Larger
current, lifetimes and their instantaneous ignition make drroelectric electron emitters more
e cient than conventional thermionic cathodes, and can be sed for miniaturized x-ray sources.
The ferroelectrics also reveal an electrocaloric e ect(pyelectric). In other word, by applying an
electric eld to them, itis possible to reduce their temperture ( T = 12K at 25V across 350nm
of PbZry.95Tig.0503). This temperature gradient is su cient to design CPU cooles. Finally,
similarly to carbon nanotubes (either metallic or semicongtting), applications of ferroelectric
nanotubes (insulating) have been investigated. For instae, when a voltage is applied to them,
they expand, contract or bend (piezoelectric), making thersuitable for nanoscale devices(ink-
jet printers, control of molecular species, nanoscale dedry vehicles).

Despite the evident potential of ferroelectric materials @d most speci cally of thin ferro-
electric Ims, some questions concerning their limitatioa remain open. One of them consists
in whether or not ferroelectricity can be maintained at redoed dimensions and represents the
main topic of this thesis.

At the same time to the development and the miniaturization belectronic devices, surface
science has become an intense eld of research. Indeed stefaconstitute the boundaries of
condensed matter, solids and liquids and have a main importee for catalysis, corrosion, lubri-
cation, adhesion, crystal gowth, as well as in integratedrcuits, food packing and cosmetics.



Owing to the re nement of measurement techniques, it is novdays possible to "see" single
atoms or molecules adsorbed on a surface and even to displacd rearrange them one by one.
As a consequence to this development, the scienti c knowlgd is rapidly expanding which in
turns permits to fabricate even smaller/more e cient electonic devices.

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

All these aspects are interrelated. A deeper understandingf physical behaviors leads to
progresses in measurement techniques, electronic devioésiaturization or CPU performances,
and inversely. | hope that the new data obtained in this thesiwill stimulate further photoe-
mission investigations in the fascinating and important éd of the ferroelectrics at reduced
dimension.



Chapter 1

Introduction to ferroelectricity

1.1 General remarks

Ferroelectric materials are pyroelectriéswith two or more stable states with nonzero remanent
polarizations. Using an electric eld larger than the coeiige eld®, it is possible to switch
between the dierent ferroelectric states. The spontaneaupolarization can be atomically
visualized using negative and positive ions whose centerSabarge do not coincide. Above
the Curie temperatur€, the crystal structure of most ferroelectric materials is &sed on the
centro-symmetric ABO; cubic perovskite composed by mono- or di-valent A atoms, tet- or
penta-valent B atoms and O atoms (Fig. 1.1). But below the Cue temperature, the structure
is slightly distorted permitting to consider the spontaneas polarization as due to an assem-
bly of electric dipoles made of positive and negative ion pai®. Note that, depending on
their components, the ferroelectric structure can undergdi erent phase transitions when the
temperature is lowered. For instance, BaTig, as well as KNbQ have three di erent ferro-
electric phase transitions, from cubic to slightly distoréd structures successively of tetragonal,
orthorhombic and rhombohedral symmetry. Some other ferrteetric perovskites have only one
phase transition from cubic to a tetragonal state, like PbTOs.

The magnitude of the electric eld requested for switching lte spontaneous polarization is
proportional to the ferroelectric Im thickness (several V m), making thin Ims suitable for
electronic applications such as non-volatile memory(FRAM thermal infrared pyroelectric de-
tectors, surface acoustic wave lters used in telecommurmitions, ultrasonic sensors for medical
imaging and many others.

In parallel, the understanding of fondamental aspects of eéhferroelectricity at low dimension
still evolves with new measurement methods and new theoresi re nements. The ferroelectric-
ity has been regarded as a collective phenomenon associatéth 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 de nes 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 diplacement with respect to the positive nucleus.
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1.2 Origin of the ferroelectric instability

co’s O

ad?
Sd7 0

Figure 1.1: Cubic general ABQ perovskite structure.

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

The ferroelectric surface and interface analysis is thus gfeat importance to improve the
understanding of the ferroelectric behavior. Due to both & extremely high surface sensitivity
and its chemical sensitivity, x-ray photoelectron di racton 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 thedeal centro-symmetric sites (no
polarization) but when the temperature is reduced below th€urie temperature, the centro-
symmetric structure becomes unstable and a ferroelectrigstbrtion appears. The free energy
as a function of the polarization is shown in Fig. 1.2 for thee di erent temperatures. For

T > T, the free energy minimum is obtained for a centro-symmetristructure and thus a
paraelectric state, while forT < T, a double well shape of the free energy appears, with two
possible minima for two equivalent structure distortions arresponding to the ferroelectric state.
This structure modi cation can be explained by the "soft-male" picture. Here we attempt to
explain shortly the concept of phonon softening. Note thathis phase transition is equivalent
to a second-order Jahn-Teller e ect (terminology used by @mists and some physicists).

Two di erent electronic shell hybridizations occur in PTO. The most common hybridization
in perovskite oxides occurs between transition metal stagghere the Ti 3d, and the O 2p states.
The Ti-O hybridization appears as essential for the ferroettric instability. In parallel, the ns?
electron con guration of the Pt?* permits to create partially covalent Pb-O bonds. The e ectve

16



Chapter 1. Introduction to ferroelectricity

Figure 1.2: Free energy as a function of the polarization & > T, T = Tc and T < Tc.

static charges associated to each atom are drastically maatl by these hybridizations and are
di cult to quantify. However the dynamical charge de ned by the change of polarization
induced by the atomic displacement, called the Born e ecti charge Z, appears as a more
fundamental quantity. It allows to visualize the mechanisnof polarization as electronic currents
produced by dynamical changes of orbital hybridizations. fAe e ective charge Z can be used
to predict the spontaneous polarization in ferroelectric @terial.

The phonon frequencies can be deduced from a classic dynahimatrix calculation. In
this calculation, the phonon frequencies correspond to thegenvalues of the dynamical matrix
obtained by the second derivative of the potential (includaig 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 theohgitudinal (LO) and transversal
(TO) optical modes.

The phonon dispersion calculated for a simple cubic PTO stcture reveals imaginary fre-
quencies for the TO modes [8]. This special feature has sigant implications regarding the
properties of the system, like allowing to associate the ferlectric instability to the lattice
dynamic. Indeed, if the calculated phonon frequency tend® tzero ("soft-mode") or becomes
imaginary, it means that the structure included in the calclation is not stable. To obtain a
stable system, the struture has to be modi ed. The stabiliz@on is reached for a non-centro-
symmetric structure which induces the creation of a dipole ament. As the dynamical charge
Z is directly related to the change of polarization created bihe atomic displacement, it re ects
how the system reacts when a structure distortion occurs. liact, anomalously large Z values
are found in the litterature and seem to be a general featurd perovskite compounds [8{10].
This leads to large spontaneous polarization for small disttions.

For the particular PTO case, the calculation of the eigenvéors shows that the Ti atoms
are displaced against the O along the Ti-O chains and that Pbt@ms move against the O
in the Pb-O planes. Moreover an antiferrodistortive installity (cooperative rotation of the
O octahedra) appears imab initio calculations which reveal a strong correlation in the plane
perpendicular to the axis of rotation [8].

17



1.3 Ferroelectric nite size-e ect

1.3 Ferroelectric nite size-e ect

The ferroelectricity is a collective phenomena thus sensié to the system dimension. For

instance, by decreasing the thickness of a ferroelectrianl, we act on the long-range Coulomb
interactions which are essential in the ferroelectric phasstabilization. Indeed, the polarization

creates charges at the ferroelectric surface and compengatcharges provided by electrodes
are required in order to stabilize the ferroelectric groundtate.

Using perfect electrodes, these charges can be completetyesned at the electrode-
ferroelectric interface. However, real electrodes can nemtirely screen the polarization charges
at the physical interface. In fact, using real electrodeshe screening charge plane is diplaced
relative to the ferroelectric-electrode interface by a diance called thee ective screening length

eff and consequently a net charge is created at the interface, ilgstrates in Fig. 1.3. This un-
compensated charge is at the origin of the depolarizing eldt the ferroelectric Im boundaries
which could be large enough to suppress the ferroelectricsiability in very thin Ims [11].

a) Ideal electrodes b) Real electrodes
Ferro. (=0 Ferro.Eq# 0
Perfect  gogoas,  Perfect Real | oocs 4 Real
electrode g>@>g>+ electrode electrode. go@>g> +e€lectrode
EESEH - ¢l><bc§ +
EEEH - &P +
EEE - &P +

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

A simple electrostatic model based on the compensation clgas induced by real electrodes
and on the incomplete cancellation of polarization shows &h the depolarizing eld amplitude
depends only on three parameters: the ferroelectric distamn(proportionnal to the bulk spon-
taneous polarization), the e ective screening length andhie ferroelectric Im thickness. The
electrostatic model developped in Ref. [12] has been apglieere to the PbTiO;(Ps=83 C=cm?
and ¢ =0.12A [13]) and the results are illustrated in Fig. 1.4 a and b.

The gures show that the depolarizing eld increases linedy when the atomic displacement
relative to the centro-symmetric state increases (a) and #t the depolarizing eld is inversely
proportionnal to the Im thickness (b) and demonstrates itscrucial role for the ferroelectricity
suppression at nite size. Furthermore, it also illustrate that even above the critical thickness
below which the ferroelectricity disappears, a non-zero pelarizing eld tends to reduce the
amplitude of the spontaneous polarization.

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

18



Chapter 1. Introduction to ferroelectricity
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Figure 1.4: (a) Evolution of the depolarizing eld as a fundbn of the ferroelectric distortion

for dierent Im thicknesses. The paraelectric state correponds to a ferroelectric distortion
equivalent to 0 while the bulk tetragonal ferroelectric phae corresponds to 1. (b) Evolution of
the depolarizing eld as a function of the Im thickness for d erent ferroelectric distortions.
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Chapter 2

Experimental techniques

2.1 Introduction

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

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

Figure 2.1: Scheme of a photoemission experiment. The sam illuminated by light of a
given energyh . The excited electrons are ejected and collected in the deter.
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Usually, two photon energy regimes are considereditraviolet p hotoelectron_gectroscopy
(UPS) where photons of low energy (less than 50eV) probe vate electrons and_say
photoelectron_gpectroscopy (XPS) where photons of higher energy (up to 2060) probe mostly
the non-dispersive core levels allowing for surface cherli@nalysis. The light used for the
XPS energy range is usually obtained by the transition of a Lhell electron into an un-
occupied K shell. This desexcitation process generates Kadiation whose energy depends
on the material in which the desexcitation takes place. The ast commonly used materials
are aluminium(h =1486eV) and magnesiumf =1256.3eV) for which the line width is small.
Silicon(h =1740eV) is less widespread.
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Figure 2.2: Electrons escape depth as a function of their latic energy, for various metals. The
line represents a universal curve, the data being spreadedband this line. [3]

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

The next two sections describe rst the basis of the photoerssion process illustrated by
the three step model and second the particular case of the aagesolved photoemission.

2.2 X-ray photoelectron spectroscopy

The semiclassical "three step model”, which is the most conanly used interpretation of the
photoemission process, distinguishes three distinct step
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The photon induced excitation of an electron from an occupikeinitial state to higher
previously unoccupied nal states, labeled with (1) in Fig.2.3a.

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

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

optical travel escape
(a) transition tothe into (b)
between surface vaccum
bulk states ZA ﬁ
Energyi
Et - —o —b WYY -y hn
A
o @ lo | 1
/ 7777777777777777777 Ovac
] 2
E
V ' [ B
) Bt v oo
kosollid : .
0 Z

Figure 2.3: (a) Scheme of the three step model [3].1: Phote#ation 2: Travel to the surface
3: Escape into the vacuum. (b) lllustration of the photoeleton momentum vector refraction
at the solid surface.

(1) An electron in its initial state j i > with energy E is excited by a photon of a given
energyh which induces the transition of the electron to a nal state<f | with energy . The
optical transition related to the photon absorption can be dscribed by the following Fermi's
golden rule:

i i <f jHin ji>j® (Er Ei h) (2.1)

where theH;,; is the Hamiltonian describing the interaction between thelectron and the
electromagnetic eld(the photon) and insures the energy conservation.

e
Hint = m(A pt P A) (2.2)

where A = Ay€%" is the electrostatic potential vector andp = ihf is the electronic
momentum operator.
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(2) The electron travelling towards the surface undergoes etemn-electron scattering. This
scattering limits the number of electrons reaching the suate and creates an electronic back-
ground due to the multiple inelastic events.

(3) The last step consists of the transit of the electron throughhe surface. To escape
into the vacuum, the electron has to overcome the surface mottial barrier . Moreover the
kinetic energy part correlated to the perpendicular compant of the momentum, %kfz?, has
to be larger than the surface potential stepyy. The Fig. 2.3b illustrates the transit through the
surface under the condition of parallel momentum conservan, ki = K. However the momen-
tum component perpendicular to the surface is not conserveds the photoelectron is refracted
when passing through the surface. There are two relationgisi between the photoelectron ki-

netic egergy and its parallel and perpendicular momentum ogponents,K = —2T=kn-sin  and
K'_) =

2mE in cos? Vo
h .

2.3 X-ray photoelectron di raction

A theoretical description of the photoemission process istematically illustrated in Fig. 2.4a.
The absorbed photon produces a spherical, primary electravave 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 cattered by the neighboring atoms
described by a spherically symmetric potential located at;;rj;:::.. Each scattered wave of
angular momentuml then undergong a phaseshiff and the total scattering amplitude is given
by the scattering factorf;( ;) = + (2l +1)Pi(cos ;)€ ' sin |, with | the angular momentum
with respect to sitej, P, the Legendre polynom and; the scattering angle. Atomic vibrations
< uj2 > are taken into account using a Debye-Waller factor and the ettron wave amplitude
attenuation due to inelastic processes during its propagan to the surface is determined by
the inelastic mean free path .. The coherent superposition of direct(,), single( i,...) and
multiple scattered waves(;,...) is then refracted at the surface potential step\(;). Depending
on photoelectron kinetic energy and atom positions aroundhé emitter, the coherent sum
reveals an anisotropic behavior as a function of angle. Thérang anisotropic distribution
of photoelectrons emitted from crystalline materials hasla@eady been observed in 1970 by
Siegbahn [4] on NaCl(001) crystal and is shown in Fig. 2.4b.

A schematic illustration of the photoelectron di raction process in shown in Fig. 2.5a. For
photoelectron kinetic energies higher than approximatel$00eV, a clear anisotropic scattering
amplitude is observed. As seen in Fig. 2.5b, the main scatieg amplitude f ( ) is found at

= 0° and corresponds to the "forward focusing” direction. This mhancement is directly
correlated to the emitter-scatterer direction, and one nd that the photoelectron angular
direction is to rst order approximation a forward projected picture of the atomic structure
around the emitter. The Al scattering amplitude is calculaed for di erent energies in Fig.
2.5b. In particular, it clearly shows that there is almost ndbackscattering ( = 180°) ux at
1000eV. Thus this behavior permits a very straightforwardnterpretation of XPD data.

In order to perform XPD, a precise control of the angular pogon of the sample is required
together with an energy and angle resolving electron detéah facility. The data presented in
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Figure 2.4: (a) Principle of photoelectron di raction. (b) Angular dependence of photoelectrons
expelled from the Nals, Na2s and CI3p shells my MgKradiation done in 1970 by Siegbahn [4].

this thesis have been obtained using highly accurate and meglucible crystal rotation around
the polar and azimuthal axes with a computer controlled goonmeter(precision 0:2°). The
manipulator polar position is adjusted to align the azimutlal rotation axis with the analyzer
acceptance direction. The e ective deviation of the axis ppendicular to the sample with
respect to the analyzer direction is called wobble and is mimized optically outside the vacuum
chamber. Nevertheless, a maximal residuatystalline wobble of approximately 2 is usual. But
as this angular misalignement is easily measurable, it isul possible to correct the data.

In this thesis, the XPD was mainly used to obtain informationon the structure of many
di erent materials, such as Cu(111) (as reference for a silegvs multiple scattering com-
parison), 1IT-TaS, (to reveal its surface termination using the MSC approach)inN(showing
the presence of a polydomain con guration), Nb-SrTi@, PbTiO3z on Nb-SrTiO3z, PbTiO3 on
Lag.e7Sr0:33MN0O3, PbTiO 3 on SrRuG; and PbTiO3/SrTiO ;3 superlattices.
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Figure 2.5: (a) lllustration of the forward focusing e ect n the direction of the nearest-
neighbors. (b) Calculations of plane waves scattering anipides for Al.
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Chapter 3

Multiple scattering calculations

3.1 Introduction

To obtain precise information about the structure of crystdine samples, simulations of the
photoelectron di raction process are essential. In many sas, a single scattering formalism,
which considers only one scattering event on each atom of aven cluster, is su cient to
calculate diraction patterns, e.g. for the orientation ofadsorbed molecules [1], or to optimize
atom positions of submonolayer coverages of adatoms via af&tor analysis [2]. Moreover,
this approach has the advantage to be much less computing #tonsuming, permitting to
consider larger clusters than with the multiple scatteringormalism. However, as will be shown
in this thesis, this approach is not accurate enough for sage termination determination of
guasi-two-dimensional systems (see Section 3.4), for whithe multiple scattering approach
becomes essential.

This chapter is organized as follows: Section 3.2 introducesome calculation parameters
and their in uence on calculations. A description of the optnization process for the well-kown
Cu(111) surface is also presented. Then a comparison betwestngle and multiple scattering
is done in Section 3.3. And nally the Section 3.4 describesot it is possible to determine the
crystal surface termination using the MSC approach, and whare the possible limitations of
such studies depending on the type of scatterer, the atomigsthnce or the stacking sequence.
This chapter has been arranged for two di erent kind of reads. The reader interested in
understanding the MSC but without performing calculationscan skip the footnote where the
"EDAC command" are briey explained. However, the reader wb would like to perform
calculations with the EDAC code can use the footnote as a usguide together with the EDAC
manual available in Ref. [3].
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3.2 EDAC: General remarks

3.2 EDAC: General remarks

3.2.1 Introduction

The EDAC (electron diraction in a tomic clusters) code [4] adopts a cluster approach. The
cluster shape (sphericdl or parabolic®) and size { Rpnax©) de ne the number of atoms sur-
rounding the emitter, as seen in Fig. 3.1. The excitation piess de ned by the photon
polarization vector® creates an initial spherical photoelectron wave which is attered by the
surrounding atoms. This code takes into account the attentian of the wave amplitude during
its propagation in the solic?, the atomic thermal vibrations' and the refraction at the surface
potential step?. The coherent superposition of the initial photoelectron awve and the scattered
waves de nes the nal amplitude’ measured by the detectdrat a given anglé.

The calculations are performed using an exact representati of the Green function prop-
agator, meaning that no further approximation has to be donexcept for the mu n-tin ap-
proximation®. The mu n-tin model implies that a spherical atomic potential of a given atom
vanishes further than ;. The r,, can be estimated via the average nearest-neighbour distanc
The calculation time is proportional to nN 2(Imax + 1) 3, wheren is the scattering order,N the
number of atoms used in the cluster andl,,x the value of the maximum angular momentum
in the multipole expansion of the wave function around eacht@mic center of scattering.

Parabolic Cluster Spherical Cluster
ph=lialy
" OO0NWR
OO max
)
RexeLe)

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

a8EDAC command: cluster surface o

PEDAC command: cluster surface on

¢EDAC command: cluster Rmax I(A) , where is the maximum distance in A from the emitter up to
which atoms are considered to belong to the cluster.

dEDAC command: polarization LPx/LPy/LCP/RCP

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

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

9EDAC command: VO 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 ; ¢ Nsiep and emission angle theta ;  Nsgep

KEDAC command: mu n-tin
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3.2.2 Calculation procedure coupled with the reliability f actor

A good starting point of an atomic structure optimization in EDAC begins by another para-

meter setting optimization. Indeed, the calculated di radion patterns can strongly depend on

the initial value of parameters such as Rax, Imax, dmax (the maximum distance between two

successive scattering events taking place at cluster atorngitions), Debye temperature, inelas-
tic mean free path, etc... To analyze the e ect of these paragters on EDAC simulations, and

at the same time to suggest how to use EDAC to obtain better agement between measured
and calculated di ractograms, we propose an R-factor [5] Is&d self-consistent optimization

procedure, here applied on the well-known Cu(111) surface.

Indeed, to obtain a quantitative value of the agreement beteen calculated and measured
di ractograms, an R-factor analysis based on the multipolexpansion of the angular intensity
distribution, i.e., the expansion into spherical harmonics, has been used. Iho#, the
multipole coe cients a,, for the experimental and the calculated di raction patterrs | (; )
are obtained by

1 Z
Am = - (; YWm(; )d (3.1)
whereY,,, are the complex conjugates of the spherical harmonics, and; ) is the oscil-
latory part of the diraction pattern obtained by normalization with respect to the average

intensity 1o( ) for each polar angle :

L) 1o(),
lo( )
The R-factor is then obtained by summing the distance betweaethe points in the complex

plane representing the experimental and theoretical mufiole coe cients a,, over all | and m
' s considered [5]:

()= (3.2)

Ixax X
R factor = jah  axj: (3.3)
I=0 m= |
Thus, based on various observations related to the variatoof R-factors between one given
experimental result and di erent MSC calculations, it is p@sible to establish a procedure to
optimize non-structural and structural parameters.

First of all, the non-structural parameters which stronglyin uence MSC patterns, and of
course R-factors, (as Rax Or Imax) are optimized, followed by the non-structural parameters
which have less impact on calculated di ractograms, such d3ebye temperatures or inelastic
mean free paths."

'EDAC command: dmax I(A) , where is the dnax Vvalue in A . As default, this value is xed to in nity.

MNote that this rule can su er from exceptions. Indeed, if a non-realistic value for one of these parame-
ters is given (for the inelastic mean free path or the scatteing order for instance), abnormal high R-factors
corresponding to completely wrong calculated MSC patternscan be obtained.
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In Fig. 3.2a-e, we show di erent Rax VS Ihax R-factor grids showing the in uence of gy,
imfp, Debye temperature and the number of emitters. Fig. 3fXhows the R-factor variation
as a function of ¢, for 9 emitters, Rpax =19A and |2 =8.

For a given cluster shape, the number of atoms taken into aaot is a function of the
number of emitters and is de ned by the R« value. For the above example, the number of
atoms is, for 9 emitters, 30, 114, 219 and 336 atoms fop,KR= 19, 20, 21, 22A respectively
and for 6 emitters, 71, 107, 167 and 224 atoms for,R = 14, 15, 16 and 1A respectively'.

Contrary to what could be expected, the R-factor does not nessary decrease with an
increasing Rnax. This is counterintuitive as with a larger Ryax the number of atoms in the
cluster increases and should therefore lead to a MSC caldida more similar to the real ex-
periment. However, this counterintuitive phenomenon codlbe 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,Lx value. This behavior is specic
to this measurement and not observed on other systems. As se@ Appendix Fig. B.2,
B.1 and B.3 the |\, Which approximates the outgoing photoelectron wave funicn using a
combination of I, © spherical harmonics, can strongly a ect MSC calculations .I\b)te that
its value is estimated byl ax krm¢ wherek is the photoelectron wave vector/( = Eyi, P).
However, surprisingly the },ox corresponding to the smaller R-factor value does not in eyer
case scale with the photoelectron kinetic energy, contratp the I«  Kkrp¢ approximation.
For example, as seen in Section 3.3, optimal values fggl of 13 and 8 are obtained for the two
di erent E i, =320.8 eV and E;, = 807.2 eV (corresponding to the excitation of Cu 2f, line
by MgK and SiK radiation respectively). This unexpected behavior is not n@blematic as
the important point is to calculate with a large enough }.x to obtain the best approximation
of the outgoing photoelectron wave function using a combitian of |,,x spherical harmonics.

As can be seen in Fig. 3.2a-c, the R-factors obtained for drent dmax (10, 15 and 2@ )
values are similar and the minimal R-factor values are obtaed for the same set of parame-
ters. Note that dna is the only parameter which has been changed between the targraphs.
This behavior is helpful for minimizing the calculation time. Indeed, the calculation time in-
creases with an increasing gy (with a 3.2Ghz processor, order=8 for g.x=10A 1h20 and
for dmax=20A 4h).

Between Fig. 3.2c and e, the only di erences in the initial daulation parameter setting are
the dmnax (20A and "unlimited” respectively) and the number of emitters © and 6 emitters).
Two informations can be obtained by studying these two gure. First, when a su ciently
large number of emitters is selected (here 6), the minimal fctor value is located at the same
position (same R.ax and Inax values) than for a larger number of emitters, indicating thavery
deep emitters do not strongly a ect the MSC calculation (whth is also naturally the case in
experiment). Second, the use of a limited @y (9 emitter case) does not a ect the di raction

"Trick to determine a useful range for Rnax Vvalues: try to rst calculate with dierent R .« values using
degenerated (=1) lhax and recursion order. It permits to check the cluster (EDAC canmand: cluster output
I(A) ClusterName) and the number of considered atoms for each R.x (EDAC command: report natoms) with
a short calculation time.

°EDAC command: Imax , where is the Iqhx Value

PEDAC command: emission energy E(eV) B Ef Ngiep
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| 6 emitters, ga=unlimited|
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Figure 3.2: (a)-(€) Rnax VS Imax R-factor grids for various parameters. Fig. 3.2f shows the
R-factor variation as a function of gy, for 9 emitters, Ryax =19A and |2 =8.

pattern if it is large enough.

Note that it is very important to use the smallest number of entters (for which the MSC
pattern is "good") to perform a complete optimisation procdure. Indeed, it can strongly reduce
the calculation time even if the number of atoms becomes lag For instance, as shown in
Table 3.1, the calculation performed for 6 emitters (Rax =14A and 71atoms) runs during 1h
while for 9 emitters and a similar di raction pattern and R-factor value, the calculation runs
during more than 4h even with less atoms (Rax =19A and 30atoms) and a limited @,a.x =20A
. Obviously in this last case, the calculation time can be rested by decreasing the g (for
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Figure 3.3: (a) R-factor as a function of the Debye temperate for di erent d ,, Values and
(b) two MSC calculations corresponding to two di erent Debg temperatures for @ax =20A
.(c) R-factor as a function of the imfp for di erent dnax Vvalues and (d) two MSC calculations

corresponding to two di erent imfp for dmnax =20A .

Numbers of emitters|| Rnax [A ] | Number of atoms| dnax [A ] | Calc. time
6 14 71 1 1h
9 19 30 20 4h
9 19 30 10 1h20

Table 3.1: Calculation time as a function of various paramets. Calculations performed with
a 3.2Ghz processor.
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dmax =10A  1h20), but here at the detriment of the R-factor value as seen Fig. 3.2f.

The R-factor evolution as a function of the Debye temperata is shown in Fig. 3.3a for
di erent d »x Vvalues. Here only the 9 emitters case is studied as it is veryndar to the 6
emitters case for g.x=20A , and also because the modi cation of g, can strongly a ect
MSC calculation patterns which is a good way (only one parartex to change) to observe the
impact of the Debye temperature on lower accuracy MSC calations. As shown in Fig. 3.3a,
the R-factor becomes worse for larger Debye temperaturesidathis whatsover the d,.x Vvalue.
This e ect, not strong for dmax =15A in this example, is a permanent feature in the di erent
studies performed during this thesis. The R-factor is alwaybetter for Debye temperatures
smaller than those found in the litterature. This behavior sggests that features obtained in
MSC calculations performed with "conventional” Debye tempratures are too sharp comparing
to features displayed in experimental di raction pattern. This is shown in Fig. 3.3b for two
MSC calculations performed with two Debye temperatures fat,. =20A .

As for Debye temperatures, imfp can be seen as a "smoothinganameter. The R-factor
variation as a function of imfp is shown in Fig. 3.3c. First ofall, the R-factor is only feebly
a ected by the imfp increase. But this small variation becoras larger for larger dax (better
R-factor). It thus suggests that for poor agreement betweethe MSC calculation and the
experiment (dnhax =10A ), the e ect of the imfp is smaller than for more adequate MSCcal-
culations (dmax =20A ). The e ect of the imfp on MSC calculations is shown in Fig. 33d,
where calculations for imfp=5 and 13 are displayed. It shows how a smaller imfp can slightly
smooth the di raction patterns.
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a) b)
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S 0344
Q
S
hn
o 0.33 —
o 0o ® 0 0 0 0 0 0
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Figure 3.4: (a) Calculated di raction patterns for two di e rent recursion orders. (b) R-factor
vs recursion order plot.

Obviously, the order of recursion plays an important role igarding to the accuracy of the
result. But the choice of a large enough value is, as rst appkimation, quite easy to do as
re ected in Fig. 3.4a which shows how the whole MSC calculat changes as a function of the
recursion order for the Cu(111) 2f, emission case. Moreover, in some cases (not shown here),
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if a too small order is chosen, singularities can appear in \ISdi raction patterns 9. If such
singularities are obtained, the recursion order value carelincreased until their disappearance.
As the calculation time increases linearly with the recursn order, a particular attention to
this parameter has to be given. In the EDAC code, two kinds otdration procedure can be
utilized. For the direct Jacobi iteration method (by default), each iteration corresponds directly
to an order of scattering while in themodi ed recusion method, the result obtained from one
iteration is mixed with the previous result to improve the coavergence. 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,ased on physical considerations,
known bulk structure or litterature, an initial structural model is guessed. The number of
emitters, N, could be selected in such a way that the depth of the deeper #t@r is 1.5
imfp. The other parameters are determined using the above@anation (and with horse sense).
The experimental di raction pattern is then simulated and @mpared to the measured result.
By modifying alternatively the above-discussed non-striigral parameters (Ryax, Imax, Debye
temperature, dnax, recursion order, imfp) and the number of emitters, a minimavalue is
obtained for the R-factor.

Second, when a reasonably low R-factor value is obtained fug a given setting of non-
structural parameters), various structural parameters aa be varied until the best agreement
with experiment as judged by the R-factor. The new optimizegositions can de ne a new
cluster which can be used as initial parameter of the rst Réctor analysis loop. This procedure
can be repeated until the nal lowest R-factor (or the non-stuctural and structure parameters)
does not vary anymore.
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9Note that a small number of singularities does not drasticaly a ect the R-factor value.
"EDAC command: iteration recursion
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Multiple scattering theory based on a cluster model is useda simulate full
hemispherical x-ray photoelectron di raction measuremers 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) surfaceor two di erent
photoelectron kinetic energies. Di erences and similarites between single and
multiple scattering are discussed in comparison with expamental results. We
nd that the present approach gives very good results despi¢ some limitations.

3.3.1 Introduction

The complete knowledge of the atom positions is a necessargnequisite for the understanding
of the various properties of material's surfaces. Among theumerous techniques available to
the scientist to obtain this crystalline information, x-ray photoelectron di raction (XPD) has
proven to be very powerful, owing to its chemical sensitiyt and its ability to measure sub-
angstroem atomic displacements. However without theoretl simulations it is often di cult to
understand the di erent structures appearing in XPD data aml to link them to true crystalline
positions. Single scattering codes are used for some timewto simulate di ractograms and are
su cient to calculate the major cristalline structure, the orientation of adsorbed molecules [1],
or to optimize atom positions of submonolayer coverages afatoms via a R-factor analysis [2].
However, this approach appears insu cient for multilayer gstems like in ferroelectric Ims
or for surface termination determination of quasi-two-diransionnal systems [3], for which the
multiple scattering approach becomes essential.

Recently, thanks to the development of new computer codes dithe availability of faster
computers, it has become possible to simulate XPD di ractagms using a MSC formalism (
see Ref. [4] and references therein). It is the aim of this papto perform an as complete as
possible comparison of Cu(111) surface XPD measurementghaihe MSC simulations using
the EDAC (Electron Di raction in Atomic Clusters) computer code [4]. Therefore, this study
serves to verify to what degree state of the art EDAC multiplescattering 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 modi ed Vacuum Gerators ESCALAB Mark Il
X-ray photoelectron spectrometer equipped with a xed henspherical electron energy analyzer,
and a three channeltron detection system, operated with a ba pressure in the lower 16 mbar
region. The x-ray tube contains a MgK (h =1253.6 eV) and SiK (h =1740 eV) twin anode.
The samples are xed on a computer-controled two-axis gomweter capable of scanning the
emission angle over the full hemisphere above the surfacgl[§. Data has been collected for a
polar angel range 2 [0° 78] and an azimuthal angle range 2 [0°; 36(].

For electron kinetic energies higher than approximately ®0eV the analysis of di raction
patterns is made easier by the so-called "forward focusing ect which consists in an en-
hancement of the emission intensity along densely packedoatic planes and rows of atoms
(corresponding to low-index crystallographic directions[11]. In the above-mentioned energy
range, the photoelectron inelastic mean free path J is large and thus the number of scattering
events can be also large. The scattering on the rst few atontsas a tendency to focus the
emission in the emitter-scatterer direction while on the fasequent atoms it tends to defocus
the signal [12]. It is a clear indication for the necessity taise MSC in order to get precise
information on the intensity and shape of the "forward focusg" peaks. Furthermore, the
defocusing is also linked to the development of the convenial Kikuchi bands which become
more intense when the forward-scattering peak intensity diinishes [12].Thus MSC is also re-
quired to reproduce Kikuchi band intensities as well as diaction pattern structure details.
Single scattering (SSC) is well-known to overemphasize tiensity of the"forward focusing"
peaks [11].

The cluster model approach of the EDAC code [4] used here tosilate the XPD experiment
is based on the mu n-tin potential approximation [13]. EDAC evaluates the MSC expansion
using a fully convergent recursion method. In order to oveotne the rapidly-growing compu-
tational demand, EDAC contains the Rehr and Albers [14] praxure consisting in a separable
representation of the free-electron Green function. The Kdock recursion method is used to
calculate an iterative solution of the MSC series. The compation time needed to determine
the scattered wave function is proportional taiN ?(I,,ax +1) 3, wheren is the scattering order,N
the number of atoms used in the cluster antl,,x the maximum angular momentum quantum
number. This last parameter permits an approximation of theoutgoing photoelectron wave
function using a combination ofl,,.x spherical harmonics. The number of spherical harmonics
is approximately given byl.x  Kry: [13] wherek is the photoelectron wave vector and
the mu n-tin radius. By estimating an average nearest-neifpbour distance and selecting a
photoelectron kinetic energyEi, , the I,ax parameter can roughly be deduced.

The number N of scattering atoms in the cluster is de ned with the paramedr R .
Figure 3.6 shows how Rax de nes the scattering volume using the emitter either as théocus
of a parabola or as a sphere center. The following B, values are chosen: Rx=22 A for
Exin =807.2 eV (Cu 2p-, core level excited with SiK ) and Ry =13 A for Eyi, =320.8 eV (Cu
2=, core level excited with MgK ). To increase the contribution of scattering of the atoms
located between the emitters and the surface, the parabolghape is selected in the present
study, which gives a scattering volume containing approxiately 300 atoms for the high energy
case and 100 atoms for the low energy one. The electron inélagnean free path 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 ergy and inelastic mean free path,
given by [15, 16]:

538 d

q —
. 3 . .

(A) =

where d is the Cu(111) interlayer spacing (d = $149 pl—§ A). In the case of photoelectrons

with E;, =807.2 eV, 11 A, nine emitters distributed down to -16.7A below the surface

are chosen. At lower photoelectron kinetic energy, & =320.8 eV with 7 A ve emitters

distributed over ve layers are chosen down to -8.2. The introduction of an inner potential

V, permits to consider the refraction of the photoelectron wayv at the surface-potential step.
For Cu, V,=13.5 eV is taken [13]. The calculations were performed fortamperature T=300
K and thermal vibrations are introduced by means of a reasobe non-zero Debye temperature
p. Best agreement between experiment and MSC theory is obtaih by optimizing lnax , Rmax »
o, N and the number of emitters.

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

3.3.3 Results and Discussion

The calculated and measured diractograms of Cu(111) 2p measured with SiK (Egin =
807.2 eV) are presented in Fig. 3.7, using the same linear grgcale and stereographic projec-
tion. Experimental di ractograms are acquired simultaneasly at two di erent kinetic energies:
one exactly at the center of the 2p, photoemission line (kj, = 807.2 eV in this case) and one
sligthly above (Eqi, = 812.2 eV) to monitor the background intensity variation. The subtrac-
tion of the second from the rst di ractogram, taking into account the channeltron sensitivities,
allows to get rid of the inelastic electron background. Takig advantage of the threefold symme-
try of the Cu(111) the measured di ractograms are azimuthdy averaged. In order to facilitate
the comparison with the calculation, a smooth polar angle gendent background is subtracted
from both the measured and the calculated di ractograms. Tis polar angle dependent back-
ground originates from three di erent e ects. First, the amalyzed surface area changes with
1/cos(theta) by scanning the polar angle (theta) from normbaemission (theta=(°) to grazing

39



3.3 X-ray photoelectron di raction study of Cu(111): Multiple scattering investigation

a) Low-index directions b) Experimenft c) MSC, R-factor = 0.3:

a/ﬂ){ﬂ/\\ 807.2 eV
\\[/

[141] Ekin:
_(100)=
o
[121]

R

e) | --- SSC

............. MSC

Intensity [arb.units]

[010] ..... { o [110]
80 60 40 , 0 10 40 _ 60 80

: 20
| f =60 Polar angle [deg.]

Figure 3.7: Stereographic projections for Cu(111). (a) Tharojections of some low-index crystal
planes (lines) and the major directions (dots) are drawn inrder to facilitate the discussion.
The labeled low-index directions are indicated by black det Stereographic projections of (b)
measured and (c), (d) multiple and single scattering simutad di ractograms for Cu 2ps-, at

807.2 eV. (SIK , h =1740 eV). (e) Polar scans at = 60° and (*. The experimental pro les

are represented by black dots. Polar scans are normalizediwiespect to their mean intensity

and o set with respect to each other.

emission (theta =78, here). Secondly, due to the refraction at the surface (ligkd to the in-
ner potential), the photoelectron intensity is anisotroptally reduced with larger polar angles.
And nally, the photoelectron intensity depends on the phobelectron escape depth, which is
a function of the polar angle. The removal of a polar angle depdent background therefore
permits to obtain a di ractogram independent of these aspés, emphasizing the features due
to interference.

Figure 3.7a shows the stereographic projection of the lowelex 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), andthose
along the<001> directions are less intense (B). The shapes and widths of #etwo features
are better reproduced by the MSC calculation than by the SSGs can be seen in Fig. 3.7e.
Kikuchi bands representingf 100y and f 111g type planes (C) are present in MSC with a width
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and intensity comparable to the experiment while they appeadroader in SSC. The same V-
like structure (D) is observed in all di ractograms on thef 100y 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 igabouring <110> directions
generate modulations along the1ll planes with maxima near [121] (E) [6]. Similar features JF
appear in the [211] direction along the same planes, produced by interferaascof the scattering
by [110] and invisible [1Q] neighbours. The E and F modulations are roughly the samerfthe
experiment, MSC and SSC simulations. So far MSC has given yagood results. However, the
experimental di ractogram on Fig. 3.7b exhibits a doughnutlike feature in the center which is
not reproduced in the calculation. In fact, SSC gives a betteagreement (see Fig. 3.7e at’D
By changing Inax, the number of spherical harmonics taken into account, thiteature can be
reproduced in the MSC simulation but at the expense of disagement in other di ractogram
structures, leading to an increase of the below-discussedf&tor. This points to a possible
instability with respect to the I,ox convergence.

In order to give a more quantitative comparison between meaement and calculations,
and especially between MSC and SSC, two polar cuts at= 60° and ® are displayed (Fig.
3.7e), for the measured and calculated Cu gp diractograms. All polar cuts are normalized
with respect to their mean intensity and o set with respect b each other. The most striking
di erence between the two calculations lies in the "forwardocusing” peaks, (label A and B),
whose intensities is much better reproduced by MSC calculah. As already mentioned, this
overemphasizing of the "forward focusing” peaks is a welhkwn shortcoming of SSC. What
is visible locally in the interference patterns is con rmedby a global match approach which
uses the reliability R-factor to judge the quality of the t between the complete experimental
interference pattern data and theory. The much smaller vakifor MSC, R-factor 0.33, than
for SSC, R-factor 0.55, conrms the better global agreement obtained with MS17] and
con rms what has been obtained by eye. Note that the better agement is not only due to
the overemphasized "forward focusing” peaks with the SSC amach but also due to better
agreement with the small structures comparing the MSC and thexperimental result. This
has been checked by arti cially putting the intensities in te "forward focusing" areas to a
common mean value. The idea is to remove the contribution ohé overemphasized "forward
focusing” peaks in the SSC to the R-factor. The obtained R-t#or for the SSC approach is
still worse than for MSC, indicating that the "forward focusng" peaks are not the only reason
of the better agreement between the experiment and MSC.

This conclusion is corroborated with the result of the follving analysis using a smaller
photoelectron energy. In fact, the same 2p, photoelectron line is selected, but excited with
MgK radiation (h = 1253.6 eV), changing the photoelectron kinetic energy to28.8 eV. MSC
e ects are damped owing to the shorter inelastic mean free tha , which still corresponds to 2-3
atomic distances. In this case, the SSC model should perfolratter than at high photoelectron
kinetic energy.

The same procedure in terms of data treatment as for the highretic energy has been used
in order to facilitate the comparison between both energiesn 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 tatsering on nearest neighbour
atoms. Nevertheless, the signal is broader at lower kinetenergy, because the photoelectron
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Figure 3.8: Stereographic projections of (a) measured, (M)SC calculated and (c) SSC simu-
lated di ractograms for Cu 2ps;-, at 320.8 eV. (d) Polar scans as labeled.

scattering amplitudes become more isotropic. In the SSC calation this enlargement is too
prominent owing to the absence of defocusing [12]. At the dactogram center, the intensity
modulation (E) in Fig. 3.7 has been replaced by a mushroom-abed feature (B'), with a higher
intensity area on the top. Its shape and width are well repraated in the MSC simulation. The
C' structure, which was a "forward focusing" peak at higher ietic energy, is now broader.
It has a V-like shape with a small asymmetry visible in the meaured and SSC interference
patterns, originating from photon polarization e ects owng to the oblique photon incidence
in our setup. These asymmetry e ects are especially visibiat lower energies [6]. Presently,
our special setup geometry and therefore this asymmetry bahour cannot be simulated with
EDAC. Finally, the shapes and intensities of the D' and E' regns are globally the same be-
tween experimental data and theory. Two polar cuts at = 60° and (® are displayed in Fig.
3.8d. The A" and C' peaks, corresponding to nearest neighboamitter-scatterer directions,
are well described with the MSC approach, as well as the morenasplex B' feature. For the
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speci ¢ polar scan, MSC does not appear better than SSC. In gigular, the center part of

feature A' in the experiment has a narrowness which is not repduced in both calculations.
Note that features in a localized angle-range may be betteeproduced by choosing a di erent
set of parameters but this results in a worse global agreentemith a higher R-factor.

Despite the polarization e ect not being taken into accountby MSC, the R-factor analy-
sis performed on the diractograms displayed in Fig. 3.8 shes a better agreement between
experiment and calculation using the MSC (R-factor 0.45) [18] than SSC (R-factor 0.50),
con rming the importance to use a multiple scattering forméism to simulate di ractograms.

For a more detailed comparison of the agreement between theperiment and both cal-

culation methods and for both kinetic energy cases, the ldcanisotropy, A = LG tmn g

calculated for di erent features, as well as for the total dractogram, and is reporteijm% Table
3.2. The anisotropy does not give information about similaies in the shape of particular
features in the di erent cases (MSC, experiment, SSC) but dicates the intensity variations
only. First, the anisotropy has been calculated for the eme MSC, SSC and experimental dif-
fractograms, for both Ej, =807.2 eV and g, =320.8 eV cases. In the high kinetic energy case,
as shown on the left part of Table 3.2, the anisotropy of the fuexperimental di ractogram
(55% ) is more similar to the one for MSC (68%) than to the one f&5SC (84%) due to the
overemphasized "forward focusing” peak intensities in thiatter case. For the same reason, the
anisotropy values of the A and B labeled regions are more slaxricomparing experiment with
MSC than comparing with SSC. Also, a comparable observatiaan be done for the two Kikuchi
band modulations labeled with D and F. Globally, smaller amiotropies were obtained for the
experiment and the MSC while the SSC pattern regions alwayfi@v much larger anisotropy
values in the high kinetic energy case. However it is the opgite in the lower energy case, right
part of the Table 3.2, and especially in regions sensitive fzhoton polarization e ects owing to
the oblique photon incidence, namely the C', D', E' labeledagions but with a less dramatic
di erence in the entire di ractogram. Indeed, the anisotry values of these features in the
SSC are closer to experimental anisotropies than the onedatdated with MSC. However, for
the A’ labeled region as well as for the di ractogram centerground the normal emission) the
SSC and MSC anisotropies are comparable.

Table 3.2: Anisotropies calculated on di erent di ractogram regions for both kinetic energy
cases. (Fig. 3.7, Fig. 3.8)

Region A(Ekin =807.2 eV) || Region| A(E,=320.8 eV)
SSC| Exp | MSC SSC| Exp | MSC
Entire di ractogram | 84% | 55% | 68% | idem | 63%| 49% | 76%
66% | 39% | 47% A 48% | 40% | 52%
44% | 21% | 34% c 30% | 22% | 45%
63% | 40% | 33% D' 35%| 24% | 50%
56% | 22% | 39% E' 41% | 28% | 50%
Circle (O < 30°) || 44% | 21% | 34% | idem | 52%| 38% | 59%

MmO w >

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

3.3.4 Conclusion

In the presented di ractograms, di raction patterns are daminated by the "forward focusing”
peaks along low-index crystallographic directions for bbtphotoelectron kinetic energies. For
the higher energy pattern, the relative intensities of "foward focusing” peaks are perfectly
reproduced using the MSC code EDAC. Kikuchi bands and lesgémse peaks are also well sim-
ulated and appear with the same width and intensity in the expriment as in MSC. However,
a speci ¢ doughnut shaped feature close to normal emissiannot reproduced for the simula-
tion with the best R-factor. For the lower energy pattern the"forward focusing” is less well
reproduced and the di erence between MSC and SSC is not as dtia. Nevertheless, for both
energies, the lowest R-factors were obtained for MSC simtitns, indicating the best match
with experimental di ractograms. It appears that it is possble to have a good match in a
limited angular range with worse agreement on the global p&rn. Therefore, in order to judge
a particular parameter set, the capabilities of an algoritim or simulation program, it is of prime
importance to test is on an as extended as possible data setot that remaining inadequacies
of the MSC description are certainly related to the fact thatpresently it is not possible to
converge all available parameters simultaneously, becausf memory and CPU requirements.
Furthermore, if certain parameters are pushed too far, thelgorithms may become numerically
unstable. In general, calculations using MSC prove to be ressary to accurately simulate ex-
perimental interference patterns and increase the con dee in theoretical results, specially in
peak widths and intensities. Such agreement cannot be ackee with SSC calculation.
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Multiple scattering theory based on a cluster model is used @ simulate
full hemispherical x-ray photoelectron diraction measurements on a T -
TaS,(0001) surface. Key points to determine the surface terminton are dis-
cussed. As the commonly applied single scattering simulabns do not give
satisfying results, a multiple scattering approach has to ke used to accurately
simulate the full hemispherical photoelectron diraction patterns. Di erences
and similarities between calculations of Ta and S terminate surfaces are pre-
sented along with experimental results at room temperatureusing both, the
single and the multiple scattering approaches. We nd that the surface is S
terminated and that the quantitative di erence between the calculations for
both terminations permits to show the limits of the single scattering approach
for solving surface termination problems. Moreover, by gerralizing the results
obtained using the multiple scattering approach, we discus the application of
this method to other similar systems.

3.4.1 Introduction

In general, the complete knowledge of the atom positions icessary to understand the var-
ious properties of material's surfaces. Among the numerouschniques available to obtain
information on the crystal structure, x-ray photoelectrondi raction (XPD) has proven to be
very powerful, due to its chemical sensitivity and ability b measure sub-angstroem atomic
displacements. However, without theoretical simulationg is often di cult to understand the

di erent structures appearing in an XPD result and to rely them to true atomic positions. The
use of multiple scattering (MSC) is unavoidable especiallfor bulk-emission XPD [1], as in
the present case, because the simpler single scattering eggrh dramatically overemphasizes
the so-called emitter-scatterer "forward focusing” e ect rendering the interpretation of ner
interference features, which is necessary for the deterration of the surface termination, very
di cult.

Transition metal dichalcogenides are since long of strongterest because of their quasi-
two-dimensional character, interesting electronic propges and various phase transitions. The
basic structure of I -TaS, is "sandwich-like": Hexagonal planes of Ta are sandwichedy b
two hexagonal S planes leading to a quasi-two-dimensionahtarial, see Fig. 3.9. The forces
between the sandwiches (of the magnitude of Van der Waals ¢es) are small, letting the
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Figure 3.9: Unit cell of I -TaS,. Ta atom (black) planes are "sandwiched" between the S
atoms (white).
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Figure 3.10: (a) Stereographic projection of the calculadieTa 4f;-, emission intensity of the
structure shown in (b). In-plane cuts are displayed for (b) dypothetical hexagonal Ta struc-
ture, (c) the Ta-terminated and (d) S-terminated surface. he two dashed lines in the (a)-(d)
parts correspond to the low-index atomic planes from whichhe Kikuchi bands contained in
the di ractograms originate. The labeled regions in the Sdrminated cut are discussed in the
text.

layered crystal be easily cleaved (between two S layers adlwe shown in the present article).
Similar surfaces, i.e. Mo§ NbSe and TiSe,, were studied in the past by dynamical low energy
electron di raction [2, 3].

Here we investigate the T -TaS, surface termination using room temperature XPD mea-
surements together with MSC and SSC calculations. We showahthe surface termination
determination is very di cult using only the SSC approach whle the MSC is more adapted to
answer to this question. Furthermore we attempt to generae this approach and discuss the
applicability to other similar systems.

3.4.2 Experimental and computational details

Pure 1T -TaS,, prepared by vapour transport [4,5], was cleaved-situ at a pressure in the lower
10 19 mbar region. The surface quality was checked by low energyetron di raction (LEED).
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The XPD measurements are done in a modi ed Vacuum GeneratoESSCALAB Mk Il x-ray
photoelectron spectrometer equipped with a xed hemisphial electron energy analyzer, and
a three-channeltron detection system, operated with a baggessure in the lower 10'* mbar
region. The x-ray tube contains a MgK (h =1253.6 eV) and SiK (h =1740 eV) twin anode.
The samples are xed on a computer-controled two-axis gomweter capable of scanning the
emission angle over the full hemisphere above the surfac€l[d. Data has been collected up
to 78° polar angle.

Thanks to the chemical sensitivity of the photoemission témique, the core levels of a given
type of atom can be selected. The chosen outgoing photoereitt electrons exhibit a strong
anisotropic angular intensity distribution related to the local geometry around the selected
atom. The analysis of the obtained di raction patterns is ginpli ed for electron kinetic energies
higher than approximately 500eV by the so-called "forwardoicusing” e ect. This e ect consists
in a strong intensity enhancement along the emitter-scatter direction and more generally
along densely packed atomic planes (resulting in so-call&kuchi bands) and rows of atoms
(corresponding to low-index crystallographic directions[12].

Note that experimental di ractograms are acquired by simubneously collecting electrons
at two di erent kinetic energies: one exactly at the maximumof the Ta 4f;-, photoemission
line (Exin =1229eV) and one sligthly above (g, =1234eV) to monitor the background intensity
variation. The subtraction of the two signals, taking into acount the channeltron sensitivities,
allows to get rid of the inelastic electron background.

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

The calculations are performed for the T crystallographic structure (space grougd®3ml
and lattice parameters are a = b = 3.36A , ¢ = 5.85 A ), for the Ta 4f,-, core level electrons
(Exin = 1229 eV when excited with MgK ). Three Ta emitters distributed down to 13A below
the surface are chosen. The calculations were performed #oitemperature T = 300 K and
thermal vibrations are introduced by means of non-zero Debytemperatures p. To obtain
a quantitative value for the agreement between calculatednd measured di ractograms, an
R-factor analysis based on the multipole expansion of the gular intensity distribution, i.e.,
the expansion into spherical harmonics, has been used [1H, IMoreover, anisotropies of local
interference features have been calculated.

3.4.3 Results and discussion

The MSC simulated diractogram of a hypothetical hexagonalTa structure is presented in
Fig. 3.10a besides an in-plane cut of the crystal structura iFig. 3.10b. The stereographically
projected diractogram is plotted using a linear gray scalewith high intensity in white (the
outer circle corresponds to grazing emission, whereas trenter represents the normal emission
direction). Three di erent Ta emitters are chosen. They ardocated in the center of the Fig.
3.10Db, one at the surface and the two others just below, in treecond and third unit cells. The
6-fold symmetry of the calculation is evident in Fig. 3.10aEach peak of the di raction pattern
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a) MSC - Ta termination b) MSC - S termination

R-factor=0.44 R-factor=0.25

3 3
c) Experiment |
Kikuchi
3
d) SSC - Ta termination e) SSC - S termination
3 3

R-factor=0.59 R-factor=0.44

Figure 3.11: Stereographic projections of (a) MSC calcukd (Ta-termination), (b) MSC cal-
culated (S-termination) , (c) measured, (d) SSC calculatedlTa-termination) and (e) SSC cal-
culated (S-termination) di ractograms for Ta 4f,-, emission at 1229eV on aT.-TaS, (0001)
surface.

corresponds to a "forward focusing" direction and is dirett linked to a Ta-Ta direction.

The 6 most intense peaks, closest to normal emission, de gira center hexagon (plotted
with a white line), are each surrounded by another hexagon édhed line hexagon, displaced
along the [1000] direction), and followed by another one (tted). The hexagons are distorted
in the diractogram due to the stereographic projection. The discussed hexagons are plotted
on the in-plane Ta structure in Fig. 3.10b and illustrate howit is possible to attribute directly
each "forward focusing” peak (Fig. 3.10a) to an emitter-se¢gerer direction.

The insertion of S atoms into the hexagonal Ta structure, asithe 1T -TaS, structure, breaks
the 6-fold symmetry of the clusters as shown in Fig. 3.10c artd MSC and SSC calculations
are performed on both surfaces shown here. In the followindi erences and similarities are
discussed, rst between the two terminations for the MSC antdhe 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-teninated (Fig. 3.11b), the dirac-
tograms become 3-fold symmetric, with the appearance of vations in the "forward focusing"
peak intensities and the formation of other completely di eent structures.

In the theoretical and experimental data, see Fig. 3.11, thdorward focusing” peaks are
dominant, like in the hypothetical hexagonal Ta structure kown in Fig. 3.10a. But, by
introducing the S atoms, the 6-fold symmetry is broken. Fits the feature labeled with A
reveals four very sharp "forward focusing" peaks in the caltated Ta-terminated case, while
there is more intensity inbetween in the experiment (Fig. 3.1c) and in the S-terminated case.
This behavior is directly linked to the in uence of the addeduppermost S atom between the
four Ta scatterers, see Fig. 3.10d, which does not exist indhTa-terminated structure. A
similar behavior is visible in the B labeled region, along # Kikuchi bands, as well as in the
C structure, where the "forward focusing" peaks are very sha and clearly distinct in the
Ta-terminated case while they appear connected in both thexgeriment and the S-terminated
case simulation. Note that the B labeled region contains tkee peaks, but not with the same
intensity. The middle peak is modulated by the two neighboung "forward focusing” peaks
aligned along the Kikuchi bands, see Fig. 3.10d and by the mence or the absence of the S
topmost layer. In the MSC S-terminated case and in the expenent (Fig. 3.11b and c), this
middle peak has a higher intensity than the two outer ones rgdibouring 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-terimated case while it ap-
pears more intense and with a completely di erent shape in thS-terminated case, like in the
experiment. The normal emission, which corresponds to theemter of di ractograms, has a
reduced intensity in the experiment and in the S-terminatedMSC calculation, with respect to
the Ta-terminated surface di ractogram. The opposite behaor is observed around the center,
where the E labeled rhombus intensity is much weaker in the Terminated case than in the
two others diractograms. Again, the formation of this cenered three-branches star results
from the scattering on the S topmost layer, as shown in Fig. Bdd. The same observation can
be made concerning the F (at the end of one Kikuchi band) and Gegions.

So far, many similarities have been observed between the &rhinated crystal calculated
case and the experiment and the agreement is better than fohd Ta-terminated case. To
evaluate the agreement between the complete experimentatdrference pattern data and the
two theoretical cases, a global match approach, which usdgetreliability R-factor, is employed
and conrms what has been observed locally. The much smallealue obtained for the S-
terminated case, R-factor 0.25, than for the Ta-terminated case, R-factor 0.44, conrms
what has been obtained by eye, which does not let any doubt ohd S termination.

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

6-fold symmetry, as in the MSC case. Globally, the same reg® of the di ractograms can
be detailed, but in the SSC case, the peaks are larger and sosteictures are missing in the
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di raction patterns.

In the experiment (Fig. 3.11c), the A labeled region contam four peaks of almost equal
intensity while there is a clear lack of intensity for the masexternal peak in the SSC calcula-
tions. For both terminations, this lack is lled using the MSC approach proving the necessity
of working with MSC in this system to accurately simulate thedi raction patterns. The B
region is broader using the SSC as compared to MSC and the méation of the middle peak
intensity (as discussed above) is not as visible in the Fig.13a and b as in the Fig. 3.11d and
e. Indeed the three peaks contained in the B region have alnhdise same intensity in the SSC
for both terminations, contrary to the MSC case. The C, D and Gabeled regions show almost
no intensity in the SSC calculations as compared to the experent. However, the E and F
regions are well reproduced by the SSC.

As well as for the MSC approach, we use the reliability R-faot to quantify the agreement
between the complete experimental interference pattern tiaand 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 sade. But the result
is not as evident as for the MSC result since rst, the featurshapes are broader and second,
some structures are missing in SSC compared to the experimj@nvolving a weaker con dence
in the SSC result. These di erences result from known e ectdescribed in Ref. [1]. In fact,
the scattering on the rst few atoms has a tendency to focus th emission in the emitter-
scatterer direction while on the subsequent atoms MSC tends defocus the signal. It is a clear
indication for the necessity to use MSC in order to get pre@sinformation on the intensity and
shape of the "forward focusing” peaks. Note that the bettergreement is not only due to the
overemphasized "forward focusing" peaks obtained with th8SC approach but also due to the
better agreement of the interference ne structures companrg the MSC and the experimental
result.

3.4.3.3 Multiple scattering vs single scattering

For a more detailed comparison of the agreement between theperiment and the simulations,
the local anisotropy, A = tne{iLlm L) is calculated for di erent features. The anisotropy

| max

does not give information about élmllarltles in the shape oparticular features in the three
di erent cases (Ta-terminated surface, S-terminated suate and experiment) but indicates the
intensity variations only.

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

Moreover, to obtain a quantitative indication of the di raction pattern intensity variation
owing to the S topmost layer, the two di erent di ractograms (S- and Ta- terminated surface)
have been subtracted and then normalized as shown in Eq. 3Mote that both clusters have
the same reference system to insure that the signal attenuan due to the escape depth is equal
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Figure 3.12:1pi+- (; ) calculated for the (a) SSC and the (b) MSC approaches. The wimur
plots indicate the larger di erences in both cases.

and thus that the calculated di erence only contains information about the S topmost layer
presence.lpi (; ) IS given by:

o ols erm: (50 ) lra term: ()]
)= Us term (3 )+ lta term: (5 ))=2 (3.5)

and is plotted in Fig. 3.12a and b for the SSC and MSC approacheA larger di erence is
obtained for grazing emission angles, for both the SSC and Kalculations. This is a logic
consequence of the fact that by looking at grazing angle, tleurface contribution is ampli ed
compared to the one of the bulk. Indeed, the signal decreag@a®portionately to e ¢ where
is the electron inelastic mean free path and is the path length. Emission from deeper lying
emitters is thus strongly attenuated since it correspondsotiong pathsd at grazing emission.

I pitr: (

Near normal emission) pit+- (; ) is only signi cant in the MSC case. This variation corre-
sponds to the bulk emission sketched in Fig. 3.12. In SSC, theal emitted signal along a given
"forward focusing” direction is proportional to the same entter-scatterer signal multiplied by
e t+e P+ 5, Whered;;i = 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 diréions) contributes to modify
independently the emitter-scatterer signal coming from t& di erent emitters. It involves an
intensity transfer (which is not considered in the SSC appexh) between all the scatterers.
As all the emissions are nally scattered by the topmost layebefore escaping, the scattering
contribution of the surface atoms is increased, leading tcmaenhancement of the in uence of
the surface termination.

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

In this section, key points to determine the surface termirteon for bulk-emission with the MSC
approach are discussed. Based on the above results, and tdaob a quantitative indication
about the nature of the surface topmost layer, we compare | pi. (; ) > averaged over all
(; ) angles for di erent cases, thereby giving a simple measute di erentiate the two surface
terminations. Three di erent parameters are modi ed, the eaxis parameter, the scatterer type
and the stacking sequence. The other parameters are xedalling to hypothetical materials
systems.

< lpi: (; ) > is shown in Fig. 3.13 forc-axis parameters between 5.853 (bulk value)
and 3.75A , for di erent kinds of scatterers (O, S, Se), and for the twomost natural stacking
sequences, the so-calledTland 2H polytypes. The values obtained for the case studied in
Fig. 3.12c=5.853 A, 1T -TaS,) are reported in Fig. 3.13, left. First, as thec-axis becomes
smaller, < | pit. (; ) > decreases. This is due to the increasing contribution of thieulk
emission to the whole signal due to the electron inelastic i@e free path. Indeed, as the-
axis is reduced, the emitter depths are also reduced and thigrsal coming from deep emitters
is less attenuated. Consequently, the contribution of thedopmost layer emission, and thus
the di erence between both terminations, is reduced relate to the whole signal. As plotted
in Fig. 3.13, this attenuation is weakly dependent on the st@rer type. Nevertheless the
<Ipitt- (; ) > variation as a function of thec-axis value becomes larger for heavy scatterers.

Next, we substitute the S atoms of the T -TaS, structure by two other scatterers, namely
O and Se atoms. By changing scatterers, phase shifts are natlly changed, a ecting the
scattering strengths. This e ect is well seen in Fig. 3.13. Wen S atoms of the T-TaS,
are substituted by O atoms,< | pi+. (; ) > drastically decreases, and becomes even lower
than the reference value obtained by the SSC approach. Forckua substitution, the Ta-Ta
emission dominates the entire diraction pattern and at thesame time the Ta-O scattering
becomes negligible [18]. This observation suggests that foo light scatterers (small scattering
strength), it becomes very dicult to determine the surface termination for bulk-emission
with this method. However, when S atoms of the TL-TaS, are substituted by Se atoms,
<l pi: (; ) > increases, leading to a larger sensitivity to the surface gmost layer.

Finally, <1 pi (; ) > has been calculated for the 2-TaS, stacking sequence. As shown
in Fig. 3.13, both IT and 2H stacking sequences exhibit a similax | pi- (; ) >, indicating
that the stacking is not crucial for the surface topmost layedetermination procedure.

The best R-factor has been obtained for theTl stacking sequence, the-axis parameter
corresponding to 5.98 ( corresponding to a slight (2% ) surface relaxation) and afiously using
S atoms as scatterers. For comparison, R-factor0.31 and 0.55 have been obtained with the
2H stacking for the S- respectively Ta- surface termination. Ais R-factor is worse (by 28%

) than what is obtained for the IT polytype (0.25, 0.44) showing the sensitivity of XPD to the
stacking sequence.
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Figure 3.13: < I pg- (; ) > calculated for dierent c-axis parameters, kind of scatterers
and stacking sequences. The value obtained with the SSC appch shown in Fig. 3.12 is
reported here as reference. The lled and empty markers cespond to the T and 2H stacking
sequences respectively.

3.4.4 Conclusion

In all the presented experimental and calculated di ractogams, di raction patterns are domi-
nated by the "forward focusing” peaks along low-index cryatlographic directions. But as seen,
the variations of the peak widths, shapes and intensities @ralso strongly linked to the S atom
presence at the surface. A larger con dence can be obtainediwthe MSC approach owing to a
better agreement with the experiment (seen by eye and calet#d via the R-factor). Moreover,
it appears that the contribution of the topmost S layer is quatitatively very strong in the
MSC approach, which permits to clearly distinguish both teminations. It is shown that the
full hemispherical XPD combined with the MSC approach is a peerful method to determine
the surface termination for bulk-emission and may be applieto similar systems in the future.

A generalization of this approach for other systems is disssed. It appears that for a chosen
emitter it becomes very di cult to determine the surface temination with this method for too
light scatterers. Finally, by comparing the R-factor for tre two most natural polytypes (I,
2H) it is shown that XPD is also sensitive to the stacking sequee.
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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 fundamentaind practical interest concerning the
crystal structure of the Ill-nitrides. More particularly, the basal (0001)-plane of such a crystal
is a bilayer containing two closely spaced hexagonal arraments of anions and cations. In
these bilayers, either the anions (the metal ions) or the cains (the nitrogen ions) are sitting

on top and determine whether we have to deal with group Il or@up V-face material.

Theoretical calculations predict that on sapphire, the saalled lll-face surface is energeti-
cally more favorable [1]. At a strained GaN/AlIGaN interfacethe occurrence of a 2 dimensional
electron gas is an indirect proof of the type of surface polgr[2]. At a more heavily strained
InN/InGaN-interface, however, this method does generallypot work well.

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

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

3.5.2 Experimental and computational details

Fabrication of these layers was accomplished by plasma-iatsd molecular beam epitaxy in the
Department of Electrical and Computer Engineering at Corné University. The structure is
grown on C-face sapphire substrates and contains a 50 nm thigIN nucleation layer, followed
by roughly 250 nm of GaN. Between this bu er and the subsequed micron thick InN layer, a

6 period InN/InGaN superlattice with a nominal period of 15 m was inserted. The purpose of
this stack was to bend dislocations and to improve the follang InN material quality. The InN
layer itself was grown by migration enhanced epitaxy, a gratv method which o ers indium
and nitrogen atoms in an alternate way and never at the samentie. At present this growth
method results in the highest possible quality of InN. Notehat prior to the measurements, the
INN surface was cleaneth situ using soft oxygen plasma in order to increase the XPD signal.

In order to better understand the collected data, single-attering calculations have been
performed to simulate the experimental di ractograms. No tsucture optimization has been
made; instead, the usual InN lattice parameters have been ptayed (a=b=3.544 A and ¢=5.718
A ) to create a cluster containing 1211 atoms. For the selectdn 3ds-, photoelectron kinetic
energy (EKin =809.5 eV), the photoelectron inelastic mean free path is alit 8 A and therefore
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3.5InN surface polarity investigated by single scattering

we have chosen as emitters ve In atoms down to a depth of appimately 12 A below the
surface. To obtain a quantitative value of the agreement beten calculated and measured
di ractograms, a reliability R-factor analysis has been usd.

a) Experiment, In 3g, (E,;;=809.5eV )

In-face (Z60° N-face
In N
f=0°
b) Calculation for In-face o) Calculation for N-face
Rfactor:0 " 46 Rfactor:0 " 57

Figure 3.14: Stereographic projections of (a) measured afio)), (c) 2-fold symmetrized single-
scattering simulated di ractograms for the In- and N-face espectively, for In 3d-, photoelec-
trons at 809.5 eV (MgK ).

3.5.3 Results and discussion

Measured and calculated di ractograms of INN(0001) 3d, are presented in Fig. 3.14 using the
same linear gray scale and stereographic projection. Acdorg to the InN crystal structure,
a threefold symmetrisation has been applied to the experimil di ractogram. This purely
mathematical operation improves the contrast of the meased di ractogram. However, even
without performing this symmetrisation procedure, the obdined result is six-fold symmetric.
It suggests that the InN crystal surface is either made of twdi erent domains rotated by 60°
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Chapter 3. Multiple scattering calculations

around the [0001] axis with respect to each other or contaideteps of half unit cells. The XPD
measurement is not capable to distinguish between the two ggibilities which create both a
2-fold symmetry of the di raction pattern.

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

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

| | Without folding || 2-fold symmetry ||

In-face 0.65 0.46
N-face 0.67 0.57

Table 3.3: R-factor calculated between the experimental dactogram and single-scattering
calculations for the two possible con gurations and two dierent symmetrizations. The smallest
R-factor corresponds to the best agreement.
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Chapter 4

Local structure of Nb-SrTiO 3

4.1 Introduction

Owing to its high dielectric constant, SrTiO; (STO) is a promising material that has the
potential to replace silicon dioxide in some nanoelectrandevices. Moreover, STO is considered
as a standard model to study oxide surfaces and is widely usad substrate for epitaxial Im
growth.

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

During the last three decades, many di erent aspects of theT® have been studied. Like
other perovskite compounds, STO shows a complex physicalnagior. Its cubic (a=3.902A)
structure turns into a tetragonal phase atT < 105K but remains paraelectric for all temper-
atures. In the ideal non-reconstructed state, both Ti@ and SrO terminations are possible.
However, depending on various conditions, as temperatur@mosphere, doping, defect density,
the picture becomes much more complex. For instance Jiangsheeportedc(6 2) andc(4 2)
surface reconstruction of STO and suggested that the nal dering depends not only on the
annealing conditions, but critically on the surface condibn before the annealing [13. Ander-
sen has studied the e ect of the Ca concentration on the STO dace reconstruction [2] while
Erdman and Gunhold have shown how the (2 1), c(4 2)andc(6 2) surface reconstructions
were obtained under di erent oxidizing conditions on the SO (001) and (110) surface [3, 4].
The results obtained by di erent groups can sometimes di eror can be even contradictory,
indicating the sensitivity of STO surface structures to prparation procedures. The aim of this
chapter is not to entirely solve the problem of the STO surfac preparation and characteriza-
tion but to sensitize the reader to some aspects between theusture and chemistry of STO
surfaces.

aAccording to Jiang, a c(4 2) surface can be obtained by annealing the surface with the ssistance of
hydrogen, while annealing anO, pre-treated surface both with and without hydrogen generaes ac(6 2)
reconstruction.
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4.2 X-ray photoelectron di raction on Nb-SrTiO3

Several theoretical [5] and experimental [3, 6{8] studiesalie been performed on the STO
electronic structure. For instance the electronic structre of STO surfaces with defects produced
by Ar ion sputtering, surfaces annealed before and after then sputtering and surfaces with
adsorpted Q [9] have already been studied. Therefore, this aspect hast fi@en discussed in
the present thesis.

This chapter is organized as follows. The Section 4.2 is dedied to XPD measurements
and a MSC analysis which shows that the STO surface exhibits ainexpected polar distortion
analogous to the one observed in PTO Ims and discussed in Qbtar 5. Then in Section
4.3, a (1 1) surface obtained with di erent cleaning procedures is shvn together with XPS
measured after each cleaning process. The result is thenadissed and general conclusions are
given.

4.2 X-ray photoelectron di raction on Nb-SrTiO 3
4.2.1 Experimental results

a) Sr 3d,, b) O 1s c) Ti 2R,

Figure 4.1: Experimental di ractograms up to = 70° for a Nb-STO substrate. MgK excited
(a) Sr3ds-,, (b) Ol1s and (c) Ti2ps-, photoelectrons.

Photoelectron di raction patterns are plotted in Fig. 4.1ac for a bare Nb-STO substrate.
No surface cleaning procedure was applied and measurememtse performed at room temper-
ature. Despite the presence of surface contaminations, buas C and O, we obtain well-de ned
XPD patterns for the three selected emission kinetic enegrs, corresponding to the Sr3d,,
O1l1s and Ti2p-, emissions. Note that STO is an insulator in its primary stateand thus hardly
measurable using photoelectron spectroscopy. When it isdreced in UHV ( heating to about
1000K for several hours), it becomes-type with a maximum carrier concentration of the order
of 10'° electrons/cn?® [9]. By doping cations such as NYj, the STO has also am-type con-
ductivity while p-type STO can be obtained if acceptor ions (8t) are introduced into Ti%
ion sites [6].
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Chapter 4. Local structure of Nb-SrTiQy

As the structure of STO is very similar to the PTO which is presnted thoroughly in
Chapter 5, no detailed XPD analysis will be done. The only dierence worth to be mentioned
is that at room temperature, the STO is cubic while PTO is tetagonal, implying a measurable
(using Sr3d-, and Pb4f-, emission lines) forward focusing peak position variationdiween
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 usinthe MSC approach for the O1s
emission. The results ( R-factor grids ) are shown in Fig. 4a2d. Each gure shows R-factor
values calculated between the measured XPD pattern(shown Fig. 4.2e) and di erent MSC

calculations obtained with various O and Ti atom positions,for one givenc-axis structure

parameter. O and Ti atoms have been shifted along theaxis direction relative to the centro-

symmetric position. The vertical and horizontal R-factor gid axis correspond to O and Ti
shifts respectively. c-axis parameters between 3.7 and A are chosen. The MSC calculation
corresponding to the smallest R-factor (= @4) is shown in Fig. 4.2f.

The minimal R-factor values correspond to the dark part of te R-factor grids. A paraelectric
structure at the surface would lead to a minimal R-factor vale 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 thec-axis permits to
decrease the R-factor values, almost independently of tlweaxis parameter. This value corre-
sponds to  0:1=c while a shift of 1118=cis obtained for the ferroelectric PTO [10]. This
result suggests that, contrary to long-established belgfthe STO surface is not paraelectric,
but exhibits a polar distortion analogous to the one obserdein PTO Ims.

Second, the R-factor grids suggest a more confusing behawoncerning Ti atom shifts.
Indeed the determination of the Ti shift shows a larger uncainty which indicate that shifts of
Ti atoms in the two directions are compatible with our measwements. A structure optimization
has been performed for the Ti emission including the presenof alternative up- and down-state
Ti atom shifts, with di erent amplitudes, but no satisfying R-factor has been obtained up to
now by comparing the measured experiment and MSC simulatisrcalculated with this wide
range of Ti atom positions. In parallel, based on the Sr emiss di raction pattern, we have
been able to con rm the cubic structure of the STO surface, ashown in Section 5.3.

4.3 Nb-SrTiO ; surface reconstruction

As discussed in the Introduction section of this chapter, nmy di erent surface reconstructions
can be obtained using di erent preparation procedures. Thaim of this section is to emphasize
some aspects regarding the structure and chemistry at STOréaces.

To permit a wide variety of cleaning procedures and more sp@ally to heat the sample
in a gaz or plasma atmosphere, we built the sample holder debed in Fig. 4.3. With this
sample holder, it is possible to directly pass a given currethrough the sample laying on an
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Experiment MSC
d) e) 01s)

—9 5F

"
O—O

Figure 4.2: (a)-(d) R-factor grids for di erent c-axis parameters. Each gure shows the R-
factor variation when O and Ti atoms are shifted along the csas from -0.8A to 0.8A relative
to their centro-symmetric position. The negative value oftie O and Ti shifts corresponds to
the down-state while positive value corresponds to the upade. The measured di ractogram
is shown in (e) together with the MSC calculation correspondg to the best R-factor in (f).
The best R-factor is founded in grid (c) and is represented thi a gray X. The dotted white
lines correpond to the centro-symmetric position.

il Bl |

66



Chapter 4. Local structure of Nb-SrTiQy

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

Sapphire plate

Figure 4.3: Sample holder which permits to heat di erent se samples (in UHV, plasma or
gaz atmosphere) using direct current. With the small thernd exchange surface between the

sample and the sample holder, the degassing time is reduced.

Two di erent cleaning procedures have been applied to a Nbf® bare substrate to obtain
a (1 1) surface. In the rst case, which will be called the "plasmarecipe, the STO has
been annealed up to 40€ for 10min and then ashed at 1000C in UHV. At this stage, the
LEED shows ac(2 2) surface reconstructioh (Fig. 4.4a). Then an O-plasma (50W, 0.02mbar,
1min) has been applied to this surface reconstruction. Thewmesponding LEED measurement
is shown in Fig. 4.4b) and revealed a (1 1) surface.

In the second case, another cleaning procedure has been egub[4], which will be called
the "standard" recipe. The sample has been annealed at 880for 60min in vacuum and for
10min in 10 ®mbar of O,. The LEED of the surface obtained using this cleaning procate is
shown is Fig. 4.4c. The same (1 1) surface has been obtained as in the rst case after the

plasma exposure.
So both treatments give the same LEED, but XPS measurementggormed at the di erent
stages of cleaning reveal drastic modi cations of the suida chemistry, as shown in Fig. 4.4d.

The O1s emission line measured on the exposed-to-air raw gden(continuous line) is composed
of two visible structures due to oxygen atoms in di erent envonments. The more intense peak

bNote that other preparation procedures can be applied to obain a ¢(2 2) surface reconstruction. For
instance, if a low current ( 0:15Amps, which corresponds here to less than 10C) passes through the sample
during enough time, such surface reconstruction can be créad, according to results obtained by accident by

C. Monney.
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4.2 X-ray photoelectron di raction on Nb-SrTiO3

Figure 4.4: Dierent LEED measurements at 68.7eV. (ap(2 2) surface reconstruction after
the annealing up to 400C during 10min and the ash at 1000C of the Nb-STO sample. (b) The
application of an O-plasma on the (a) induces a (11) surface. (c) (1 1) surface obtained after
the standard preparation procedure [4]. (d) O 1s spectra m&ared on the di erent surfaces:
the exposed-to-air, thec(2 2) and the (1 1) after the "plasma” and the "standard" recipes

(MgK ).
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Chapter 4. Local structure of Nb-SrTiQy

(larger kinetic energy) corresponds to the O from the Nb-STWhile the shoulder (at smaller
kinetic energy) originates from contaminants at the surfae

The three other spectra correspond to the surface of tlg2 2) reconstruction (dashed line),
the (1 1) surface after the plasma (dashed-dotted line) and the (11) surface after the standard
recipe (dotted line). In all cases, the shoulder visible fothe raw sample has disappeared,
indicating that this kind of surface contaminant has been moved. The XPS measurements
corresponding to thec(2 2) reconstruction and the (1 1) surface after the standard recipe
are very similar even if the atoms at the surface are arrangea a di erent manner. However,
the XPS measurements corresponding apparently to the samk ( 1) surface(Fig. 4.4b and c)
are completely di erent. In the spectrum corresponding tohie (1 1) surface after the plasma
recipe, a new peak appears atig  718eV, contrary to the XPS measurement at the surface
obtained using the standard recipe. According to Knipe, tisinew peak consists of electrically-
isolated clusters of OH/HO [11]. We thus suppose that when the(2 2) reconstruction
is destroyed by the plasma and revealed the (1 1) surface, an inhomogeous distribution of
ad-atoms at the surface creates the OH/FD clusters while, in the second case, the (11) is
directly obtained after the annealing procedure.

These results show that a di erent LEED pattern does not neasarily imply a di erent
chemical state but also that a similar LEED pattern does not acessarily imply a similar
chemical state. Finally, note that the (1 1) surface reconstruction is the easiest to obtain
and also the most stable one. Indeed, it is di cult to completly destroy the (1 1) without
using an Ar"-sputtering. This is an important point in order to use the STO as substrate.
However, as reported above, the surface chemistry is not ui@bly correlated to the surface
reconstruction and should be analysed before the growth mess to have a complete control of
the substrate preparation.
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Chapter 5

Structural and spectroscopic
Investigation of PbTIO 3 Ims

5.1 General remarks

Advanced techniques are required to probe ferroelectrigiin thin Ims and nanostructures.
Scanning probe characterization based on piezoelectricamiscopy has allowed a ferroelectric
ground state to be identi ed down to 40A in thin Pb(Zr ¢, Tig:g)O3 Ims [1], and x-ray studies
on PTO Ims suggested that 28A Ims are ferroelectric [2]. Ferroelectricity has been ideti ed

in polymer Ims down to 10 A (two unit cells) using dielectric and pyroelectric respose mea-
surements [3]. Ultrahigh vacuum scanning probe characteation based on electrostatic force
microscopy was used to study ferroelectricity in BaTi@ nanowires with diameters as small
as 10 nm [4]. Using x-ray diraction, lateral periodicity has been observed in a 12 -thick
PTO Im deposited on an insulating substrate and has been atibuted to alternately polarized
domains [5,6]. Nevertheless, in all these studies, propeg are averaged over the complete
ferroelectric structure and no local information on the atmic displacements is obtained.

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

The chapter is organized as follows. In Section 5.2, a comsam between experiment and
theory allows us to identify a preferential ferroelectric plarization state in a 60A -thick PTO
Im. In Section 5.3, we characterize the ferroelectric disirtion of a 20A -thick PbTiO 3 Im and
contrast it to the natural atomic relaxation appearing at suface and interface. We also show
the tetragonality measurements as a function of Im thicknes down to 4A and that if the Im
is reduced to one or two unit cells, both non-centro-symmatrand tetragonality are governed
by surface e ects. In Section 5.4, we investigate the evoion of the photoelectron kinetic
energy in PbTiO; thin Ims as a function of thickness together with the Im tetragonality.
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5.1 Introduction

We then change the PTO Im dielectric environment by modifyng the substrate
(Lag:s7Sro:3sMnO3 or SrRuQs), the surface using a plasma, or even both studying briey th
PTO in a superlattice con guration, as seen in Section 5.5. #d nally, in Section 5.6, MSC
calculations coupled to an R-factor analysis have been pemined to check whether the XPD
measurements are sensitive to a c(22) antiferrodistortive reconstruction.
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5.2 X-ray photoelectron di raction study of ultrathin
PbTiO 3 Ims
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Full hemispherical X-ray photoelectron di raction (XPD) e xperiments have
been performed to investigate at the atomic level ultrathin epitaxial c-axis ori-
ented PbTiO3 (PTO) Ims grown on Nb-doped SrTiO 3 substrates. Comparison
between experiment and theory allows us to identify a prefeential ferroelectric
polarization state in a 60 A -thick PTO Im. Multiple scattering theory based
on a cluster-model (Phys. Rev. B63, 075404 (2001)) is used to simulate the
experiments.

5.2.1 Introduction

Ferroelectric oxides display a variety of interesting physal properties including piezoelectricity,
pyroelectricity, and a non-volatile switchable electric plarization. This functionality makes
them attractive candidates for numerous applications suchs actuators, high frequency lters,
infrared detectors, or high density non-volatile memorieglL{3].

Recently, progress on the material side and new techniqueavie allowed ferroelectricity
to be studied at nanoscale [4]. In particular, scanning pr@microscopy has emerged as one
interesting technique allowing local manipulations of doain structure in thin Ims and stud-
ies of ferroelectricity on nanometer scales [3,5,6]. Combig this technique with epitaxial
Pb(Zry:2Ti:8)O3 thin Ims, ferroelectricity was demonstrated down to 40A [5]. X-ray syn-
chrotron was also used to study epitaxial PbTi@ thin Ims grown on insulating SrTiO 3 sub-
strates and revealed periodic 18Gtripe domains in Ims from 420 down to 12A thickness [7,8].
Very recently, a synchrotron x-ray micro-di raction technique was developed to probe domain
growth and switching in ferroelectric devices with submiameter spatial resolution [9].

All the techniques described above are probing an averagé@ughout the depth of the
Ims) response of the material. To get a more detailed micraspic information on ferroelec-
tricity and to be able to directly probe the ferroelectric pdar distortion, an atomic scale sen-
sitive technique is needed. In this paper we show that X-rayhptoelectron di raction (XPD),
already known as an important tool for crystal structure anfysis might be a possible route
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CCU pCC CC.D‘QW”C

W o a d0(1)

Figure 5.1: Tetragonal PTO unit cell with the ferroelectricbulk lattice parameters a=b=3.902
A and c=4.156A. The displacements, in fractional units, from cubic phassites are Ti=0.0377
for titanium, O(1)=0.1118 for the rst oxygen type (alternating along the c axis with the
titanium) and O(2)=0.1174 for the second oxygen type (in the vertical Pb phe) [11]. The
electric dipoles resulting from the ionic displacements arschematically shown.

to address the problem of ferroelectricity in ultrathin Ims. In particular, this technique is
applied to PbTiO3 (PTO), a ferroelectric perovskite with a tetragonal structire below the crit-
ical temperature T, characterized by two oppositely polarized ground statedang the (polar)
tetragonal c-axis [10{12]. These two \up" and\down" equivdent and electrically switchable
states are characterized by the corresponding displacenermf the Ti and O atoms in the
unit cell delimited with Pb atoms, see Fig. 5.1. For the data malysis and simulation of the
experiment, the cluster-model approach of the EDAC code [LB used.

5.2.2 Experimental and computational details

Here we study epitaxial c-axis oriented PbTi@ perovskite Ims grown using o -axis magnetron
sputtering onto metallic (001) Nb-SrTiO; substrates. Topographic measurements using atomic
force microscopy showed that these Ims are essentially atacally smooth. X-ray di raction
measurements allowed us to precisely determine the thiclgseof the Ims and the c-axis lattice
parameter value, and to con rm epitaxial growth [14, 15].

The samples were exposed to air during transfer from the grdwchamber to the XPD
experiment. No surface cleaning procedure was applied, athg measurements were performed
at room temperature. Despite the presence of surface contaation, we obtain well-de ned
di raction patterns. Via X-ray photoelectron spectroscoly (XPS), Fig. 5.2, we detect small
amounts of C. In addition, the O 1s emission line is doubled @uo oxygen atoms in chemically
di erent environments (see inset of Fig. 5.2). One emissioime has its origin from O within
the PTO and the other from contaminants at the surface. The diinction is possible since
the XPD pattern of the O 1s emission from the contamination Mer, as well as from the C 1s
emission does not show anisotropy whereas it does for O 1s &siun from oxygen within the
PTO. This also demonstrates that the contamination layer idisordered. The shift between
both O lines is roughly 3 eV and allows a clear separation ofédhlPTO oxygen from the one at
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the surface. The photoelectrons emitted from O contained ithe substrate can not be detected
as the thickness of the measured Im, 6@ is larger than their inelastic mean free path. that
the polarization determination by selecting the O emissiosignal is limited to Im thicknesses
down to approximately 20A due to the presence of O in the substrate (also for the Ti ensi®n).
This limitation is also a function of the photoelectron kinéic energy which de nes the distance
after which the signal becomes negligibly small depending ¢the inelastic mean free path.

The XPD measurements were done in a modi ed Vacuum Genera®ESCALAB Mk I X-
ray photoelectron spectrometer equipped with a xed hemiggerical electron energy analyzer,
and a three-channeltron detection system, operated with aase pressure in the lower 168!
mbar region. X-ray photons are provided with a MgK (h =1253.6 eV) and SiK (h =1740
eV) twin anode. The samples are xed on a computer-controletivo-axis goniometer capable
of scanning the emission angle over the full hemisphere abawne surface [16,17].

A 2 emission-angle intensity scan of a given X-ray photoemissiline permits the determi-
nation of the local geometry around the selected atom [18{R1The angular dependence of the
collected electron intensity originates from the interfeence of the directly emitted photoelec-
tron wave and the scattered electron waves. XPD being sensgé at an atomic scale, [22,23] it
can be used to analyze crystal structures down to the monokyand, in particular, to study
ultrathin Ims of PTO. The knowledge of the crystal structure, then, allows us to discriminate
between paraelectric and ferroelectric states.

The analysis of diraction patterns is facilitated due to the so-called \forward focusing”
e ect occurring if the photoemitted electron has a kinetic sergy above approximately 0.5
keV. Single scattering model calculations predict strongn@ancement of the emission inten-
sity in direction of near neighbours and more generally algndensely packed rows of atoms
which correspond to low-index crystallographic directios [24]. When compared to experimen-
tal results, the \forward focusing” intensity is overemphaized in single scattering calculations.
This implies the necessity to use multiple scattering caltations(MSC). Furthermore, in the
above-mentioned energy range the photoelectron inelasticean free path () is large. Thus
the number of elastic scattering events is also large and tie¢ore the use of MSC calculations
becomes essential. In fact, scattering at the rst few atomalong a row of atoms focuses the
emission in the emitter-scatterer direction. Then, subsegnt atoms tend to defocus the sig-
nal [25]. The defocusing is linked to the development of th@wrventional Kikuchi bands which
become more intense when the forward-scattering peak inwty diminishes [25,26]. Therefore,
MSC provides a solution to increase the accuracy in peak andr intensities as well as in
structural details.

To simulate the XPD experiment, we use the cluster-model appach of the EDAC code
[13]based on the mu n-tin potential approximation [27]. We employ the Haydock recursion
method to calculate an iterative solution of the MSC serieslB]. 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 taN ?(Ina + 1)3, where n is the
scattering order, N the number of atoms used in the cluster dnl,.x the maximum angular
momentum quantum number. This last parameter permits an appximation of the outgoing
photoelectron wave function using a combination df,,x spherical harmonics. The number of
spherical harmonics is approximately given bymax  Krme [27] wherek is the photoelectron
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Figure 5.2: (a) XPS spectrum for PTO (60A thick Im), obtained with MgK  radiation. O 1s
() is the emission from the contamination layer while O 1s () has its origin within the PTO.
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Figure 5.3: Two dierent cluster shapes with the scatteringvolumes de ned by Rnox. The
light and dark gray disks correspond to scatterers and to themitter, respectively.

momentum andr; the mu n-tin radius. By assuming an average nearest-neightr distance
and selecting a photoelectron kinetic energli, , we can roughly deduce thé,,x parameter.

The number N of scattering atoms in the cluster is de ned usoythe parameter Ryax. In
Fig. 5.3 we show how R.x de nes the scattering volume using the emitter, in the rst @ase,
as the focus of a parabola or, in the second case, as a sphergree Su ciently large R nax
have been used in the calculations to insure the convergermethe cluster size. To increase the
contribution of scattering on atoms between the emitters ahthe surface, the parabolic shape
is selected in the present study. In our case, the scatterimglume contains approximately 150-
250 atoms (Rnax =16 A-22 A). We can deduce the electron inelastic mean free pathby taking
into account the universal relationship between energy anihelastic mean free path [28, 29].
For each layer located within from the surface we take one of every inequivalent atom as
emitter. For PTO, with =10 A for O 1s (Eq, =724.1 eV, MgK ), seven (for the \up" state)
and eight (\down" state) emitters are chosen over three unitells while, with =17 A for Pb
4f;-, photoelectrons (Ei, =1115.5 eV, MgK ), ve emitters (for \up" and \down" states) are
selected over ve unit cells.

The introduction of an inner potential V, permits to consider refraction e ects of the pho-
toelectron wave at the surface-potential step. A value of 1® eV is chosen [30]. Thermal
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vibrations are introduced by means of a Debye temperatureq), and the p have been intro-
duced separately for each type of atom. We have taken values @ =105 K, 420 K and 80 K
for Pb, Ti and O atoms respectively [31]. The calculations we performed for a temperature
T=300 K.

Two di erent surface terminations are possible, but using RD it is not possible to extract
the surface termination in the case of PTO Ims. The reason ithat in this system the con-
tribution due to scattering of electrons from deeper layerat the top most layer is negligible
compared to the direct emission from deeper layers. This behour originates from the small
distance between the strong-scatterer layers (containingb). However, the calculations are
performed with a Pb-O terminated surface. Indeed, Meyer etl.a[32] suggest that only the
Pb-O surface termination is thermodynamically stable in PD.

5.2.3 Results and Discussion

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

In Fig. 5.4a the major low-index directions and crystal plaes of the perovskite structure
are plotted in stereographic projection. Calculated di ra&tograms for the Pb 4f-, core level are
displayed in Figs. 5.4b and 5.4c for the \up" and the \down" sate cases, respectively, according
to the structure of Ref. [11]. The experimental di ractogran for a 60A thick Im is displayed
in Fig. 5.4d. All the diractograms are plotted in stereograhic projection. A background
has been subtracted to all experimental data in the followon manner: the total intensity was
recorded at the kinetic energy corresponding to the maximurof the relevant peak (heak) and
at its high-energy footpoint (l,ign ). The background-corrected intensity was then calculatety
subtracting Inign from lpeak. The patterns have been azimuthally averaged exploiting ehfour-
fold symmetry of the PTO and normalized to a smooth polar angldependent background. As
the calculations do not contain the secondary electron bagfound, only the nal normalization
has been applied to the simulations.

The main \forward focusing" peaks , labelled A (< 111> directions), B; (< 101> directions)
and C; (normal emission, [001]) are at the same positions for botlné simulations and the
experiment, with similar intensities and widths. These pde correspond to scattering by Pb
atoms. The intensity modulations O (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, G, on
the f101g Kikuchi bands, near<121> directions are also comparable for the three di erent
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di ractograms. This is also true for the H; modulations. Polar cuts at = 0° are performed
from the normal emission direction up to = 78° polar angle, in Fig. 5.4e. The di erences
between both simulations are not large enough to distinglisbetween both polarization states.

Therefore, at this point, it is not possible to di erentiate between the two di erent polar-
ization states. The di ractograms are completely dominate by the scattering on the heavy Pb
atoms. This is due to the larger Pb scattering cross sectiommpared to Ti or O. As Pb is the
main scatterer in this material, the attention has to be focsed on the Pb atom displacement
relative to others kinds of atoms. By selecting O atoms as ettars, therefore, we change the
reference system from which the photoelectrons are ejectddstead of looking at the displace-
ment of the light atom sublattice relative to Pb, we expect tosee the corresponding shifts of
Ti and Pb atoms relative to O atoms.

The results displayed in Fig. 5.5 show diractograms obtaied with the O 1s core level
(Exin=724.1 eV). In Fig. 5.5a we see the major low-index crystalipaphic directions and
dominant high-density planes. In Figs. 5.5b and 5.5c, we shdhe calculated di ractograms
for PTO \up" and \down" state structures. Figure 5.5d displays the experimental result for the
60 Athin Im. To bring into evidence the region of large di erences between the two di erent
structures, polar cuts are presented at = 0° starting at normal emission [001] up to = 78°
polar angle, plotted together with the experimental resulialong the same direction. The main
di erence comes from the scattering of O 1s photoelectronsh mearest neighbor Pb atoms
(label A in Fig. 5.5), as expected from the previous result ¢dined with Pb emission. Near
<101> directions we observe easily the corresponding principalotward focusing” direction
which appears to be the same in Figs. 5.5b and 5.5d, namely tbe \up" state structure.

In the Pb emission case, the dominant Kikuchi bands are thel01g and the main \forward
focusing" peaks (label A and B,) are aligned on these bands, while for O emission the domirtan
Kikuchi bands are thef 111g and the main peaks (label A) are shifted from the aligned pdgin.
This behaviour indicates that, in the rst case, the dominahhigh-density planes are constituted
by Pb atoms, and trivially, the peaks representing the scagtring by Pb are along the bands.
In the O emitter case, the diraction on the crystal planes fomed by O atoms is dominant.
Then the main \forward focusing”, O-Pb directions, are not dgned anymore with the bands.
This behaviour is well observed where, for the \up" structue simulation and the experimental
result (Figs. 5.5b and d), the peaks (label A) are inside the iKuchi bands delimited zone,
while they are outside of the same region for the \down" struare simulation (Fig. 5.5c). The
information extracted from this region of the di ractogram is strongly in uenced by the small
distance between emitters and scatterers.

Furthermore we observe intensity enhancements (B) oiil11g Kikuchi bands. The length
and the width of this modulation agrees well between the expment and the \up" state
calculation. Similar features (C) appear close t&x 211> directions, but di erences between
\up" and \down" in this case are not signi cant enough to identify the di erent states. The
center peaks (label D) originate from the scattering by O atms, just above the selected emitters.
As this con guration is exactly the same for \up" and \down" states, no information about the
structure di erences is revealed. The origin of the peak (=l E), between [001] and the 101>
directions, could not be extracted in a direct way and thus iBnked to multiple scattering e ects.
As displayed in Fig. 5.5e, this peak is not exactly reprodudein the \up" structure case but
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Figure 5.5: MgK excited O 1s photoelectrons at f,=724.1 eV. (a) Stereographic projec-
tion of major directions (dots) and low-index planes (contiuous lines correspond to dominant
high-density planesf 111g, dashed lines correspond to minor high-density planéd401g). (b)

Simulated di ractogram for PTO \up" state plotted in stereo graphic projection. (c) The same
calculation as in (b) but for the \down" state. (d) Experimental result for a c-axis oriented
PTO 60 Athin Im. (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 he \down" case, where there is a
lack of intensity in the concerned region.

As seen from Fig. 5.5, the agreement of the calculation withxperiment is good but not
perfect. The reason may be found in the fact that we use struastal parameters taken from
the bulk [11]. In reality, surface relaxation may take placeand a detailed optimization and
a R-factor analysis of structural parameters will be requad. Furthermore, PTO contains
three highly di erent atomic types and the exact relative sattering strength and vibration
parameters are di cult to determine. Correct relative scatering strengths are necessary to
obtain accordance on relative intensities of interferendeatures.

The intention here is to establish the basic principle for ta use of XPD to investigate
ultrathin ferroelectric Ims. We are able to make a clear dignction between the \up" and
\down" state for a bulk-terminated surface, and subsequelyt we are able to characterize the
sample as \up" polarized, according to angular positions,.@ features A-E in Fig. 5.5. In
particular, the O-Pb rst order near neighbour \forward focusing" direction (feature A) is
practically given by geometrical consideration. Since Plsithe dominant scatterer (cf. Fig.
5.4, results for the Pb emission) , the analysis concerningd large di erence coming from peak
A is therefore giving very robust information.

5.2.4 Conclusion

Calculations taking into account multiple scattering proe to be necessary to accurately simulate
XPD di ractograms. Di raction patterns are dominated by th e \forward focusing" peaks along
low-index crystallographic directions. Kikuchi bands appar with the same width and intensity
as in the experiment. Regarding PTO, di erences between \upand \down" simulations are
su ciently large to be distinguishable when selecting the Qs core level. Globally the agreement
between experiment and calculation is good and allows us tdentify our 60 A Im as \up"
polarized.
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X-ray photoelectron di raction is used to directly probe th e intra-cell polar
atomic distortion and tetragonality associated with ferroelectricity in ultrathin
epitaxial PbTiO 3 Ims. Our measurements, combined with ab-initio calcu-
lations, unambiguously demonstrate non-centro-symmetryin Ims a few unit
cells thick, imply that Ims as thin as 3 unit cells still pres erve a ferroelectric
polar distortion, and also show that there is no thick paraekctric dead layer at
the surface.

5.3.1 Introduction

Theoretical developments and novel experiments in the areaf ferroelectrics have rapidly
evolved over the last ten years, allowing further progress ithe understanding of this re-
markable phenomenon. In particular, \nanoscale" ferroettrics have attracted considerable
attention [1{5]. The question of the existence of a criticathickness, in other words whether
or not ferroelectricity can be maintained at reduced dimemsns, is amongst the most exciting
topics of the eld today, with very active experimental [6{9 and theoretical e orts [10{13].

Probing ferroelectricity in thin Ims and nanostructures is a di cult task, which requires
advanced techniques. Among these, scanning probe charaiza&tion based on piezoelectric
microscopy has allowed a ferroelectric ground state to beeidtied down to 40 A in thin
Pb(Zrq.2Tigg)Os Ims [6], and x-ray studies on PbTiO; Ims suggested that 28A Ims are
ferroelectric [9]. Dielectric and pyroelectric responseeasurements have allowed ferroelectricity
to be identi ed in polymer Ims down to 10 A (two unit cells) [14]. More recently, ultrahigh
vacuum scanning probe characterization based on electrast 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 obsereevia x-ray di raction in thin PbTiO 3
Ims down to 12 A and attributed to alternately polarized domains [7,8]. Inall these studies,
however, propertiesaveragedover the complete ferroelectric structure were measured émo
local information on the atomic displacements was obtained.

85



5.3 Direct evidence for ferroelectric polar distortion in lrathin lead titanate perovskite Ims

(@) “Para” Detectorg/

“Forward focusing” 2
X-ray source A

o) O

a
Ti

a Pb © ©
(b) “Up” “Down”
+
T C Ti

\ O

AN Za Pb

¢

Figure 5.6: (Color online) (a) Schematic of the measuremesetup. Core electrons have well-
de ned binding energies, and their photoemission spectrxl@bit characteristic emission lines.
By selecting a particular emission line, photoelectronsdm a given emitter can be chosen, thus
probing the local real-space environment of the emitter. T interpretation is facilitated by
forward focusing of electron ux along the emitter-scattegr direction. The di erence between
two \forward focusing" peak positions is directly related b a modi ed emitter-scatterer direc-
tion, illustrated here by the \para"- toward \up"-state- O s hift. Above 490 C, bulk PbTiO 3
has a cubic unit cell, with the O and Ti atoms centered in the Plzage (\para"-state). (b) Be-
low 490 C, bulk PbTiO 3 has a tetragonal unit cell: two equivalent ferroelectric aogurations
corresponding to two opposite polarizations, \up"-state ad \down"-state. The displacements
(in fractional units) from cubic phase sites are 0.111 and@7 for O and Ti, respectively [16].

In contrast, the photoemission based photoelectron diramn (XPD) used in our study
presents two interesting characteristics: it is naturallysurface sensitive, due to an electron
escape depth of approximately 2@\ (at the energy used here) ; and atomic displacements
within the unit cell can be directly probed, allowing the norcentro-symmetric and tetragonal
nature of the crystal lattice to be directly demonstrated. This turns out to be crucial for
studying ultrathin Ims, and for discriminating the behavior of the surface from that of the
body of the Im.

The paper is organized as follows. In Section Il, we charadtee the ferroelectric distortion
of PbTiO3; and contrast it to the natural atomic relaxation appearing & surface and interface.
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In Sec. Il A, we discuss aspects of the measurement methodkile, in Sec. Il B we show
the non-centro-symmetry of a 20A thick Im using XPD. The Sec. Il C is dedicated to the
tetragonality measurements as a function of Im thickness ith 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 perovskitebPiO 3 ultrathin Ims epitaxially
grown on conducting Nb-SrTiQ substrates. Above 490C, bulk PbTiO 3 is a paraelectric insu-
lator and a simple cubic perovskite structure with a latticeparameter of 3.96A (\para“-state,
see Fig. 5.6a). In this structure, the Ti and O atoms are in péectly centro-symmetric positions
with respect to the surrounding Pb cage. At lower temperatue, the material becomes tetrago-
nal and ferroelectric with a- and c-axis parameters of 3.99 and 4.17A, respectively [16,17],
as illustrated in Fig. 5.6b. The ferroelectric phase is chacterized by a non-centro-symmetric
structure where the O and Ti atoms are unequally shifted witlrespect to Pb. In a unit cell
with the polar c-axis along thez-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 ( ve top unit cells) that is probed by tre XPD technique, the evidence
of such a polar atomic distortion could be the signature of aefroelectric \up"- or \down"-
state but may also arise from the natural atomic relaxation athe Im surface and interface
already present in the paraelectric phase. A proper interptation of our data therefore requires
independent quanti cation of both e ects. To that end, a reference con guration (\para-
unrelaxed") is de ned in Fig. 5.7a: it corresponds to the trmcated bulk paraelectric structure
of PbTiO; with the in-plane lattice constant constrained to that of STiO3 (asto = 3:90 A)
and a consequent tetragonalitycp=asto = 1:03 [9]. Fig. 5.7b (\ferro-unrelaxed") shows the
atomic distortion of the \up"-state as determined for bulk tetragonal PbTiO; by Nelmes and
Kuhs in Ref. [16] withc = 4:17 A. In order to quantify the surface relaxation, density funtonal
theory calculations [18] were performed within the local aesity approximation (LDA) using the
ABINIT [19] package. Two di erent supercells were consided : a thick PbTiO3 slab in vacuum
(Fig. 5.7(c)) and a SrTiOs/(one unit cell) PbTiO s/vacuum stack [20](Fig. 5.7d). Insulating
SrTiO3 was considered in our simulations since Nb doping is not pesgly a ordable at the rst-
principles level [21]. To reproduce the substrate clampingect, the in-plane lattice constant
was xed to the relaxed a-axis value of bulk SrTiQ [22]. The atomic positions were then
relaxed until the maximum residual atomic force was smallghan 40 meV/A. Our calculations
were restricted to (1 1) surface periodicity and did not allow for an eventual anterrodistortive
(AFD) c(2 2)reconstruction [23{25]. The latter is not excluded but, a discussed later, was not
evidenced on our Ims at room temperature. The distortionsn the upper half of each supercell
are reported in Fig. 5.7c, d (\para-relaxed" state). For eascomparison with the experiment,
because of the typical LDA underestimate of the lattice cotant [22], the values are given as a
percentage of,. The magnitudes of the ferroelectric and surface relaxatice ects can now be
compared. First, the cation-oxygen displacements due torfeelectricity (11.6% - 8.3% ofcy,
Fig. 5.7b) are signi cantly larger than the displacements de to surface relaxation/rumpling
(3.4% - 1.4% ofcy, Fig. 5.7 (c) and 3.3% - 1.5% ot,, Fig. 5.7d). Second, the mean layer
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Figure 5.7: (Color online) Schematic view of the atomic dis@cements resulting from ferroelec-
tric distortion and from surface/interface relaxation in the uppermost layers of a PbTiQ Im
epitaxially grown on SrTiOs. In bulk PbTiO 3, epitaxial strain produces a tetragonality at zero
polarization that can be estimated from the macroscopic e#city theory as co=asto = 1:03.
The ionic con guration resulting from the truncation of sud a strained bulk paraelectric state
(a) is considered as the reference structure. Freezing thell ferroelectric distortion (as re-
ported in Ref. [16]) into this reference structure resultsni the \up"-state shown in (b). Addi-
tionally, the natural ionic relaxation at the surface in theparaelectric state has been computed
from rst-principles (see text) both for a thick PbTiO 3 slab in vacuum (c) and a SrTiQ/(one
unit cell) PbTiO z/vacuum stack (d). Numbers in black correspond to the changef interlayer
distances. Numbers in gray (blue) corresponds to the atomrampling in each layer (cation-
oxygen distance). All the values are in % oy, except those in italic that concern SrTiQ and
are in % ofasto.

displacement for the \up"-state (Fig. 5.7b) and for the surice relaxation (Figs. 5.7, ¢ and d)
are opposite. Third, the surface relaxation and rumpling eects are globally una ected by the
Im thickness (Figs. 5.7, ¢ and d) and their amplitude decaywery quickly in the interior of
the Im : they are already negligible two unit cells below thesurface. This implies that the
XPD measurements will be probing both the narrow relaxed stace region and a few unit cells
below, essentially not a ected 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 orierdePbTiO3 thin Ims grown on
conducting (001) Nb-SrTiG; substrates using o -axis radio-frequency magnetron spudting [26,
27]. Topographic measurements using atomic force micropgd AFM) showed that these Ims
are essentially atomically smooth, with a root-mean-squarroughness between 2 andAover a
10 10 m? area. Room temperature x-ray di raction measurements, folms with thickness

28 A allowed us to precisely determine the thickness and the cda parameter of the Ims,
and to con rm their epitaxial \cube-on-cube" growth.

After growth and characterization, the Ims were transfered ex-situ to a modi ed Vacuum
Generators ESCALAB Mk Il photoelectron spectrometer. The RD measurement system
comprises a hemispherical electron energy analyzer with hrée-channel detector, an x-ray
photon source with two possible energieh( = 1253.6 eV and 1740 eV for MgK and SiK
radiation, respectively), and a computer-controlled twaaxis goniometer capable of rotating the
photoelectron emission angle over the full hemisphere aleothe surface [28, 29].

The local geometry around a selected atom can be probed by fsgming an intensity versus
emission-angle scan of a chosen photoemission line. Beeanfsthe chemical sensitivity of pho-
toemission, a given atom type is then chosen by selecting ookits core levels. The outgoing
photoemitted electrons exhibit a strongly anisotropic angjar intensity distribution. This an-
gular distribution is due to the interference of the directy emitted photoelectron wave with the
scattered electron waves. The analysis of the interferen¢a di raction) patterns is facilitated
by the so-called \forward focusing" e ect taking place for motoelectron kinetic energies greater
than 0.5 keV. When considering a row of atoms, scattering at the st few atoms along this
row focuses the electron ux in the emitter-scatterer diremon (for a review see Ref. [30, 31]).
This enhancement of the intensity in the emitter-scatteredirection is schematically illustrated
by the gray (green) curve in Fig. 5.6a (right part) for the cetro-symmetric \para“-state (con-
tinuous line) and the \up"-state (dotted line). The forward focusing e ect is further ampli ed
for electron scattering by heavy atoms. In a semi-classigaicture this can be understood as the
focusing of the electron wave by the high number of protons imgh atomic number atoms [30].
Note that, despite the forward focusing e ect, the experimatally measured angles are sensitive
to multiple interferences, refraction and possible anisaipic atom vibrations at the surface. In
the present case of PbTi@, Pb scattering is highly dominant compared to the scatterig by
other elements [32]. As a rst step, in order to probe the nogentro-symmetry, O was chosen
as emitter-atom (O 1s core level, i = 724.1 eV), since it has the largest displacement [16]
and has Pb scatterers as nearest neighbors (see Fig. 5.8)wwer, the O contribution from the
Nb-SrTiO3 substrate becomes non-negligible for Ims thinner than th@hotoelectron inelastic
mean free path, making the study of Ims thinner than 20A more di cult. As a second step, in
order to probe the tetragonality of the Ims, i. e., thec=aratio of the Pb lattice (related to the
polarization via the polarization-strain coupling as disassed below and in details in Ref. [9]),
Pb was chosen as emitter-atom (Pb 4f, core level, ki, = 1115.5 eV), and Pb-Pb forward
focusing directions were used. Since Pb atoms are absennirthe 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 automi@d computer code for calculating
electron di raction in atomic clusters (EDAC) via multiple scattering [33], based on the mu n-
tin potential approximation [34] was used to calculate the RD pattern. Fig. 5.8a shows four O
1s core level emission (& = 724.1 eV) interference patterns. One is the measurement @ on
a 20A thin Im 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 ( = 70 ). The strongest intensities (surrounded by white ellipsg¢xorrespond
to the scattering of O 1s photoelectrons by Pb nearest neigbbrs (see Fig. 5.8b). The white
circle is a guide to the eye indicating the polar angle of mamum intensity for the measured
interference pattern. It is evident that the polar angle poion of this peak, which is directly
linked to the O-Pb directions, is perfectly reproduced by th \up"-state calculation while the
\para"- and the \down"-state simulations predict a di erent position. The \up"-state (down-
shifted O position) corresponds to a smaller polar emissi@angle ( , in Fig. 5.8b) appearing
closer to normal emission (center of the interference pattein Fig. 5.8a). Such measurements
have also been performed on Ims with thicknesses of 500, 200, 100, 60, 44 and 28, and
all perfectly re ect the characteristics of the \up"-state 2.

These conclusions, drawn from visual inspection of the inference patterns locally around
the intensity maximum (Fig. 5.8a), are con rmed by a global natching approach using a relia-
bility R-factor to evaluate the quality of the t between the complete experimental interference
pattern data and theory (Fig. 5.8b). The c-axis lattice con@nt value and the O and Ti shifts
are the adjustable structural parameters. A cut in the (100plane, containing Pb and O atoms,
is shown to facilitate the discussion. In the calculation, @nd Ti atoms are moved together and
the dipole is continuously changed from the \down"-state tahe \up"-state, crossing over the
\para"-state. The best t corresponds to the minimal R-factor value, which is reached when O
and Ti atoms are shifted below the centro-symmetric positio (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 (paraeters used for the \down"-state
simulation in Fig. 5.8a), the calculation gives a much higheR-factor of  0:47. In between
(zero O shift), in the centro-symmetric \para"-state, the Rfactor 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 resembdjra \down"-state, the corresponding
O-Pb atoms being shifted in the opposite direction than whaits observed (see Fig. 5.7c). Also,
the possibility of a surface AFD reconstruction was explodewithout nding evidence for it in
our room temperature experiments.

This R-factor analysis therefore quantitatively con rms the observations made in Fig. 5.8a,
namely that the measured interference pattern is best simated with the \up”- state. This

aThe presence of alternating 180 domains in our Ims can be ruled out from the XPD measurement because
the two characteristic \up" and \down"-state \forward focu sing" peaks are not observed simultaneously in
the experimental diractogram, 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 oéxperimental and theoretical O 1s
emission line intensities on quarter hemispheres for four @ent cases: experimental data for
a 20A thin Im and theoretical simulations taking into account \ up"-, \para"- and \down"-
state structures. Normal emission corresponds to the centef the plot and grazing emission
( =70 ) to the outer border. (b) R-factor calculation to quantify the agreement between
experiment and simulations for di erent structures, wherea low R-factor corresponds to good
agreement. A cut in the (100)-plane containing Pb and O atoms shown to facilitate the
discussion. A downward shift of Pb and O atoms optimizes thet.
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demonstrates unambiguously that, for a Im as thin as 2A the O atoms have a non-centro-
symmetric position in the Pb cage corresponding to a non-vahing spontaneous polarization,
which is in agreement with the polar monodomain state obsexd in ultrathin PbTiO 3 Ims
with synchrotron x-ray scattering by Fong and coworkers [35

Let us emphasize that piezoelectric AFM measurements penfioed after the XPD exper-
iments on the thickest Ims ( 500 A) con rmed the uniform\up”-state polarization while a
uniform \down"-state polarization had been initially found for the same Ims just after growth.
This con rms the monodomaincharacter of the as grown sample and also indicates that the
Ims are uniformly switched from \down" to \up"-state by exp osure to our conventional x-ray
source, attesting for the switchable character of the polemation. The details behind the switch-
ing are presently not known, but we believe that it occurs athe initial stage of the experiment
while the measurement itself is essentially done in zero al In fact, our results do not depend
on the x-ray intensity, proving that the Ims are in equilibrium state during the measurements
b As discussed below, the agreement between the tetragohatieduced from x-ray di raction
and XPD also suggests that the measurements are performedsimilar conditions.

5.3.3.3 Tetragonality via lead emission

In a second step, considering Pb as the emitter atom, XPD wased to determine the tetrago-
nality. As demonstrated in Ref. [9], below 20@\ the tetragonality decreases as the Im thickness
decreases. This decrease is a consequence of the strongigateon-strain coupling in PbTiO3
and a signature of a reduced polarization in thin Ims. In Ref[9], this polarization reduction
was attributed to imperfect screening of the depolarizingeld [12]. With XPD, using Pb as
emitter, the tetragonality was measured down to the unit céllevel as shown in Fig. 5.9. The
absolute values ofc=g deduced from the forward focusing angles, are particulafgrge. This
might re ect a strong enhancement of the polarization in theprobed surface region (of the
order of 80% forc=a= 1:15, from the PbTiOs; polarization-strain coupling), even larger than
in the theoretical prediction of Ref. [10]. However, as préwsly stated, we are not necessarily
measuring the precise atom-atom directions and the anomakly large forward focusingc=a
might also be related to other e ects (anisotropic atom vibations at the surface, refraction and
multiple scattering interferences). Therefore a compas with x-ray diraction (XRD) [9]
must be done at the relative level (Fig. 5.9, left and right sale).

To study the evolution of the tetragonality as a function of he Im thickness, the measured
XPD values are compared to thec=avalues obtained by XRD. The XPD measurement on
Fig. 5.9 con rms the evolution of c/a obtained from x-ray meaurements in Ref. [9] and agrees
with the theoretical prediction (dashed curve) relying on he suppression of polarization due
to imperfect screening of the depolarizing eld [9]. The siitar thickness dependence for the
XPD (very surface sensitive) and the x-ray measurements (erage on the whole Im) implies
that the polarization evolves at the surface in the same waysaat the interior of the Im and
that there is no thick paraelectric dead layer at the surfaceln addition, the XPD tetragonality
measurement shows a continuous decrease of tetragonalityah to the thickness of one unit

bThe in uence of the x-ray intensity on the tetragonality was measured by investigating di erent x-ray pow-
ers. A modi cation of the tetragonality would have indicate d, via the polarization-strain coupling, a variation
of the spontaneous polarization. However no such modi catbn was found.
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Figure 5.9: (Color online) Tetragonality (c=aratio) as a function of Im thickness for PbTiO3
Ims (blue) circles, for the Nb-SrTiO3 substrate through PbTiO; Ims of one and two unit
cells (green) squares and the Nb-SrTiDsubstrate surface (red) triangle. Black open circles
are x-ray diraction data and the black dotted curve is the result from model Hamiltonian
calculations from Ref. [9]. Ribbons, labeled 1 and 2, inditaaregions as discussed in the text.
The left scale indicates the c/a values extracted from the XP experiment forward focusing
directions using . The inset shows the crystallographic plane used to extratite c=aratio. Pb-
Pb scattering dominates compared to Pb-O scattering allowg to be determined via Pb-Pb
forward focusing.

cell [20]. Two ribbons are drawn in Fig. 5.9, labeled with 1 @&h2. They indicate the regions
within which c=avalues of 1.03 and 1.01 are crossed with respect to both c/aakxs. For
Im thicknesses above two unit cells, thec=avalues are larger than 1.03, the value expected
at the bulk level for the paraelectric phase (resulting fronthe mechanical constraint imposed
by the substrate, see also Fig. 5.7a). This observation datty implies, via the polarization-
strain coupling, that the Ims still have a nite -although p rogressively reduced- spontaneous
polarization. At thicknesses of one or two unit cells, as came seen on Fig. 5.9, c/a drops even
more, reaching a value close to 1.01 for the one unit cell tkidm [20]. This further decrease
highlights that macroscopic elasticity no longer appliestauch thicknesses where the interlayer
atomic distances are a ected by surface relaxation and runlipg as shown by theab-initio
calculations (Fig. 5.7d). The measured tetragonality ages with the computed value of 1.01
for the one unit-cell thick relaxed paraelectric Im suggding 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-symmey; unambiguously a result of ferro-
electricity in PbTiO 3 thin Ims down to 20 A. The measurements of the tetragonality, with a
continuous decrease down to the bare substrate, show thateevextremely thin Ims (3 unit
cells) have ac=avalue larger than 1.03, attesting for the presence of a nomvshing sponta-
neous polarization at this thickness scale. As the Im thickess is reduced to a single unit cell,
the experiments, together with calculations, strongly sugest that both non-centro-symmetry
and tetragonality are governed by surface e ects, givingse for our geometry to a polar relaxed
structure but without switchable ferroelectric distortion.
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5.4 Investigation of e ective screening length in ferro-
electrics by photoemission

5.4.1 Introduction

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

A related issue is that of the dead layer in very thin capacits (either ferroelectric or non-
ferroelectric), which can often have an extrinsic origin emected with |Im fabrication issues or
defects such as oxygen vacancies [15{19], but in otherwideal samples is eventually determined
by the e ective screening length of the electrodes [20{25Experimentally, the evaluation of this
\dead layer" capacitance is obtained by measuring the in-ges capacitance of a series of Ims
of decreasing thickness. Such a measurement only gives flinfation about the macroscopic
guantities, and is not useful for separating the contribubns of the top and bottom electrodes
to the screening capability of the system. It is thus of inte¥st to use an experimental method
sensitive on the atomic scale which can probe the e ectiversening length ¢ .

Here, we demonstrate that using photoemission based x-rayjgioelectron spectroscopy
(XPS) to study the potential drop across the ferroelectric Im 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 e ectie screening lengths of ferroelectric
thin Ims that have the substrate as a bottom electrode and tle exposed-to-air surface as the
top electrode. Experimentally the system and therefore thenodelled screening length can be
modi ed by a controlled plasma treatment of the surface.

5.4.2 Experiments

The materials studied in this paper are epitaxial c-axis oeinted PbTiO; (PTO) perovskite
Ims grown using o -axis magnetron sputtering onto metallic (001) Nb-SrTiO; substrates [27].
Topographic measurements using atomic force microscopyosled that these Ims are essen-
tially atomically smooth. X-ray diraction (XRD) measurem ents allowed us to precisely de-
termine the thickness and tetragonality of the Ims and to coa rm epitaxial growth. XPS
and XPD measurements are performed at room temperature in agdi ed Vacuum Generators
ESCALAB Mark Il X-ray photoelectron spectrometer equippedvith a xed hemispherical elec-
tron energy analyzer, a three channeltron detection systeran x-ray photon source (h=1253.6
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Figure 5.10: Schematic representation of the potential dpoacross a ferroelectric Im. Note
that dimensions are not to scalei.e., ¢ IS much smaller than the thickness of the electrodes
or the Im.

eV (MgK )), and a computer-controlled two-axis goniometer capablef scanning the electron
emission angle over the full hemisphere above the surfac8,[29], operating with a base pres-
sure in the 10 * mbar region. The XPS and XPD methods are used with the same setand
thus the same surface region is probed in each experiment. tdaletails about XPS and XPD,
which is capable to extract local, real space information aund a selected type of atom close
to the surface, are given in Ref. [6]. Note that the samples weexposed to air during the
transfer to the x-ray spectrometer therefore creating a ratomly distributed layer of di erent
oxide species such as OH, CO and,B on top of the PTO Ims. In this paper we treat this
layer as a top electrode, characterized by an e ective scraag length. The properties of this
layer may be modi ed by an O plasma cleaning procedure, whiglkeduces the quantity of these
oxide compounds. The obtained results are interpreted in@s of a potential drop across the
ferroelectric Im, as shown in Fig. 5.10.

In a ferroelectric thin Im a uniform polarization can only be stabilized if charges are
provided that compensate the bound charges related to thertaination of the ferroelectric
polarization. In the case of real electrodes, the compengat charges are not located \exactly"
at the location of the ferroelectric polarization chargeshut they are distributed over a nite
length. One way of mathematically dealing with this problems the so called air-gap approach
in which one considers a sheet of charge separated by a nitestdince, the e ective screening
length ¢, from the physical ferroelectric-electrode interface (Bi 5.10). The 4 length
depends on the capacity of the electrode to screen the pofaiion charges inside the ferro-
electric Im and may be di erent at the interface with the substrate ( L;; ) and at the surface
( 2 )- The existence of a non-zero; Is at the origin of an incomplete screening of the
polarization charges. This incomplete screening generata residual depolarization eld and
the corresponding potential dropV (x) (Fig. 5.10, continuous line) across the ferroelectric Im
Under short-circuit boundary conditions, the potential maima at the substrate-ferroelectric

Im interface is V(x = 0) ' I‘*LOP, and at the ferroelectric Im-surface electrode interface
Vix=d' - [11,30].
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=2 B a

Figure 5.11: Pb 4§-, XPS spectra (obtained with MgK radiation) for dierent PTO Im
thicknesses, before and after the cleaning procedure. Theset illustrates the e ect of the
cleaning procedure on the O 1s emission line. O 1s (1) is the ission from the contamination
layer while O1s (ll) originates from the PTO.

5.4.3 Results and discussion

Figure 5.11 (top) shows the main di erence observed betwe@hotoemission spectra of samples
with di erent thicknesses, namely a shift of some photoemsson lines towards decreasing &
for decreasing thickness. This shift is of the same magnitedor Pb and Ti lines but not for
the C line, which is contained in the contamination layer. Aninterpretation of these shifts as
simple sample charging can thus be ruled out since not all thpeak shifts are identical. Also,
the fact that Pb and Ti lines are shifted by the same amount indates that it is not due to a
chemical e ect. The behavior of the O line cannot be descrideso easily, as it comprises both
a sample and a contamination layer contribution (inset of Fj.5.11).

In Fig. 5.12 the relative positions of the Pb4£, line and the tetragonality (c=g are super-
imposed for samples with di erent thicknessescgais the ratio of the out-of-plane and in-plane
lattice constants). The similarity of these two curves suggsts that these results are correlated.
Indeed, the polarization gives rise to a strain (polarizatin-strain coupling) which is measured
as an increase in the tetragonanlity. The polarization alsproduces a surface potential drop
V(x) which a ects the photoelectron kinetic energy k,. The polarization in Fig. 5.12 (in-
set) is calculated using ¢=9 (c=ao9 = P 2. The (c=g, = 1:03 value corresponds to the
paraelectric phase [4] and = 0:0574(’:‘—;1 is the polarization-strain coupling parameter obtained
by Ghosez [32]. In order to consider the bulk polarization ahe Ims, the c=avalues ob-
tained by the XPD measurements, which are sensitive only tdé surface, have been rescaled
to correspond to the bulk sensitive XRD values as described detail in Ref. [6].

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

b)

<)

Figure 5.12: (a) Tetragonality (c=aratio) as a function of Im thickness for PbTiO3; Ims. The
right scale indicates thec=avalues extracted from the XPD experiment while the left scal
corresponds to the rescaled value using XRD results. (b) Rwoization calculated using the
rescaled tetragonality. (c) Pb 44—, emission line position shifts (black circles) as a functioof
Im thickness and potential variation V (crosses) calculated separately for each thickness.

included to allow fag the nite escape depth of photoelectnas in order to calculate the mean

) d (d x)=imp s
potential drop V = -0 ° S

probed by the photoelectrons. A value of & has been

dx e (d x)=imfp
used for imfp. In other words, for a photoemission line thatsidue to photoelectrons emitted
from di erent depths in the Im, one can estimate an average ptential drop (shift), V, by

considering the potential drop at each depth, weighted by #imfp. Because of the exponential
attenuation of electrons coming from deepser layers, thé is thus mainly determined by the

potential drop at the surfaceV(x = d) ' %, as shown above.

Thus, taking the potential drop from XPS and estimating the mlarization from XPD, it
is possible to access the surfac€;; . Therefore, with a xed g; and P extracted from c=a
(see above) for every thicknesd (inset of Fig. 5.12 ),V can be computed and compared to
the measured variation of k. The procedure can be repeated for dierent §; in order to
optimize agreement. The best agreement is obtained wittg;; = 0.07A, a value comparable to
the one found in Ref. [4], which gives the potential variatio plotted in Fig. 5.12.

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

To con rm that the screening at the top of the sample is due towface adsorbates, we show
that the surface 3, can be modied using a soft oxygen plasma cleaning proceduxgether
with a sample annealing. In this process, the sample tempéuee is rst increased up to
50C°C in vacuum during several hours. No modi cation of the PTO cmpound stoichometry
can be observed after this annealing. Following this, an Ogdma (0.05 mbar of Q) is produced
near the surface for few minutes. After the plasma treatmenthe sample is left hot for a few
minutes.

The e ect of this procedure, applied to the di erent Ims thi cker that 28A, is clearly seen
on the XPS spectrum, as shown in Fig. 5.11 for the Ol1s and Pb4hission lines of a 10A thick
Im. The C emission (not shown here) and the O emission lined the surface contamination
layer are drastically reduced and a low energy electron daction pattern can be obtained,
indicating that the surface contamination layer has mostlybeen removed. In parallel, an
additional shift of 0.4-0.6 eV for the PTO peaks is observed.

As the tetragonality (c=ameasured by XPD) remains unchanged after the sample cleagin
it suggests that the Ej, increase observed upon cleaning is not correlated to a fezhectric
polarization enhancement, but rather to an increase of thaigface ¥ . The invariance of the
tetragonality suggests that the bottom electrode has a signantely worse screening capacity
than the top electrode and that small changes in the top elewide screening do not result
in large changes in the polarization. The additional shift ©0.4-0.6 eV corresponds to an
increase of the surface$; of 0.05-0.0A. This suggests that as the surface contamination
layer is removed with the plasma, its capacity to screen the amroscopic eld generated by the
polarization charges inside the ferroelectric thin Im is &o reduced and thus ¥ increases.

5.4.4 Conclusion

In conclusion, we have shown that the e ective screening lgth 2 of surface layers can be
modelled with an approach combining XPS and XPD measuremexnttogether with a simple
description of the potential drop across the ferroelectridm. Here, §; values have been
obtained for exposed-to-air and O plasma cleaned surfacdsetefore demonstrating the tun-
ing of the e ective screening length by controlled modi caibn of the surface. The method
could be applied to determine the screening properties of ade range of atomic or molecular
surface coverages. In turn, the understanding of how the dirent species contribute to the
screening may enable some novel applications, from optinmg the surface conditions to allow
ferroelectricity in increasingly thin Ims, to utilizing t he response of the ferroelectric to surface
contaminants as a detection method.
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5.5 Inuence of the boundary conditions

5.5.1 Local structure investigation of SrTiO 3/PbTIO 3 superlattices

In the preceding chapter, the e ect on the ferroelectricityof a reduced Im thickness has been
probed. We have shows that when the Im thickness is reducea tone or two unit cells, both
non-centro-symmetry and tetragonality are governed by stace e ects. Now what happens for
the case of a superlattice con guration made of alternatedayers of PTO and STO, implying
a completely di erent dielectric environment for the PTO?

Dawberet al. have shown that the polarization is reduced in PTO/STO supdattices as the
PTO thickness is decreased but also that a suprising recoyeof the ferroelectricity occurs for
PTO/STO ratios smaller than 1 [1]. In parallel, Tenneet 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 behamis, intimately related to boundary
conditions, are observed by averaging measurements (XRIL)¢r by using an indirect method
(ultraviolet Raman spectroscopy) [2].

By using XPD, it is possible to obtain independently the STO ad PTO surface tetragonal-
ities of a PTO/STO superlattice owing to the chemical sensitity of the method. Moreover, in
some speci ¢ cases it is possible to determine the PTO tetragality below few STO cells and
the STO tetragonality below few PTO cells. But acubic STO topmost layer can in uence the
signal coming from a deeper tetragonal PTO layer and thus mdg the measurement of the bulk
tetragonality. Indeed if the signal coming from a tetragonPTO cell passes through a cubic
STO layer, the e ective tetragonality is arti cially reduc ed. MSC calculations are performed
for PTO/STO superlattices to quantify such behaviors. Basa 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 indegndently the Sr and Pb signals
of a PTO/STO superlattice if the topmost layer, either STO orPTO, is thin enough (one or
two unit cells). Here we will focus our attention on this casePTO below one or two STO cubic
layers.

The Fig. 5.13a illustrates how the measured bulk tetragon} can be a ected by di erent
parameters. First we calculate the tetragonality correctin to apply to PTO Ims, without
STO topmost layers, in the paraelectric or ferroelectric wstate, labeled with open rhombus
and triangles respectively. The tetragonality correctionis obtained by (i) calculating the dif-
fraction pattern (with the EDAC code) of the given cluster, (i) tting the foward focusing peak
corresponding to the< 101> direction (see Section 5.2), (iii) calculating the di ererce between
the obtained value and the geometrical (c/a) used to creatéhe cluster.

The Fig. 5.13a illustrates how the measured bulk tetragon&f can be a ected by di erent
parameters. First we calculate the tetragonality correctin to apply to pure PTO Ims (without
STO topmost layers) in the paraelectric or ferroelectric wstate, labeled with open rhombus
and triangles respectively. The tetragonality correctionis obtained by (i) calculating the dif-
fraction pattern (with the EDAC code) of the given cluster, (i) tting the foward focusing peak
corresponding to the< 101> directions (see Section 5.2), (iii) calculating the di erace between
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the obtained value and the geometrical (c/a) used to createhe cluster.

For the paraelectricc=a= 1 case, only the e ect of the surface potential step ¥ a ects
the tetragonality, acting like a negligible arti cial compression of 0.1%. This in uence is tiny
compared to others like the tetragonality, the polar distdion or the presence of one or two
cubic STO topmost layers. For the paraelectric=a > 1 case, the bulk tetragonality is arti cally
enhanced by more than 0.5% of=g certainly due to the anisotropy increase related to the
cubic-tetragonal transition. If a polar up-state distortion is induced in the PTO Im, the
arti cial enhancement of the c=aof the paraelectric case is rather uniformly compensated @n
the measured tetragonality is similar to the real bulk tetrgonality.

a) b) | 1uc of STO C) , 2uc of STO
on top on top
Sr Sr (#) +

Figure 5.13: (a) Correction table to apply to the measured teagonality to obtain the real bulk
tetragonality for di erent cases. The two cases with a STO tpmost layer are sketched in (b)
and (c) for a one and two unit cell thick STO layer respectivgl The labels a and c correspond
to the in-plane and out-of-plane axis parameters.

Then if one or two STO cubic cells are added on the ferroeleitrup-state PTO Im, as
seen in Fig. 5.13b and c, the variation of the apparent PTO bkltetragonality becomes larger
(black disks and squares in Fig. 5.13a). Note that because tbie large electrostatic cost of
having di erent polarizations in each layer, the up-state dtortion has also been included in
the STO layers, according to Ref. [2]. For a one unit cell thikclayer 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 arti cial tetragonality reduction becomes even larger,
from 2.1 to 2.5% of the bulk tetragonality.

These corrections are essential in order to extract the re®TO bulk tetragonality. Here
only cubic STO cells are used but in reality, STO withc=a > 1 could also exist. Obviously,
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when PTO and STO c=avalues are very close to each other, the STO topmost layer a&s
less the measurement of the PTO bulk tetragonality. This e et is visible in Fig. 5.13a where
the c=acorrection increases for increasing bulk tetragonality iboth cases with cubic STO on
top of PTO. Thus the use of a STO topmost layer withc=a= 1 represents the case where the
variation of the tetragonality is the largest compared to tke conventional bulk PTO tetragonality
(c=a 1.06) and provides the maximal correction bound.

5.5.2 PbLTIO 3 0N Lag.67Srg:33Mn0O 3

Two PTO Ims (27 and 250A -thick ) deposited on Lay.7Sr0.33MnO3 (LSMO) have been mea-
sured by means of XPD in order to determine their tetragonal. The LSMO substrates have
been grown by J. B. Yau and J. Ho man in the group of C. Ahn at Yaé University, using

0 -axis magnetron sputtering. Then, PTO Ims have been grom on LSMO at the University

of Geneva.

a) b)
Ols

Figure 5.14: (a) Tetragonality (c=aratio) as a function of Im thickness for PTO Ims deposited
on Nb-STO (black circles), for Nb-STO substrate measured thugh PTO Ims (gray squares),
for the Nb-STO substrate surface (gray triangle) and for PTOIms deposited on LSMO (black
crosses). (b) Polar cuts along the: 100> directions for the two di erent PTO Im thicknesses
deposited on LSMO .

XRD has been performed on these Ims and has revealed that, rtcary to the PTO on
Nb-STO case, the tetragonality shows a decrease with decseay thickness, followed by a re-
covery [3], which can be explained by the switching from a modomain to a polydomain
(with up- and down-state) con guration. This behavior has keen studied by Nagarajan for
SrRuUOs/PbZr ., Tig.g/STRUO 3/SITIO 3 heterostructures in Ref. [4], where on sees that the poly-
domain con guration reduces the depolarization eld resposible of the Im tetragonality de-
crease.

Nevertheless, contrary to results obtained by XRD, the tegonality obtained using XPD
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is similar to the result for PTO deposited on Nb-STO, as showm Fig. 5.14a. This would
indicate that in our measuring conditions the samples are modomain, and in an up-state
con guration. Indeed, no drastic di erence is visible betwen the O emission polar scans taken
along the<100> directions for the two PTO Im thicknesses, as seen in Fig. %4b.

5.5.3 Ferroelectric polarization switching using XPD

XRD measurements performed after the XPD analysis of the PTRSMO samples reveal a
polydomain con guration for the 27A -thick Im. It appears thus that during the XPD mea-
surement, the samples are forced to be in a monodomain conrgtion with a concomitant
increase of the depolarization. This e ect tends to reducehe polarization and thus the tetrag-
onality for very thin Ims. The sample returns in its more steble polydomain state when the
XPD measurement is over.

In other cases, the sample can stay in the con guration indec during the XPD measure-
ments. This has been checked using th@gzoresponse mode of the atomiorice nicroscopy
(PFM) on a 500A -thick PTO Im deposited on Nb-STO. Alternate voltages areapplied between
a metallic tip and the Im to polarize parallel stripes and the piezoresponse (piezoelectric defor-
mation) is then measured by applying an AC voltage lower thathe coercive voltage. When it
is possible to write up- or down-state stripes, one can dedeithe down- or up-state background
polarization respectively, as writing stripes with the sama polarization as the background has
no e ect.

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

ll].U v

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

As illustrated in Fig. 5.15, the rst PFM measurement perfomed on an as grown 508
-thick PTO Im deposited onto Nb-STO reveals a down-state mnodomain con guration. Then
the XPD O1s emission diraction pattern performed on the sam sample shows an up-state
polarization. After the XPD measurement, a PFM measuremenhas again been done and
con rms that the ferroelectric polarization has been switced during the XPD measurement
and stays in its up-state con guration.
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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 Ims can be paid when the XPD neasurement is running
but turns out to be unsu cient to stabilize this con guratio n afterwards while, in the case of
PTO/STO, the substrate allows the up-state polarization topersist after the end of the XPD
measurement. This observation is thus a direct indicationfdhe importance of the substrate
on the ferroelectric instability. We could thus imagine thecase of a substrate which will be
able to stabilize the down-state or the polydomain con gurion during or even after the XPD
measurements.

Interestingly, both XRD and XPD use x-rays (several keV) forthe sample analysis but
only the XPD method appears to be able to act on the ferroele@t polarization. The main
di erence between both methods is that the sample environmeis drastically di erent, either
the air or the vacuum. The vacuum allows the electrons geneeal during the x-ray creation
(x-ray window) to reach the sample surface while they are giped by the air in the case of the
XRD method. This electron shower could play a major role in th ferroelectric polarization
switching. Indeed, in the same manner as the as grown dowrat con guration observed on
PTO/Nb-STO Ims could be due to the Ar* ions created in the O-Ar plasma atmosphere
during the sample growth, the e shower can certainly a ect the ferroelectric polarizatiorand
induce an up-state.

To check whether the electron shower generated by the x-rageation is the right explanation
for the down-state to the up-state Im switching for PTO/Nb- STO and the apparently forced
monodomain con guration during the measurements of PTO/L®IO Ims, an x-ray source
without e creation is needed, for instance synchrotron radiation.

5.5.4 Reversible PbTIO 3 surface states, applying O and H plasma

Figure 5.16: Cls XPS spectrum of a thin PTO Im measured at a gzing emission angle,
before and after a 20 seconds O plasma exposure.

€This point will be discussed in more details in the sub Sectia 5.5.5.
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The rst step of the PTO sample treatment consists in removig the C contaminant located
at its surface. It is unfortunately not possible to completly remove C contaminant from the
PTO surface using conventional annealing. However, usingn & plasma, C can be entirely
removed without destroying the sample or modifying its stahiometry. The result of such an
O plasma cleaning is shown in Fig. 5.16 for the C 1s peak. Noteat the spectrum has been
collected at a grazing emission angle to enhance the surfaemsitivity.

Moreover, the O1s spectrum of the freshly introduced Im is ot a ected by this 20 seconds
O plasma and is similar to the spectrum taken after the O plasenshown in Fig. 5.17a. It
consists of three oxide compounds: the peak at lower bindiegergy corresponds to PbO oxide,
the middle peak to TiO, oxide, while the O peak at high binding energy stems from Jo.

O 1s emission
a) O plasma b) H plasma

Pb 4t emission
c) O plasma d) H plasma

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

The sample surface has then been further exposed to an H plasifh40 seconds). The
corresponding O 1s and Pb 4f spectra are shown in Fig. 5.17bdad, respectively. The
three above-mentioned O lines still exist after the H plasméut a new O species appears
together with a new Pb species. The new O species has a bindenergy similar to G-H,-O,
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compound§ [6]. The grazing angle measurements combined with the fadtat the Cy-H,-O,
compound is logically located at the sample surface (see t&) permits to enhance the ¢-H,-
O, contribution, creating a large photoelectron peak using angll quantity of O transferred
from the rst three O lines (PbO, TiO, and H,0) .

The photoelectrons originating from the new Pb species ar®ltected at a lower binding
energy and correpond to less or unoxidized Pb (the O is maybesad in the G-H,-O, com-
pounds). More surprisingly, if the sample is exposed again &an O plasma, both new O and
Pb species disappear. The ,GH,-O, compound reacts with the O plasma which in parallel
reoxidizes the Pb. In fact, thesesurface statesare reversible and can be easily switched many
times using either O or H plasma without destroying the surize.

To con rm that these reactions take place only at the samplewface, Pb 4f-, spectra are
measured as a function of the polar angle along the (100)-pk and plotted in Fig. 5.18a.
The intensity variation of both Pb components as a function bthe polar angle is reported
in Fig. 5.18F. It illustrates how the Pb 4f;-, peak intensity of the new Pb species increases
with increasing the polar angle 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 Im. The very same behavior is observed for the new @pecies. Moreover, the
new species Pb 4f, peak intensity does not reveal the presence of any forwardctsing peaks
along the (100)-plane, indicating a disordered environmen

5.5.5 Monodomain to polydomain transition in ferroelectri c PbTiO 3
thin Ims on SrRuO 3 substrates.

The important role played by the e ective screening length s been demonstrated in Section
5.4, in which the ¢ values of exposed-to-air and O plasma cleaned surfaces Hawen obtained
using an electrostatic model combining XPS and XPD measuremts. XRD results found in
Ref [5] suggest an SRO e ective screening lengths equal to 0.23 , which is larger than for
the Nb-STO (0.12A ), therefore leading to a poorer screening. What is the e ¢of this lower
screening capacity on the PTO tetragonality or its core levgosition?

Here, we show measurements performed on a series of epitagi@axis oriented PbTiO;
perovskite Ims(246A to 4A thick) grown onto metallic (001) SrRuG; substrates, showing
the evolution of the tetragonality and the PTO core level pasons as a function of the Im
thickness, but also the PTO core levels positions as a funeii of the x-ray exposure time.

The value determined by means of XPD measurements performet these samples are
shown in Fig. 5.19. For the three thicker Ims, the appearane of a shoulder in the polar scan
performed along the (100)-plane complicates the interpration of the main foward focusing
peak and tends to arti cially reduce the €=g. This behavior has already be seen in some thick
PTO Ims on Nb-STO and could stem from a relaxed cubic topmoskayer. This interpretation
is compatible with some multiple scattering results obtaied using a cluster made of tetragonal

d0wing to its very small absorption cross section, a residuatjuantity of C could persist at the sample surface
without a visible signature on the spectrum.
€The double peak is tted using two gaussians to extract each mdividual contribution.
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Figure 5.18: (a) Pb 4f-, line spectra taken at di erent polar angles from 0 to 60 along the
(100) crystallographic plane. The peaks labeled with | and torrespond to the Pb of the PTO
and the new species respectively. (b) Intensity variationsaa function of the polar angle for
both Pb species contributions.

structures terminated by one or two cubic layefs

For the thinner Ims, no such e ect is observed and the tetragnality reduction with de-
creasing Im thickness is comparable to the result found fahe PTO on Nb-STO. However, the
tetragonalities obtained for the 4, 8, 13 and 28 thick Ims are always larger than expected.
More surprisingly, the tetragonality of the 4A thick Im, which is expected to be paraelectric,
is much higher than the 1.02 value obtained for the PTO on NbTD.

In order to understand this behavior, an XPS investigation &s be performed. In Fig. 5.20a,
we show that the photoelectron kinetic energies change withe x-ray exposure time for a 7A
thick Im and that a stabilized regime is achieved after few burs. As seen in Fig. 5.20b,
showing di erent spectra taken at grazing angle on a 29thick Im, the evolution of the core
level position seems to be linked to a modi cation of the toplectrode, which isa priori made
of a randomly distributed layer of di erent oxide species sth as OH, CO and HO, labeled
with 1. We have observed that the oxide contamination layers not a ected by the vacuum
environment, but by the x-ray exposure which acts like a smdio surface cleaning.

The Pb4f,-, and Ti2ps-, photoelectron kinetic energies have been reported as a ftion
of the Im thickness in Fig. 5.21a for the "freshly measured'case and after the saturatior®.
A drastic modi cation of the PTO photoelectron kinetic enegies is observed after saturation
indicating that the modi cation of the surface electrode ca strongly modify the whole system.

fIn the series used in Section 5.3 no similar shoulder has beabserved.
9Note that the tetragonality has been measured in the saturaed regime.
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Figure 5.19: Tetragonality (c/a ratio) as a function of Im thickness of PbTiQ Ims grown
on the Nb-SrTiO; substrate (black disks) and the SrRu@ substrate (open squares). Inset:
Comparison of the main forward focusing along the (100)-pie for two Im thicknesses.

In the case of the "freshly measured" photoelectron kinetienergies, the behavior of the
E«in is similar to the case of PTO on Nb-STO discussed in Section45. However, after the
soft cleaning performed by the x-ray exposure, the system hakits the characteristics of a
polydomain con guration.

Indeed, as discussed in Section 5.4, the surface cleaning c&rease the e ective screening
length ¢ (corresponding to a surface electrode screening capacitgcdease) and can thus
lead to an increase of the depolarizing eld (kp eff ). In the case of insu cient screening,
the system could undergo a monodomain to a polydomain tramisin in order to reduce the
depolarizing eld. This behavior has already been observed ultrathin epitaxial SrRuO 3
IPbZr .2 Tig.g03 /STRUO 3 /SITIO 3 heterostructures and is summarized in Fig. 5.21b [4].

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

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

Second, for the saturated case, the photoelectron kinetimergy reduction, which can be
associated to the polarization thanks to the electrostaticmodel exposed in Section 5.4, exhibit
a unconventional behavior which could be divided into threparts. First, thick Ims (label 1 in
Fig. 5.21) consist of a stable monodomain con guration pedps insensitive to the x-ray induced
cleaning. Note that a small reduction of the oxide contamirteon layer has also been measured
in this case.For thinner Ims (label 2), the photoelectron knetic energy is slightly reduced. The
system is a ected by the surface modi cation and the polariation decreases in response to the
increasing depolarizing eld. For the thinnest Ims (label3), the system undergoes a mono- to
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a) b)

Figure 5.20: (a) Photoelectron kinetic energies as a funeohi of the x-ray exposure time. The
same scaling has been used for the di erent elements. (b) XPpectra for a 2% thick Im
taken at a grazing angle, revealing a reduction of the O conteed in the contamination layer
(1). O emission from the PTO sample is labeled with II.

polydomain transition in order to reduce the depolarizing eld and consequently the average
polarization tends to zero. The reference value correspang to a zero average polarization
is given by the photoelectron kinetic energy of the freshly easured 4 thick Im. All these
similitudes suggest that the thinnest PTO/SRO Ims, after few hours of x-ray exposure, are in
a polydomain con guration.

As all surfaces have been identically exposed-to-air, thalg parameter which has changed
between the PTO/STO and the PTO/SRO series is the substate. &lvever, the obtained
results are drastically di erent. Indeed in the case of the PO/STO, no such e ect(cleaning
with the x-ray exposure and a concomitant mono- to polydomaitransition) has been observed,
indicating that the substrate modi cation (variation of th e interface e ective screening length)
has permitted to modify the Im properties. It suggests alsahat we could be able to tune
the Im sensitivity to surface electrode modi cations by malifying its interface ¢ electrode.
This can be done by either change the electrode material orfhaps by injecting additional
charges (number of charge carriers).

5.5.6 How to obtain LEED patterns of PbTiO 3 surfaces?

As discussed in Chapter 4, it is possible to obtain LEED pattas on STO surfaces cleaned
following various processes. However, cleaning PTO in ord® obtain a LEED pattern is a
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©
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Figure 5.21: (a) Evolution of the Pb4$-, and Ti2p;-, photoelectron kinetic energies as a function
of the Im thickness for freshly introduced samples (open s@res) or after many hours of x-
ray exposure (black squares). (b) Thickness dependence lo¢ hormal average polarization O,
the tetragonality (c/a), and the out-of-plane piezoelectic constant k3 at room temperature in
ultrathin epitaxial STRUO 3 /PbZr ., Tig.g03 /STRUO 3 /SrTIO 3 heterostructures. The evolution
of the domain structure from monodomain to polydomain is ragsented in the inset. This
Figure was published in Ref. [4]. The unconventional behaur of the photoelectron kinetic
energy could be divided into three parts as discussed in thext (labeled with (1), (2), (3)).

much more complex task. First of all, an O plasma is requiredbtremove C contaminant from
the PTO surface. Nevertheless, the surface O contaminant $sill 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 atsu ciently high tem-
perature which should stay lower than the Pb evaporation teperature. This heating process
permits to remove O contaminants, but in parallel C is depod onto the sample surface
presumably owing to the degazing of the sample and its neighthood. The application of O
plasma/heating cycles is not su cient to completely clean he surface.

However, the simultaneous application of an O plasma and he®&y 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 togetheiith the O surface contaminant.
After this surface cleaning, the sample is heated a few monterno get a LEED, as seen in Fig.
5.22e.

"Note that both direct (using the sample holder described in ®ction 4.3) and indirect (using a button-heater
sample holder) heating can be used.
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a) Cls b) O 1s C) Ti 2p

d) Pb 4f e) LEED pattern at 41.7eV

Figure 5.22: XPS spectra for (a) the C 1s, (b) O 1s, (c) Ti 2p an@d) Pb 4f emission lines
together with the LEED pattern obtained after the cleaning pocedure (e).
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5.6 Antiferrodistortive distortion at the (001) PbTiO 3
surface

5.6.1 Basic notions

The antif errodistortive (AFD) instability consists of an in-plane rotation of the O octahedral
cage surrounding the Ti atom. In the previous XPD studies psented in Section 5.2 and 5.3, the
calculations were performed using only out-of-plane (algrthe z-axis) ferroelectric distortions
but a variety of reconstructed surfaces have been observedder di erent growth conditions.
For example, using grazing incidence x-ray scattering, Mikholm et al. have shown that a
c(2 2) AFD reconstruction can be obtained at the (001) PTO surfae by an annealing at 875
to 1025K under most of the PbO partial pressures while a (16) surface occurs for low PbO
partial pressures. They also found, a 20n-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-gdlane polar distor-
tion. However, ab-initio calculations performed by Bungaro and Rabe show that near ebP-
terminated surface, the ferroelectric distortion does ngprevent the AFD distortion [1].

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

5.6.2 MSC analysis

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

The Fig. 5.23a and b show two R-factor grids which quantify th agreement between the O1s
emission of a 28 thick PTO Im and di erent MSC calculations with various AF D distortions.
The AFD is simply included in the calculation via the modi caion of the O atom positions
within the cluster. To obtain an as complete as possible stydf the AFD distortion in uence
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. 5.23cIn Fig. 5.23a, all O atoms of
the vertical PbO plane(marked with a cross in Fig. 5.23d) cdained in the cluster are shifted
relative to their initial (O ; 0) centro-symmetric position while in Fig. 5.23b, only the apmost
layer encounters an AFD. The region below(above) the horizontal dotted white lineri R-factor
grids corresponds to O up-state (down-state) distortions.

In both cases, a minimum is clearly obtained for O atoms shé&tl down (up-state distortion),
which is equivalent to the result obtained in Section 5.3 witout AFD distortion. Nevertheless,
R-factor values are globally smaller in the case of a uniqueFP distorted topmost layer (Fig.
5.23b). In this latter case, the calculations are compatiblwith the presence of an horizontal O

"Munkholm et al. have found, usingin situ x-ray scattering measurements of PTO in equilibrium with PbO
vapor, that only the rst topmost layer experiences an AFD di stortion [2]
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a) c)

b)

Top view

Figure 5.23: Two di erent R-factor grids calculated for a 26 -thick PTO Im and di erent
MSC calculations obtained by varying the position of (a) allO atoms of vertical PbO (100)
planes contained in the cluster, and (b) O atoms of the topmb$ayer only. The other atoms
remain xed. (c) Side view: cut along the (100) plane. (d) Topview: only the rst PbO and
TiO layers are shown. Only O atoms marked with a cross are malie O atoms on top of Ti
remain xed.

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

The same low R-factor values (0.34) are obtained for both the case with and without
AFD. It is thus not possible to insure the presence of an AFD ithe studied 20A thick PTO
Im. As both cases are compatible with our XPD measurementst 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 ferroeleatity in very thin Ims. We
show how di erent parameters, such as the Im thickness or ta electric boundary conditions,
can in uence the properties of ferroelectric materials.

First of all the Nb-SrTiO ; substrate has been studied by means of XPD measurements to-
gether with a MSC analysis, showing that its surface exhilstan unexpected polar distortion.
Then, di erent cleaning approaches have been used to obtam (1 1) surface reconstruction.
Using XPS measurements, we show that the surface chemicatstmay be completely di erent
even with the same atomic surface reconstruction (measurégt LEED). As the surface chem-
istry is not inevitably correlated to the surface reconstration, it should be analysed before the
growth process to have a complete control of the substrate ggaration.

XPD measurements performed on PbTi@ Ims show that Ims of only three unit cells
thick are still ferroelectric and that atomic relaxation ard rumpling are paramount for thinner
Ims. The asymmetry makes the Ims polar but probably not swichable. Instead of a sharp
ferroelectric-paraelectric transition, a gradual changef the ferroelectric polar distortion was
measured as the Im thickness was decreased.

We have then presented our XPD and XPS results obtained on PidD; epitaxial Ims with
di erent electrical boundary conditions, using XPD and XPS A key parameter for understand-
ing ferroelectricity in thin Ims, the e ective screening length, has been probed by means of
photoemission, permitting the experimental determinatio of the screening properties of the top
electrode. We have also demonstrated a change of the e ee&tigcreening length upon cleaning
of the thin Im surface.

The decrease of the tetragonality was also measured in thinbPiO; Ims grown on
Lags7Sr0:33MnO3 or STRuO;. However, in the latter case, the measured values of c/a were
surprisingly higher than expected for the thinner Ims. Ths result together with XPS mea-
surements have suggested the transition of a monodomain tgalydomain con guration when
the Im thickness is reduced.
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We have also shown that a surface treatment combining an ox@g plasma together with
an annealing leads to a LEED pattern on a PbTi@ surface. Then by exposing the surface to
an oxygen/hydrogen plasma, we have been able to reoxidizesbxidize the Pb surface species
and at the same time to remove/create new O surface compounds a reversible way.

Finally, in order to validate some results found in XPD invesgations, simulations of the
photoelectron diraction process have been used. In this wiq the EDAC code, adopting
a cluster approach, has been studied, tested and used for masystems, including di erent
crystal symmetries, kinds of atoms or photoelectron kinatienergies. Despite some limitations,
the EDAC code furnishes much more satisfying results than ¢hstandard SSC approach but
to the detriment of the computation time, making this approa&h essential but highly time-
consuming.

Future perspectives

Based on the results and the observations done during this o di erent measurements on
perovskite oxides could certainly contribute to increaseéne knowledge on ferroelectric materials.

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

Second, the discussed e ect of the electron shower, whicteses to play a major role in the
ferroelectric polarization switching, could be con rmed ¥ 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 statecon guration, we can try either
to reduce the atom mobility by measuring at low temperaturepr to employ other substrates.

Fourth, as it has been shown, the e ective screening length the PTO/SRO surface elec-
trode is modi ed by a simple x-ray exposure which seems to aéh this case, like a very smooth
cleaning. This cleaning, which has a ected the surface eteade, has drastically changed the
core level positions of the ferroelectric Im emitters. We auld thus optimize the surface con-
ditions to allow ferroelectricity in increasingly thin Ims, by depositing very thin metallic
electrodes or polar electrodes made of water for instance. dddition, we can imagine to utilize
the response of the ferroelectric Im to surface contaminas as a detection method.
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Appendix A

MSC shell script example

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

Program

| Required input les |

Output les

edac_2geo_Td.exe

edac-input.txt
Cluster.in

edac-ouput.txt

interpolation.exe

polardirections.in
edac-ouput.txt

edac-map.txt

rfactor.exe

experiment.itp
edac-map.txt(tpi)
LinCombSSCs.in

rfactor.txt

RfactMinLoc.exe

rfactor.txt

Stu .txt

Status-check.out

Table A.1: Programs and les created and/or required duringhe optimization procedure.

#lInitialization of the R-factor matrix and Status les
echo "Rmax Lmax DebyeTemp Imfp Rfactor"> R-factor.out
echo "STATUS CHECK" > Status-check.out

calc-nbr=0
index=0
level=0

# This de nes the range of imfp to be analyzed.

for ((m=4 ; m<
do

=15; m++))
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# This de nes the range of Debye temperatures to be analyzegb+$k*25
for (k=0 ; k<=7; k++))
do
# This de nes the range of Rmax to be analyzed.
for ((i=19 ; i<=22; i++))
do
#This de nes the range of Lmax to be analyzed.
for (=7 ;] <=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

Rm="echo $ij bc® Scan Ry values
Lm="echo $jj bc’ Scan |,»x values
DT-Cu=50 Fix the Debye temperature
Imfp=11 Fix the inelastic mean free path

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

Rm=$Rm-min Fix the Rnax and lnax using the values obtained for the minimal
R-factor value. This (Rmax,Lmax),, set is found using/RfactMinLoc.exe

Lm=$Lm-min

DT-Cu="echo 25 + $k 25j bc’ Scan Debye temperatures

Imfp=11  Fix the inelastic mean free path

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
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Rm= $Rm-min

Lm=$Lm-min

DT-Cu=$TD-Cu-min

Imfp="echo $mj bc® Scan the inelastic mean free path

#This counts the number of calculations.
calc-nbr="echo $calc-nbr + 1j bc’
#This prepares the input le using an existing cluster Clusdr.in.
echo "verbose 0" > edac-input.txt
echo "clear cluster">> edac-input.txt
echo "cluster surface on’>> edac-input.txt
echo "cluster reference-point I(A) 0 0 0'>> edac-input.txt
echo "cluster Rmax I(A) $Rm" >> edac-input.txt
echo "cluster input Cluster.in” >> edac-input.txt
echo "cluster natoms 16504>> edac-input.txt
echo "dmax I(A) 15" >> edac-input.txt
echo "emitters 9 1(A) 0 0 0 Cu 0.738 1.278 -2.087 Cu 1.476 0 -241Cu 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 1.24%069 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">> edac-input.txt
echo "emission energy E(eV) 807.2 807.2 > edac-input.txt
echo "emission angle theta 0 90 465> edac-input.txt
echo "emission angle phi 0 360 360*> edac-input.txt
echo "VO E(eV) 13.5">> edac-input.txt
echo "cluster surface I(A) 2.3">> edac-input.txt
echo "imfp inline 1 I(A) $Imfp" >> edac-input.txt
echo "Imax $Lm" >> edac-input.txt
echo "iteration recursion" >> edac-input.txt
echo "orders 1 9">> edac-input.txt
echo "mu n-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 "mu n-tin" >> edac-input.txt
echo "scan pd edac-output.txt">> edac-input.txt
echo "report natoms">> edac-input.txt
echo "end">> edac-input.txt
Jedac _2geo_Td.exe edac-input.txt

#This interpolates edacoutput onto the angles of polardicéons.in.

Jinterpolation.exe  edac-output.txt edac-map.txt polardirections.in
cp edac-map.txt edacCuRm="echo $Rm’'Lm="echo $Lm DTCu=tho $DT-Cu’'lm="echo
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$Imfp-9em.out

#This calculates the R-factor value using the experimentd and the edac-map.txt les. Note
that both les contain the same angles de ned by polardiréshs.in.
#The LInCombSSCs.in is required.

Irfactor.exe

rGBD="cat rfactor.txt’

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

if [ $level -eq O ]
then
echo "$rGBD $Rm $Lm" >> stu .txt
JRfactMinLoc.exe
Rm-min="cat x1val.txt’
Lm-min="cat x2val.txt’
Rfactor-min="cat xvalmin.txt’
echo "$calc-nbr $Rm-min $LmM-min $Rfactor-min">> Status-check.out

if [ $level -eq 1]
then
echo "$rGBD $DT-Cu 0" >> stu .txt
JRfactMinLoc.exe
DT-Cu-min="cat x1val.txt’
Rfactor-min="cat xvalmin.txt’
echo "$calc-nbr $DT-Cu-min $Rfactor-min">> Status-check.out

if [ $level -eq 2 ]
then
echo "$rGBD $Imfp 0" >> stu .txt
JRfactMinLoc.exe
Imfp-min="cat x1val.txt’
Rfactor-min="cat xvalmin.txt’
echo "$calc-nbr $Imfp-min $Rfactor-min">> Status-check.out

echo "now we do the next"

done
done
level=1
done
level=2
done
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Appendix B

MSC calculated di raction patterns for
Cu(111) surface

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

They show how the .« parameter strongly in uences the diraction pattern and that, in
this case at least, the MSC calculations seem to be insenaitito the Ryax value modi cation.
Note that it is far from being the case for every systems. Mooger the calculations show that
a dnax value can strongly a ect the di raction pattern, specially for small I,ox values.
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Figure B.1: Dierent MSC calculations for 9 emitters, Debyetemperature=50K, imfp=11A
dmax =10A and various Ryax , Imax. There are used for the R-factor grid plotted in Fig. 3.2a.
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Figure B.2: Dierent MSC calculations for 9 emitters, Debyetemperature=50K, imfp=11A
dmax =20A and various Ryhax , Imax. There are used for the R-factor grid plotted in Fig. 3.2c.
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Figure B.3: Dierent MSC calculations for 9 emitters, Debyetemperature=50K, imfp=11A
"unlimited" d nhax and various Rnax , Imax. There are used for the R-factor grid plotted in Fig.
3.2e.
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Appendix C

Nb-SrTiO 3 (4 2) multi-domain surface
reconstruction

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

Multi-domain = (4x2) + (2x4)
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Figure C.1: LEED measurement at 40.2eV of a multi-domain o#( 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 procedureeaf situ prepared samples. It
is based on the ion chemical reactivity instead of the ion mieanical sputtering. It can also
be used for enhancing eld emission from carbon nanotubed,[for smoothing semiconductor
surfaces [2], for in uencing the oxygen content in thin oxid Ims or for preparing hydride Ims,
and so on.

It appears necessary to have the smallest possible ion kilwe¢nergy in order not to destroy
the sample surface structure. Dierent measurements haveh@wn that samples exhibiting
LEED patterns have been destroyed(no LEED) using not adapteplasma parameters corre-
sponding to too high ion kinetic energies. The ion kinetic emgy minimization is thus a pre-
requisite for an e cient and soft cleaning. The plasma calilation is done using an homemade
ion analyzer designed for measuring the ion kinetic energy 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 thre grids (in gray) separated from
each other by insulators, inside a grounded shield. The rgrid (labeled with q) corresponds to
the sample surface. With this con guration, it is investigde the behavior of a grounded, biased
or oating sample. When the plasma is started, the ions are st decelerated by the +\j;ig
electrode(2) and then accelerated by the -80V electrode (3Jhe electrons are decelerated by
the third grid in such a way that only the ion current is measued at the end. Only the ions
with a su ciently large kinetic energy are thus collected. The current |, created by the ions
achieving the electrode 3, is then measured as a function betgrid voltage Vyiq, as shown in
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Figure D.1: Electrostatic analyzer simulating the sample dider.

Fig. D.2a. The average ion kinetic energy is given by the mimum of the dl./dV yiq derivative
(Fig. D.2b).

D.3 Results and discussion

For one given gas(argon, oxygen and hydrogen for instancehe plasma properties can be
modi ed using di erent gas pressures, microwave power wigilthe sample conditions depend on
the distance to the plasma antenna, or its potential: grouret, biased or oating. An overview
of the in uence of all these parameters on the ion kinetic engy is given in Table D.1.

It is possible to decrease the ion kinetic energy by decreagithe microwave power or by
increasing the gas pressure, but to the detriment of the "p&ashape”(whatever it means for
the ions). It is also possible to decrease the ion kinetic egg by applying a positive bias to
the sample, but in this case the kinetic energy of neutral atos will be una ected making this
kinetic energy minimization approach less meaningful. Weillvthus focus our attention to the
microwave power and the gas pressure.

To get a minimal ion kinetic energy it is necessary to oat thesample, and to monitor
the potential on the sample, which encounters a drastic chga when the microwave power is
varying. The microwave power which corresponds to the miniahion kinetic energy is slightly
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a) b)

O
O

Figure D.2: (a) The measured currentd as a function of the grid voltage V4 for increasing
Ar gaz pressure and (b) its derivative di/dV 4 for a grounded system.

| Plasma change | E ects | Comments |
Gas pressuréo Eon & The ions encounters more
Nien & collisions reducing their kinetic energy.
The e ect is weaker for oating than for
grounded samples.
Microwave powe& o & The e ect is weaker for oating than for
grounded samples.
Time& Egn % Probably due to parts of
the plasma source that are heating.
Plasma source with grid| E; S  without The plasma does not seem to see
and oating sample grid but with the oating sample behind the grid.
grounded sample
|  Sample change | E ects | Comments |
Distance% Eon lons are faster near the antenna.
Bias% Eon 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 alsotbe gas pressure and it appears
that the ideal gas pressure to reduce the ion kinetic energycaurs when this voltage is the
largest. The re ected power plays also an important role. Arelegant way to nd the "real" 0
W re ected power is to adjust the impedance adapter to obtaithe maximal sample voltage.

To summarize, to get the minimal ion kinetic energy,
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d)

Figure D.3: For a oating sample in an oxygen plasma. (a) Cutovs pressure. (b) Sample
voltage, its derivative and the deduced cuto as a function othe microwave power. (c) Sample
voltage and cuto as a function of the elapsed time. (d) Cuto vs the antenna-sample distance.

Adjust the impedance adapter to obtain the maximal sample \tage. It corresponds to
the real OW re ected power.

Scan the microwave power and measure the sample voltage. drithhe cuto and choose
a power "slightly" higher.

Scan the pressure to maximize the sample voltage.

Finally, a summary of the plasma paramaters corresponding the lowest ion kinetic energies
is reported in Table D.2 with a precision of 1leV. Note that without plasma parameter
optimization, ion kinetic energies higher than 20eV are naturprising.
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| Gas and pressure | Microwave power | lon kinetic energy ||

Ar, 0.02mbar o0wW 8 eV
0O, 0.05mbar 50w 8 eV
H, 0.05mbar 50w 4 eV

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

D.4 Cleaning parameters for the PbTiO 3 surface prepa-
ration

The PTO surface preparation is made of three steps.

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

(2) Still while annealing, an 50W plasma is started with a 0&mbar O partial pressure.
During the increase of the gas pressure and during the plasmthe temperature increases
(correlated to a modi cation of the current and the voltage) We can thus imagine that this
temperature increase may be due to the additionnal currentegerated by the electrons of
the plasma, or due to a modi cation of the surface conductity in the O atomsphere. The
O plasma cleaning duration is generally smaller than 10minub rarely smaller than 2min to
entirely remove the C contaminant.

(3) The O plasma is then switched o and the sample is annealgd 55¢°) during 30min
to show a LEED patterr?. 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. Phg. Lett. 75, 677 (1999)

alf the heating current is switched o directly after the plas ma extinction, no LEED will be obtained.
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