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Abstract

The main objective of our research is to understand how the |&atoe
polarization affects the chemi/physisorption of water molecorfes ferroelectric
surface and how this adsorption may in return affect the cheandathe atomic
structure of ferroelectrics and hence the ferroelectric properties.

We present a study of the surface atomic and chemical structure ef TiO
terminated, ferroelectric BaTgJ001) epitaxial films on SrTiQsubstrate with
different strains, as well as BaT4(®01) single crystals, before and after controlled
exposure to water. Finally, the surface structures of g% :Nb,Og (001) single
crystal are discussed.

The BaTiQ thin films have a P polarization. The initial physisorption of
molecular water is enhanced by a high oxygen vacancy surface conocentrat
creating a more positively charged surface. Quantitative low energyoalectr
diffraction shows that before water adsorption, the polarizatigcontinuity at the
surface reverses the rumpling in the JTi@rmination layer. There are two
dissociative adsorption sites, oxygen vacancies and on-top suffac&he
predominance of dissociative adsorption is confirmed by betayXphotoelectron
spectroscopy and temperature-programed desorption spectrosdopyoniop
OH -Ti dominates the chemisorption process. After water adsorptissociation
gives rise to OHTi chemical bonding at 16 to 20% of the surface Ti sites.
Adsorbate screening is more efficient than ionic rumpling and Is@gtthe ionic
rumpling in the TiQ layer to the same direction as in the bulkstate, but the first
BaO layer shows polar inversion with respect to the bulk displacements.

The surface of a ferroelectric Bali(@01) single crystal is BaO terminated with
a (1 x 1) reconstruction. The rumpling is smaller at the surfeare in the bulk,
suggesting that both domain ordering and surface structuaalges contribute to
screening of the polarization. Linear combinations of the X-raytgahectron
diffraction simulations compared with experinef the surface structure of each
polarization state allow determination of the proportion of edmmain type. The

best agreement with experiment is found for 55%3B% P, and 7% P.



Low energy electron microscopy was used to directly observiogdroier and
water adsorbate screening effect on a clean, vacuum annealed; BaOi{psurface.
Surface potential contrast betwe€naRd P domains is significantly reduced under
the ultraviolet illumination by photo-generated carrier screeningoiative water
adsorption on on-top cation sites is similarly efficiamtscreening the surface
charge. The surface charge dynamics are dominated by drift undernoldtrav
illumination and thermal diffusion after the ultraviolethigis switched off. The
time constant for screening is longer than that previouslgsured on unannealed
samples in air and suggests that charge dynamics are strampgpndnt on the
surface chemistry, in particular, on the oxygen vacancy concentration.

Finally, the surface atomic and chemical structures $fgBay 33Nb,Og (001)
single crystal are studie®rsBay:Nb,Os has two A-type cation sites, 1/6 of
which are voids, regardless of the Sr/Ba stoichiometry. Sharp, weatledeliEED
patterns are observed, consisting of the superposition of two surface reconstructions
(v5 X ¥5R26.6 and (52 X v2)R45 , due to long-range ordering of the
alkaline earth metal voids in A1 or A2 sites. The Sr/Ba stanhtoy is determined
by high-resolution X-ray photoelectron spectroscopy. The Srogel level has 2
components suggesting two different sites with distine&nghbal environments,
reflecting the two A-site occupancies.

Although not directly within the scope of the aim of thesis project, we have
also shown that a room-temperature deposited Batiittathin film, subsequently
annealed in @can produce a quasi-amorphous phase. The absence of long-range
order is confirmed by in- and oof-plane X-ray diffraction as well as Ti 2p
photoelectron diffractionFerroelectric polarized domains with good retention have
been successfully written into the quasi-amorphous fdémgupiezoresponse force
microscopy and exhibit a clear polarization versus electric fieklehgsis loop.
Substrate clamping frustrates volume expansion during angel@ading to a
quasi-amorphous film. These results are presented in the appendix.
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Chapter 1

| ntroduction

1.1 Main objective

The main objective of our research is to study how the ferroelqutarization
affects the chemi/physisorption of,®l molecules on a ferroelectric surface and
how this adsorption may in return affect the chemical andatbwic structure of
ferroelectrics and hence the ferroelectric properties. In turn, the acquired
knowledge is hoped to be useful for a deeper understanditighbfenhanced
hydrogen production at a ferroelectric surface. Such an undergjandinthen be
usedto develop new ferroelectric compounds to promote the water phistolys
reaction, by favoring the electron-hole separation and the surface tgadiwe
results obtained go far beyond the photocatalysis aspeettbi@g also concern the
general behavior of ferroelectric films and of charged surfaces.

We have cared out a systematic study of the atomic, chemical and electronic
structure of ferroelectric domains before and after exposure to vafyDgartial
pressures. This thesis concentrates on some special parésresdéarch, from the
molecular beam epitaxy (BE) growth of thin fiims to the different
characterization methods such as X-ray photoelectron spectroS<Bgy, X-ray
photoelectron diffraction (XPD)X-ray diffraction (XRD) low energy electron
microscopy LEEM), low energy electron diffraction (LEED), temperature-
programed desorption spectroscopy (THE@zoresponse force microscoBF{V).
MBE with full in-situ growth characterization was essent@lptovide the high
quality epitaxial film with good interface8oth laboratory and synchrotron light
sources have bearmsed for the delicate, spatially resolved electron spectroscopy
probes.



1.2 Project Surf-FER

The research work of the thesis was carried out in the framework of aaheldfu
by a French National Research Agency (ANR) project, Modifications of the
chemical and electronic ferroelectric surface structure under waterptdsor
(Surf-FER), ANR10-BLAN-1012. Surf-FER brought together 4 major French
laboratories Institut Rayonnement Matiére de Saclay (IRAMIS$hstitut des
Nanotechnologies de Lyon (INL), Institut de Recherches suCdtalyse et
I'Environnement de Lyon (IRCELYON) and Laboratoire Structurespiiégtés,
Modélisation des Solides (SPMS), to study the interaction,Of With ferroelectric
surface. The collaboration of different experts in the projectiged successful
use of the wide range of experimental techniques.

1.3 Thesis outline

Chapter 2 describes the motivation and goal of this thebs.sTructure and
physical properties of the ferroelectric materials studied in thsidlare also
introduced.

Chapter 3 is dedicated to a description of each of different experinamta
theoretical tools used in this thesis.

In chapter 4, we have studied the atomic and chemical strwfttine surface of
a fully strained, ferroelectric Tiiterminated BaTi@(001) epitaxial film on a
SrTiO; substrate after controlled exposure to water. Water undergoes mainly
dissociative adsorption on the surface. The Ti on-top sitkd dominant site for
OH chemisorption. One fifth of the surface Ti atoms bind to OHMhe
concentration of surface oxygen vacancies acts mainly to favor initisisoigtion.
Before exposure to water, the outward pointing polarization in th® Blim is
stabilized by atomic rumpling in the TiQermination layer. After exposure to
water, the chemisorbed OHpecies provide the screening, inverting the surface
dipole layer and stabilizing the bulk polarization. Molecular gatgmn is observed
only for high water coverage.h€ H,O desorption energy has been measured as a
function ofin-plane strain.



In chapter 5, the surface of a Ba¥%i@01) single-crystal was studied using
synchrotron radiation induced XPD. AFM, XPS and LEED showttiesurface is
BaO terminated with a (X 1) reconstruction. The Ba 4d, Ti 2p and O 1s XPD
results were compared with multiple scattering simulations foofeuand in-plane
polarizations using a genetic algorithm to determine atomic rumahdgnterlayer
relaxation. Linear combinations of the XPD simulations of thdasa structure
determined the proportion of each polarization state at the surface.

In chapter 6, the surface potential contrast between opposiEsrized
ferroelectric domains of a BaTi@ingle crystal under ultraviolet (UV) illumination
before and after the dissociative adsorption of water is measured tsn
transition from mirror electron microscopy (MEMp LEEM. Both photo-
generated free charge carriers and dissociative adsorption of water are effective
screening mechanisms of the surface polarization charge. We atsb tftat the
screening rate is dominated by drift, whereas the relaxation iabgence of UV
light is driven by thermal diffusion. Surface chemistry plagsiraportant role in
the surface charge dynamics.

Finally, in chapter 7 the surface atomic and chemical structures of a
ShheBa:INb,Os (SBN) (001) single crystal are studied using the low energy
electron diffraction (LEED) and X-ray photoelectron spectroscopy. 8&Ntwo
A-type cation sites, 1/6 of which are voids, regardless of tfgaStoichiometry.
Sharp, well-defined LEED patterns are observed, consistingeduperposition of
two surface reconstructionsy6 X v5)R26.6 and (52 X v2)R45 |, due to
long-range ordering of the alkaline earth metal voids in AADsites. The Sr/Ba
stoichiometry is determined by high-resolution X-ray tpletectron spectroscopy.
The Sr 3d core level has 2 components suggesting two diffates with distinct
chemical environments, reflecting the two A-site occupancies.

Although not part of the original thesis project, as definetliwihe scope of the
Surf-FER project. In the course of the growth and characterizationitaixiep
BaTiO; thin films, we discovered the condition required to poedlwquasi-
amorphous BaTi@ This opens up a new direction for ferroelectric material design
no longer limited to crystalline compounds. Until now, thkasj-amorphous phase
in BaTiO;, SrTiG;, and BaZrQ was achieved by pulling a thick film through a

3



steep temperature gradient. We have shown that a room-temperaturgedepos
ultrathin film, subsequently annealed in €an also produce a quasi-amorphous
phase, which provides an easier way for potential extensive fabncand
application. This work is presented in the appendix.



Chapter 2

M otivations and materials

2.1 Context

Energy and environmental issues are nowadays dyobalportant topics
Currently, fossil fuelsarethe primary energy sourcleut they are not inexhaustible
and produce greenhouse gas emissions to the atmosphere. Reneweaitgy
sources, including hydroelectric, geothermal, tides, etc., aredevedias potential
alternatives. However, due to their geographical limitation, tmy account for a
minor percentage of the total present energy production. Soeeg urgently to
construct clean energy systems for a sustainable developmeinagdy provides
an alternative solution because of its ultimate pollutiee-fproperty and its
potential applications for fuel cells.

Hydrogen would be treated as an alternative energy to thédredifossil fuels
if an appropriate source can be readifEsswein2007] The primary hydrogen
production method used in industry now is steam reformindhyafrocarbon
feedstocks.[Navarro200Ralo2007 Al-Mazroai2007] In this process, fossil fuels
are consumed and GOs emitted. Another commercial hydrogen production is
primarily via water electrolysis with renewable electrical power sqINiZ07]
The high expense of electrolysis restricts its use to theuptiod of highly pure
hydrogen. Therefore, other methods to produce hydrogen from rerewadigy
sources need to be considerdthe huge amount of solar energy falling on the
earthis surface every year exceeds our energy consumption, thus solar energy
provides an alternative renewable energy that has the capaatisfy current
energy demands or those predicted for the futi@anningham2005] Due to its
clean and low-costing advantage, solar hydrogen productisnbben receiving
increased attention because of the environmental and economic tdbenefi
[Kudo2009]



There are several ways for solar hydrogen production.(i) Elecsobfswater
using a solar cell, a hydroelectric power generation, etcR@fprming of the
biomass. (iii) Photocatalytic or photoelectrochemical water spgjit{jartificial
photo-synthesis).[Kudo2009] The method of water splitting isrthst simple way
For example, if sun light shines at photocatalyst dispersadowolof water, then
hydrogen is readily obtainedhotocatalyst systemsowld be advantageous for
large-scale application of solar water splitting because af gimplicity. So
photocatalytic water splitting is an attractive reaction aray ontribute to an
ultimate green sustainable chemistry and to the revolutiorsolwng energy and
environmental issues.

2.2 Photolysis

In photolysis, photon energy is converted to chemical energy @ecoedby a
positive change in the Gibbs free energy through water splasrghown in Figure
2-1. This conversion from solar energy to chemical energy is analogous
photosynthesis in green plants, both resulting in arllpibbs free energy change.
Therefore, photocatalytic water splittingan also be considered as artificial
photosynthesis.[Kudo2009]

Sugar + 0,
ST

Chemical
energy

i i vA¢
Artificial . 44’.':
Photosynthesis

(Water splitting)

Chemical energy
AG=237kJ/mol
\4

Energy

H,0

Figure 2-1. Photosynthesis by green plants and photocatalytic water splitting as an artificial
photosynthesis. (This figure is reproduced from [Kudo2009])

A major breakthrough for solar hydrogen production was emadthe early
1970s by Fujishima and Honda.[Fujishimal972] It was obdeiha hydrogen and
oxygen were produced on the surface of Pt ang €l€ctrodes respectively when
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ultraviolet light illuminated the Ti@electrode immersed in an electrolyte aqueous
solution as shown in Figure 2-2. When 7i®as irradiated by photons of energy
equivalent to or greater than its band gap, electrons in dlence band were
excited to the conduction band, leaving holes in the valdrmad. These
photogenerated electrons and holes can move to the surface efetitrode to
participate in redox reactions. The photogenerated electrons redteeto form

H, on a Pt counter electrode while holes oxidize water to fopnorOthe TiQ
electrode with some external bias by a power supply or pH diffelegteeeen a
catholyte and an anolyte.

L Bias
cB + Hz@ J
&

UV H,O
3.0eV (A<415 nm)

O,

H,O
VB h* Electrolyte

TiO, n-type semiconductor Pt counter electrode

photoelectrode

Figure 2-2. HondaFujishima effect-water splitting using Ti@nd Pt photoelectrode. (This
figure is reproduced from [Kudo20D9

In the first step of a photocatalytic reactidhe absorption o photon creates
electron-hole pairs. Since many heterogeneous photocatalysts haveosduoator
properties, photocatalytic reactions proceed on semiconductor matamas
schematically shown in Figure 2-3. Semiconductors have a bamtusé in which
the conduction band is separated from the valence band by a enexjysgdpble
width. If the energy of incident light is larger than that of a bgeaqul electrons and
holes are generated in the conduction and valence bands, redpediive
photogenerated electrons and holes cause redox reactialaslgita electrolysis.
The second step consists of charge separation and migadtiphotogenerated
carriers. Crystal structure, crystallinity and size strongly affeststep. The higher
the crystalline quality is, the smaller the amount of defects. i$lobvious because
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the defects operate as trapping and recombination centers betw#tegenerated
electrons and holes, resulting in a decrease in the photoaatadtitiity. The third
step is that water molecules are reduced by the electrons toHeramd are
oxidized by the holes to form,@or overall water splitting.

Photocatalytic water splitting is one of the feasible candidiedydrogen
production due to its simplicity and low cost. Typical fetextrics, such as
perovskite type oxides can be assimilated to wide bandsgagiconductors and
many of them are already known to be good photocatalysts. Theedhsuigface
state can separate electron-hole pairs more effigiand it can be renewed under
UV illumination, enhancing local photochemical reactionstjiR2001] Therefore,
ferroelectrically enhanced dissociation of water could provide a newetiicient
mode of hydrogen productipaither as non-polluting combustible or in fuel cells.

Figure 2-3. schematic diagram of photocatalytic water splitting process

At present the efficiency of photocatalysts for water splitisgjuite limited.
Research for a photocatalyst for pure water splitting under vikgie with high
guantum efficiency (QE, defined as the ratio between number of produced electron-
hole pairs and number of incident photons)[Kudo2009] iseundgay. The
maximum solar energy conversion of water splitting predicted by
photoelectrochemical models for a semiconductor with a 2.5 &\ lgap is
14 %.[Morrison1980] Now 10 % is the target for commer@gpplication of
powdered photocatalysts under visible light.[Osterloh2088jch work has
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focused on photocatalysts, mainly on higher quantum effigieand les
recombination of photogenerated charge carriers. However, it hasHmeen that

the hydrogen yield can be enhanced by over an order of magnitudesatféce of

a ferroelectric.[Kim1999, Kim2004This research provides evidence that the local
internal electric fieldsn ferroelectrics can be used both to separate photogenerated
electrons and holes, increasing the e-h pair lifetime, andontrol the spatial
location of oxidation and reduction processes.

In this thesis, the surface atomic and chemical structures of 2elEmnoc
materials, BailO; (BTO) andSr._,BaNb,Os (SBN) , have been studied.

2.3 A brief introduction to the ferroelectric and
structural properties for ferroelectric materials BaTiO3
and Sri1.xBaxNb20s

2.3.1 Ferroelectricity

Ferroelectric material has two or more ground states of ditfemenzero
mesoscopic electric polarization in zero applied electric field¢lwis referred as
spontaneous polarization. Ferroelectrics are non-centrosymmetripagitive and
negative charges having different centers of symmetry resutiray polarized
crystal. The polarization vector can be switched between these difteremitation
statesby an applied electric field, which changes the relative energy oftétes
through the coupling of the field to the polarization.[Rabe2007]

In a ferroelectric (FE) material the polarization induces a surface chargé, whic
creates a depolarizing electric field opposite to the field respensdsl the
ferroelectric polaeation. In some conditions, for example in a thin film, the
depolarizing field can be sufficiently strong to reduce or evenpbstely screen
the FE state. To minimize the depolarization fields, the dmedf the polarization
varies from region to region of the crystals. Any region havingcalllo uniform
polarization is called a domain, and the boundary separatmgl@mains is called
a domain wall.[Tiwari2009] The size of a domain is determined ioynmzing the
overall deformation and the electrostatic energies.[Lines1977] Dowalls are
often described relative to the angle formed between the polanzatictors on
either side of the wall. For example, in tetragonal Ba,Tihere the polarization
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directions are along the pseudocubic <100> directions, domais ezl be either

90° or 180°. The 90° and 180° domain walls are shown imeF&34. In this figure,

‘c+’ and ‘c-’ refers to domains with polarization vectors along (+) and (-) z
direction (vertical), respectively, whilea’ represents domains along the a axis
(horizontal).The surface charge may also be partially, fully or in some cases even
not at all screened by free charge carriers or defects in the bulk or dmaxt
charges from adsorbate species.

a(a)Hj = (b}..@@Q@..
N W_‘_da 90° boundary (= &
SR YA A ey

L— 180° boundary

Figure 2-4. Schematic of (a) domains in a ferroelectric crystal. (b) Screening of surface charge
by the adsorption of polar molecules on a domain structured ferroelectric surface. (This figure is
reproduced from reference [Tiwari2009].)

2.3.2 Perovskite BaTiO;

Figure 2-5 shows the crystal structure of the different phases aOB@ITO) as
a function of temperatures. [Kweil993] At high temperaturesvi@bb20 °C), the
crystal displays a cubic perovskite structure, is centrosymmetnd no
spontaneous polarization is observédhas a paraelectric behaviour. When the
temperature is below ~120 °C, but abowe°€, the octahedral cages of oxygen
distort and the Ti and Ba sublattices are shifted relativibe negatively charged
oxygen lattice, which produces the polarization. In the latspe model, the
specific shift of atoms (along <100>) leads to a change of crystaiture from
cubic to tetragonal. When the temperature is beldw °€, the preferred
displacement direction of atoms changes (from <100> to <110>hanstructure
converts to orthorhombic; below 90 °C it converts to rhombohedral (with <111>
displacements). The direction of the relative atomic displacemeatndees the
polarization direction. The critical transformation temperature fromd&ctric to
non-ferroelectric is called the Curie temperature (Tc).[Ahn2004] Abov€itine
temperature (~120 °C for BTO), it has a centrosymmetric paraelectric cubic
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structure with five atoms per unit cell (Pm3m). At lower tenagures, the crystal
has three successive FE (non-centrosymmetric) phases.
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Figure 2-5. Schematic of the structure of the different phases of BaTi@e Ba ions are
located at the corners, the Ti ions at the cell center, and the O ions at the face centers. The
deformations in the ferroelectric structures are exaggerated for the sake of clarity.

The room temperature phase is tetragonal with lattice parameters &%-A3a88
c = 4.036 A In the tetragonal phase there are two FE distortions along dkes.c-
parallel and anti-parallel to [001] idefiid as Pand P. The polarization may also
be along one of the four equivalent a-axis directions, ifledtas P, as presented
in Figure 2-6. When considering the (001) surface the four mepgelarizations
are equivalent whereas the symmetry breaking due to the surfacguisttas P
and P.

As in all ABO; perovskites, BTO consists of alternating BaO and, Bfdmic
layers along the [001] direction. The ideal BTO(001) surface termina#ioreither
be BaO or TiQ. Kolpak et al[Kolpak2008] investigated the surface phase diagram
of BTO as a function of sample preparation and report that after atéaling at
700 °C the (1 x 1) surface is mainly BaO terminated. Given the temperature
tetragonal structure, the FE polarization may be out ofepl&h with dipole
moments pointing exclusively up from or down to the surfaoagathe c-axis or
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in-plane along either the a- or b-axes (Figui®).ZFhe particular domain ordering

is dependent on sample history and can include both 18f@ipdeallel) and 90°
(top to tail) domain walls.[Merz195%&orsbergh1949] However, as indicated above,
surface rumpling and interplanar relaxation must also be deresi for each type

of domain for a detailed description of screening.

Figure 2-6. Schematic of FE distortion following the displacive model in the BTO unit cell for
P*, P and P (in this case, |} polarizations. Displacements are exaggerated for clarity.

BTO belongs to a particular class of oxide surfaces, which can havespdbe
in the FE phase. Their specificity comes from the combined effeatientation
and termination which is responsible for the existence of a magmicsc
polarization along the surface normal and a surface instabilitglextrostatic
origin.[Goniakowski2008Polar oxide surfaces are subject to complex stabilization
processes that ultimately determine their physical and chemmaénpies, which
can be achieved in many ways: by a deep modification of theceuelactronic
structure-total or partial filling of surface states, somesinkeading to surface
metallization (or by strong changes in the surface stoichrginepontaneous
desorption of atoms, faceting, large cell reconstructions due tortexing of
surface vacancies, adsorption of foreign species.[Noguera200@uera2004]
Special attention should be needed because the ferroelectricdial@dttric
properties will be strongly influenced by surface effects. Fouraterstanding of
the behavior of FE thin films it is therefore important xplere how the FE order
couples to the surface.[Meyer2001]
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The polar surfaces may also lead to original surface configurationdiich the
local environment of the surface atoms is very different from tiiedr from non-
polar terminations, and in which peculiar electronic surface statgsappear in
the gap of the oxide. As a result, surface oxygens and cationgmsgnt an
enhanced basic or acid character, respectively, with importantcatiphs on
reactivity.[Finocchi2000]

In relation to polarity, they raise two very new questions. Tise dne concerns
the stabilization of polar nano-objects by the substratelooh they are deposited.
The second question is related to the role of electrostdéiactions, which are at
the root of polar instability, when going from macroscopic deavthe nanometre
scale. Actually, as shown below, some nano-systems can sustdimear
component of the electrostatic potential, which never odouetectrically isolated
macroscopic samples. Some polar nano-structures may thusututo loe stable
without depolarization effects from the surface. Others areesubp unusual
processes of stabilization that are absent or inefficient irr tmaicroscopic
counterparts. Such processes may modify profoundly, and in a apmandent
manner, the structural and electronic properties of nano-objea@sk3ho recent
advances in the preparation under controlled conditions antptovements in the
experimental techniques for their characterization, it is possiblmake high
quality BaO and Ti@ terminated BTO nanometric films for further studies.
[Schlom2008 Goniakowski2008]

2.3.3 Tetragonal tungsten bronzes Sr,.,Ba,Nb,0Og

Ferroelectric strontium barium niobate is expected to be a gatel wplitting
photocatalysts. The ferroelectricity in strontium bariurnbate is axial and thus
involves only up and down domains. Under UV illuminatithe charged surface
state can separate electron-hole pairs more efficiently and it ¢eman local
photochemical reactions. Meanwhile the fairly high energy level lof4d is
beneficial for the potential hydrogen production by watdittisyg.[Chen2009,
Kudo2000] Therefore, Strontium barium niobate could provideva and efficient
mode of hydrogen production.

Belonging to the tetragonal tungsten bronzes (TTBs) fanSly,BaNb,Og
(SBN) is a uniaxial ferroelectric materi#tl has a spontaneous polarization along c-
13



axis of TTB structure. [Jamieson1968] The Curie temperature (Tc), tdielec
constant, and D-E hysteresis, can be varied by changing the é&offdec ratio in
the range of 0.25<x<0.75.[Tanakal998)r example, thélc varies from 60 to
250 °C for x values of 0.25 and 0.75, respectively.[Qu2002]

The Si.Ba,Nb,Og solid solution is formed in the concentration range of 0.2~0.8
and has an unfilled TTB structure.[Kim2002, Chernaya2000] The &&icell
can be described by the general structural formula H(AZ2),C4][(B1)2(B2)s]Oxo.
The SBN structure is built up of two types of crystallogreglly independent
NbQOs octahedra joined via oxygen apices into a three-dimensionabrketin this
network, there are three types of structural channels running tlenmplar c axis.
The narrowest triangle channels (channels C) with 9-coordsitatare empty, the
intermediate tetragonal channels Al with 12-coordinate sitecamapied only by
the Sr atoms, and the largest pentagonal channels A2 withoi8itate site are
filled by Ba and Sr atoms.[Chernaya2000, Belous2007] Variation of th¢B&r]/
atomic ratio shifts the temperature of the FE to PE phase transihanges the
permittivity, and modify the relaxor properties of SBN.[Belous2(R&gardless of
the [Sr]/[Ba] ratio, 1/6 of the A sites in the SBN structure are empty.
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Figure 2-7. Crystal structure of the tetragonal tungsten bronzgBaxNb,Os
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Chapter 3

I ntroduction to experimental methods

3.1 X-ray photoelectron spectroscopy (XPS)

The working principle of x-ray photoelectron spectroscopybased on the
photoelectric effect discovered more than one century ago. In tlyel8&@’s, H.
Hertz first noticed that the metal contacts in an electrical systeibit an
enhanced ability to spark when exposed to light. In 1899, J. J. Thompson found that
electrons could be emitted from a zinc plate exposed to lighs. giotoelectric
effect had puzzled scientists for years until 1905 when Emstarectly explained
these observations by using Planck’s concept of energy quantization, i.e., the
photons of light transfer their energies directly to the edast within an atom,
resulting in the emission of the electrons from the atom.[Einstein1905]

About half a century after the discovery of the photoelectric effect, Steinh
and Serfass applied photoelectron emission as an analyticalino@P51.
Throughout 1950°s and 1960’s, K. Siegbahn and coworkers at the University of
Uppsala, Sweden made dramatic improvements in the energy resoludon an
sensitivity of the electron spectrometer, enabling a determmatidhe binding
energies of electrons for a wide range of materials. As we will see, framadysis
of the electronic binding energies it is possible to buiddaichemical “fingerprint"
of the solid. Thus it is commonly referred to as electron sppy for chemical
analysis (ESCA). The photon source used by K. Siegbahn wassXso the
technique is also called the X-ray photoelectron spectros@dp$g) Siegbahn’s
pioneering work earned him the Nobel prize for chemistry in 1981.

XPS is one of the most powerful surface analytical tools. XPS amalysa
surface provides qualitative and quantitative informatiomlomost all the elements
in the periodic table (except hydrogen and helium). The pkatcadiate a sample
and produce photoelectrons from the surface by energy transferdtettreons of
the surface and near surface atoms. The energy of the photoelectrvang tka
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sample is measured by using an energy analyzer and thisagspesctrum with a
series of photoelectron peaks. The core level peak pasitan be used to
determine the near surface elemental composition while the peakitieterare
used to analyze the surface composition in a quantitative marrmecombination
provides the basis of surface composition analysis.

The peak shape and the binding energy of a specific element cdiereel by
the chemical environment of the corresponding atom. Hence XPS can provide
chemical bonding information as well. Compared to AES, only ormdrefeenergy
level needs to be considered in XPS, and the core level peakgiigenarrow
reflecting their localized nature, making the XPS more useful tdyzndhe
chemical states of atoms.

3.1.1 Process of Photoemission

When a photon of energy hv is incident on a sample, all of the electrons whose
binding energy is smaller than hv can be excited from their initial state. Energy
transfers the electron, leattsphotoemission from the solid within the simple but
useful 3step model.[HUfner2003]

The first step is the photo-excitation process. The impmghotons excite the
electrons in the occupied states, such as the core levels or the valehaatbahe
empty states above the Fermi level & the solid. These excited electrons are
distributed from the surface to the deeper pextdhe sample. The second step is
the transport process towards the surface. The excited electribresimmer part of
the sample may undergo scattering in their paths towardsuttfece. Only those
electrons whichare not inelastically scatted can reach the surface without losing
the information they carry on their initial state. The thirgpsis the emission or
escape of the excited electrons. Since there is a potentiatrbatrrthe surface,
which is equal to the energy difference betweemahd the vacuum levelEcalled
the work function of the solid, only those excited electroh&wreach the surface
with kinetic energy (KE) larger than the work function can escape fhe sample
becoming the photoelectrons. Those electrons, which have eslfieelastic
scattering and lost energy, will contribute to the secondaryretebackground if
they reach the surface and surmount the surface barrier.[Ding2004]
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3.1.2 Binding Energy

XPS detects the photoelectrons, which carry the information of ritial i
electron state in the sample via an energy difference. The kineticyeofete
emitted electrons is expressed by the Einstein equation:

Ekth'EB'(I)s

where E is the binding energy of an electron in its initial statéhematom, fis
the energy of the x-ray photon, I the kinetic energy of the emitted electron, and
¢s is the work function of the sample.

In practical XPS, electron kinetic energy is measured with respekbe tavork
function of the spectrometer, which might be different from thathefsample
Therefore, the equation can be written as

Ek:hV'EB'q)sp

where @, is the work function of the instrument. Actually, for conese
commercial equipment has usually already calibrated the kinetic yeoérthe
photoelectron relative to the Fermi level, which is seh#éostame value for both the
spectrometer and the sample under the equilibrium. Therefore a sishtien
holds for the binding energy of the core level and its correipg kinetic energy
of photoelectron:

Ec=hv-Es

Thus, from the knownwhand the measured,,Ehe binding energy of the element
Eg is easily obtained.

The core-level binding energy representative of the atomic species. XPS thus
provides a chemical "fingerprint" of the surface and near-surface regtbough
the binding energy will vary depending on the chemical environofeht atom in
the solid, these energy differences are generally small enoublatse presence
of a particular element may be unequivocally identified from an XPS spectrum.

The photoemission process is represented schematically in Bgluréo know
the electronic and chemical structure of a material one has to deduce the initial state
of the electron (left side ofigfure 3-1) from the measured photoemission spectrum
17



(right side of kgure 3-1). In the solid, electrons occupy discrete, localized states
(core levels) or more delocalized states (valence band, and for méls, t
conduction band). The binding energy is specific to the mgithtom and is
therefore a sensitive signature of the local chemical and electeorironment.
The valence electrons are responsible for the electronic wsguahd reflect the
insulating, semiconducting or metallic nature of the material. Itsis @le valence
electrons, and for conducting samples, the states at the Feralj ielich
determine many key properties for technological applications, aachlectron
transport, magnetization, spin polarization, or electron-electramlaton. Thus,
from a photoelectron spectrum, knowledge of the work funahidh = E- — E,,
where E is the Fermi level andoEhe vacuum level) and the photon energy allows
deduction of the initial states of the analyzed electrons. Anerbeginning of the
1950s,[Nordling1957] XPS has evolved into a standard tecénigu acquiring
elemental, chemical and electronic information of surfaces.[Hifner2005,
Briggs2003]

spectrum

N
EF T e

v

initial state

Figure 3-1. Schematic energy levels in a photoemission experiment. The initial state (left) is
excited by a photon hv, giving the final state as measured by the spectrometer (right). The work
function, ¢, is the difference between the local vacuum level and the sample Fermi energy, E
Er. (This figure is reproduced from reference[Barrett2013].)
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3.1.3 Quantitative analysis

For a sample that is homogenous in the analysis volume, theityi&fies XPS
peako can be writteras

l, = AfN,G,yAOTD

where A is the detection arefjs the x-ray photon flux, Nis the number of atom
percnt, o, is the photo-ionized cross section of the correspondirg lewel,y is

the efficiency of photoemission proceésis the inelastic mean free pathjs the
accept solid angle of the analyzer, T is the transmission dfzaénaand D is the
efficiency of detector.[Briggs1996] In principle, the atomic concentraig can

be determined by measuring the peak intensityA$ in the case of quantitative
analysis by AESthe atomic sensitivity factor method is also commonly used in
XPS. Defining the relative atomic sensitivity factor S as:

S =, yAT

the parameters A, 6, D are the same for all the elements in the sample, the atomic
percentages for an unknown element can be calculated as:

1,18,

RN

In principle, the relative atomic sensitivity factors can bemenhed using the
known values ok, v, A, and T. But in practice, similar to the case of AES, the
values of relative atomic sensitivity factors are determined &gsoring the XPS
peak intensities of a series of pure elements under the sanesinexmal
conditions, and their sensitivity factors are derived witheesjp that of the F 1s
peak. Then one can find them in the instrument handboalelhsHowever, care
must be taken because the listings are valid only for the specific instroetanise
the relative atomic sensitivity factors change with energy of incidenat{NIST].

XPS is surface sensitive because photoelectrons may be inelpsiedtered as
they escape across the surface and to be detected by the spectromet
[Corcoran2010 owell2009]. Thus photoelectrons that are created at or near the
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surface will have a smaller probability of undergoing inelastitisions before
they exit the material while electrons that are created deep whthimaterial have
a much greater probability of being scattered. The important pararieeter
determine the depth that is detected by XPS is the inelastic freeapath (IMFF,
which is the distance where 1l/e of the electrons have under@onaelastic
collision [Tanuma2005].
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Figure 3-2. (top) The mean free path of electrons in different solids as a function of the kinetic
energy of the electrons. (bottom) Schematic of angle-resolved photoelectron spectroscopy.
(These figures are reproduced from reference [Corcoran2010] and [Brundle1975], respectively.)

The empirical curve of IMFP as a function of the electron energgduoeral
different metalsaarepresented in Figure 3-2, which shows that the mean free path is
not strongly dependent on the material, but that it sngty dependent on the
electron enggy, and with the shortest IMFP A at~50-100 eV electron energy.
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[Corcoran2010] Thus, it is possible to optimize the surfaeesigvity of a
measurement by using photon energies of 50-100 eV above tbh&aBgiven core-
level [Nyholm1991]; however, this tuning requires the use of synchroadiation.
Further, to probe more of the surface in XPS experiments, one matheaangle
with respect to the surface at which the electrons are detectetiprdeexiting
along the surface normal may come from a deeper distance within kevhile
electrons at grazing emission angles come mostly from pperusurface layers
[Fadley1984.

3.1.4 Electron energy analyzer

The most common type of energy analyzer used for XPS measurem#mds is
electrostatic hemispherical analyzer.[Kevan1980] Two hemisphereadof R1
(inner) and R2 (outer) are positioned concentrically, as showhkigure 3-3
Voltages \{ and \4 are applied to the inner and outer spheres, respectively, with V
lower than \{ (usually V, is positive or zero and )/is negative), so the electrons
repulsed by the outer sphere moving along on an average, criltiiical
trajectory. The potential at the midpoint of two rg@iti+R,)/2 corresponds to the
pass energy & The analyzer possesses slits at the entrance and exit witts \oidt
W; and W, respectively. Before entering the analyzer, the photoelectrons are
collected by a lens system. The whole analyzer is shieldedrhyraetal screemo
prevent the influence of the stray electric and magnetic fiefdshe electron
trajectoriesThe pass energy AV is given by

R, Ry
edV = E(R_l — R_Z)

Mostly, XPS measurements are done in the constant pass energy mode
Electrons entering the entrance slit with their energy equdletgass energy.E
can be focused at the exit slit. A variable retarding voltageapplied on the
analyzer to change the energy of selected photoelectrons pmaskeenergy. By
scanning the retarding voltage, photoelectrons with differevdtiki energies are
collected and displayed in a spectrum. Actually, the analyzerctoliee electrons
entering the slit with a divergence of their paths from tlealitangential path in a
solid angles,. If two slits are with width W and W, the energy resolution of the
analyzer is
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AE W, + W,
E, 2R,

+ (60)*

which is a constant for a given analyzer. The resolution of extiggn is
determined by the bandwidth of the X-ray source, the temperature and lmeana
If Eo is fixed (constant analyzer energgk will be fixed too, and the broadening
of the measured peak widths at different energies will be the.SEmas the lower
the pass energy, the smaller th&. However, the signal intensity will also
decrease at smaller pass enexfjieng2004]

S slit plate F slit plate
width, w, width, wj

Figure 3-3. Schematic of electrostatic hemispherical analyzer. (This figure is reproduced from
reference [Ding2004].)

Two analyzers were used in this thesis, one in our laboratonharattier onén
the Soleil Synchrotron, respectiveln our laboratory, XPS was carried out using
an Omicron EA125 hemispherical analyzer with a 128-channalsAstyip anode
detector and a monochromatic Al Ka (1486.7 eV) X-ray source (Omicron
Nanotechnology). The analyzer pass energy of 20 eV gave an ovezaly en
resolution (photons and spectrometer) of 0.35 eV. A 128 chatnpé anode
detector provides parallel detection. Detector channels at thefélké hemisphere
are orientated along the dispersive plane so that they recordff£28rd energies
in parallel while integrating incoming signal along the -gligpersive plane. As a
result “Snapshdt mode of the analyzer offers outstanding sensitivity, siragli
handling and maximum convenience during operation.
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At the Antares beamline of Synchrotron Soleil, an electroest&B Scienta
EW4000 hemispherical analyzer was used allowing simultaneetectibn of
emitted electrons over a wide angular range without tilihthe sampleThe VG
ScientaEW4000 analyzer uses a new extreme wide angle lens technolbphn
can provide parallel angular detecti@o data in a large polar angle range can be
acquired at the same time without turning the samplgivés great convenience
for XPD experiments not only in acquisition speed but ajsceducing the risk of
surface contamination for long exposure times.
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Figure 3-4. Detector scheme of Omicron EA125 analyzer: each electron impact starts a
cascade of electrons propagating through the MCP stack. (This figure is reproduced from

reference [Omicron].)
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Figure 3-5. Photographs o¥/G Scienta EW4000 analyzer and its wide range swept mode
measurement of Ba 4d core level.
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3.2 X-ray photoelectron diffraction (XPD)
3.2.1 XPD experiment

X-ray photoelectron diffraction (XPD) is used for surface structure determmati
on the atomic scale.[Fadley1995] This local diffraction technique gerathort-
range order around the emitting atom. A broad variety of surfaaes heen
successfully studied, including metals, semiconductorsgexislystems exhibiting
surface core-level shifts, adsorbed atoms and moleculesxiabiaerlayers, and
atoms at buried interfaces. A number of research groups have performed
photoelectron diffraction experiments to study surface andface structures,
using both laboratory x-ray and synchrotron radiation souraed doing the
measurements in both scanned-angle and scanned energy mod&s/1fo3]
Fadley1994Bonzel1993 Shirley1994 Osterwalder1995]

In XPD, the angular dependence of the collected electron inteorsifipates
from the interference of the directly emitted photoelectron wavelandcattered
electron waves. XPD is sensitive on an atomic scale; it caneoetaignalyze local
atomic structure down to the monolayer and surface relaxatiohight kinetic
energy, electron undergoes forward scattering, the process cadehaately
described by the plane wave approximation; while at lowetlkirenergy, electron
undergoes multiple scattering, the process should be descgibgtherical wave
approximation

The sample is mounted on a high precision manipulator with poleaizamaithal
rotations. To determine the surface structure, the XPD anisotropy efetimental
emission is measured over a wide range of polar and azimanigdes with a
typical angular resolution of 1°. For eadh ¢) point both the core level and the
background intensities are recorded. The intensities of theogdhotron peak
versus direction are plotted and show strong diffraction effedts. crystal is
rotated around the surface normal, changing the azimuthal @hgle given polar
angle6, the polar angle is then incremented, and the azimuthal scaatedpwvith
the appropriaté step. Thus the two-dimensional diffraction maps are measured by
concatenating the different azimuthal scans. 6Ass reduced toward normal
emission, thep step is adjusted in order to give uniform solid anglm@ing
density above the sample surface.[Mitchell2000] The raw dataeoSt 3d XPD
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from a SrTiQ(001) single crystal are shown in Figure 3-6(c) where the angular
coordinates are projected using the following transformationsaré22)cosp and
y=2tan®/2)sing. The positions of the high-density crystal planes and axes
indicated in Figure 3-6(d). The <100>-, <110>-, and <111ke tirections are
visible in the experimental data, as are structures correspaiadihg {111} set of
planes. The fullq, ¢) space can be explored.[Pancotti2009]

Figure 3-6. (a) Schematic diagram of XPD. (b) XPD chamber at the ANTARES beamline,
Soleil. (c) Experimental photoelectron intensity map of SgTghowing 4-fold symmetry. (d)
Location of high-density crystal axes and planes in the projection of (c) (Figure (c))aare (d
reproduced from [Pancotti2009])

3.2.2 Multiple scattering simulations

Quantitative information may be obtained using electrontestag simulations,
however, when compared to experimental results, the “forward focusing” intensity
is overemphasized in single scattering calculations. Scattering at tHeviirastoms
along a row of atoms focuses the emission in the emittétesmadirection, but
subsequent atoms tend to defocus the signal. The defgcissiinked to the
development of the conventional Kikuchi bands which become mtese when
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the forward-scattering peak intensity diminishes. The langmber of elastic
scattering events make it is necessary to use multiple seogttealculations
(MSCs).[Chen1998] In all calculations, we used six multipltering events and
expansions up to the fourth order Rekibers [Chen1998]

In an XPD experiment, the emitting atom core-level is the source of
photoelectron within the material. The amplitude of the mdaat wave emitted is
proportional to 1/r, where r is the distance from the emittinghaiithe mean free
path of photoelectrons is a determining factor in the survey ofoplectron
diffraction. These two factors explain why the photoelectréinadtion is sensitive
to local structwe. According to the different energy of the emitted photoelectton,
can provide information from different depth. Meanwhile, thertstamge order
must also be uniform over the volume analyzed by the experiment.

Direct beam\

vacuum . > Scattered beam
? - v
material 0

Figure 3-7. lllustration of the basic processes involved in photoelectron diffraction, for going
straight to the electron detector and through other possible paths.[PancottiA2009]

Figure 3-7 shows schematic of the proces$ photoelectron diffraction. When
a core level electron is excited by an X-ray photorpropagates as a spherical
wave around the emitting atom and can go straight to the detedbe elastically
scattered by the coulomb potential of neighboring atoms, whenesowehave a
secondary wave, from the neighboring atom. The waves arrivingldifeaom the
emitting atom and elastically scattered from neighboring sitggnopagate and
interfereat the detector outside the sample. These waves have the samengtvel
but due to the scattering processes, have different phase. intengtions due to
their interference patterrerecorded as a function of the emission angle and/or as
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a function of the kinetic energy of the electron. This interference pattar be
generated by a single or multiple scattering, and both differ much from one another.

The photoemission intensitykl at the detector can be written in general as
(k) « [P (R)|?

Where k is the wave vector of the electron observed. The final fuaection
Y(k) is a sum of direct emitted waves and the waves scatteredrimuisding
atoms, where the contributions due to multiple scatterings swecahtained in the
final wave function:

2

I(K)

wo (k) + ) Wy (k)
l

Yo(k) denotes the direct wave component propagating along aipattydto the
detector without being scattered by another atom ¥4fk] is the wave component
representing travel via paths involving single or mudtiplastic scattering by one
or more atomsThe multiple-scattering order is defined as the number of scafteri
atoms in a path: j=1 is single, 2 is double, etc. Higher-order scatf@ongsses are
less important because of the roughly 1/r fall off of the @agydistorted spherical
wave represented by, damping and due to inelastic processes and loss of
diffraction modulation due to thermal vibrations (Debye-Wadliéects).[Chen1998
The explicit sum in this equation includes all possildattering paths inside the
solid. After developing, the intensity equation can be written as:

100) o [(0 12 + ) (FU0%,R) + Po(W () + > ) Wik (k)
l I m

Where the amplitude of the final state in the detector is descrédreti the
selection rules are implicitly contained. The second term in thesadapuation with
the subscript ofl’ describes interference between the direct wiy&) and the
scattered wav®|(k) by a neighboring atom.

The effect of the mean free path of photoelectrons is introduceddamping
factor on¥,(k). The mean free path can be found from theory and certain types of
experiments. Tanuma, Powell and Penn[Tanuma2011] developed an dmpirica
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formula to calculate the mean free path in the valid range from 5000 &V,
which is given by:

E
A=

EZ[Blog(YE) — £+ =]

Where A is the mean free path in A, E is the electron energy in g¥, 78.821
(N.p/M)*? is the plasmon energy of the free electron (e\{),iNthe number of
valence electronsf atom, M is the atomic or molecular mass, andyB,C and D
are given by:

B =—0.10 + 0.994/(E2 + E2)°5+0.069"!

y =0.192p7°5

C =197 — 0.91E2/829.4

D = 53.4 — 20.8E%/829.4

Where E is the energy gap of the material (eV), and the bulk density (g/cthh

Another factor that contributes to dampen the intensity of difra signal is the
thermal vibrations of the atoms, which is introduced ley Dlebye-Waller factor
[Y002003], W, which is expressed by:

W, = exp[—k?(1 — cosB)a?]

In the above equatiasy is the mean square displacement atom[Hiratall 994

T @D/T xex
J dx]
0

I h
¢ MSkB@D 4‘ @D ex_l

Where M; is the average atomic mass, ik the Boltzmann constar®y is the
Debye temperatureand T is the sample temperature in Kelvin, respectively.
x=hw/2akgT, with ® being the vibrational frequency.[Ouyang2010]

If the distance between the emitting atom and the scatteringrcesnlarge
compared to the wavelength we can use plane wave theory. We adsime
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wavefront at the scattering atom can be described as a plane waweitanithe
interference term481]:

‘{’;l(k)lpl(k) — e+ik-rme—ik-rl — e—i|k||Rp|cos¢9p

wherek is the wave vector of the electron and this varies with lo¢om energy
incident on the sample,, andr, are the position vectors of the direct wave and
scattering wave suffered once drds the angle between these two vectors.

In order to compare the simulations directly with the experimental dataPie X
intensities are presented in the form of anisotropy maps. The anispisopy
defined as

. 1(6, b, k) — 1o(8, b, k)
16(6, b, k)

where 10, ¢, l?)is the measured or calculated photoemission intensity,éha@ | E))
is the photoelectron intensity in the absence of diffraction free atom.

As a further measure of the quality of the analysis beyond the numerical value of
the R-factor, uncertainties can be estimated using the steednt#ss R-factor
space assigned to a parameter in the vicinity of its absolutenom and the
maximum number of separable diffraction information N with an experiah data
set,

Var(Rmin) = Rnin 2/N

where Var(R,,) denotes the variance of R at its minimum. This proceduse wa
introduced by Pendry[Pendry1980] for quantitative LEED analgsid was
adapted to XPD.[Bondino2002] A study of the uncertaintieshis tontext has
been done by Van Hove et al.[VanHove1993]

3.2.3 Genetic algorithm global optimization method

Structural determination by XPD requires a fitting procedure letwihe
experimental intensities and theoretical results obtaifedugh simulations.
Multiple scattering has been shown to be an effective approaamaking such
simulations. The quality of the fit can be quantified throughR-factor. Therefore,
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the fitting procedure is, indeed, an R-factor minimizatiorbfem. However, the
topography of the R-factor as a function of the structurdlreon-structural surface
parameters to be determined is complex, and the task of findengyltbal
minimum becomes tough, particularly for complex structures inctwimany
parameters have to be adjusted. The genetic algorithm (GA) gipbalization
method is a good solution to this problem, which is thase the evolution of

species, and makes use of concepts such as crossover, ahtlsmutation to
perform the search.[Viana2007]

Initial random population
of Nindividuals is chosen

oy |

! [
Run MSCD for the individual T
and returns the R-factor  |=—

Atomic phase shifts,
radial matrixes,
atomic densities,
sample femperature, etc.

Y

Associate a probability
to the individual I

Generation=&_
i Yes

or R__ not decreasing for the last End program

& generations ?

preset

‘ Perform Elitism |

| Perform Crossover ‘

1

‘ Perform Mutation ‘

'

-7‘ New Generation |

Figure 3-8. Schematic flow chart of the genetic algorithm implemented for photoelectron
diffraction structural determination using the MSCD code. (This figure is reproduced from
reference [Viana2007].)
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Many optimization methods are based on some form of ‘steepest descent’
[Scales1992]: they typically start from a unique trial solytiand use function
derivatives to decide on the search direction. Numerical algaitbinthis type
usually converge to the nearest local minimum, and there gaia@ntee that the
reacled minimum is the global minimum of the function. By cosiira GA works
with populations of solutions, starting the search from maifgrent trial solutions,
comparing their function values and then generating newslations that may
exist in very different parts of parameter space. Thus, it is ableno ttaroughout
parameter space and look for the global minimum.

A given surface structure is defined by a set of particular parameters and
treated as an individual. The implementation of the GA metfmd the
photoelectron diffraction problem in the MSCD code follows theega steps
described below to determine the structural and non-structuface parameters,
and is illustrated by the flow diagramFigure 3-8.[Viana2007]

() An initial population of N individuals is chosen (Nas even number). Each
individual is a vector containing the P parameters to be optimizdige surface
analysis of the system. The value of each parameter is randomlynchibsm a
physically acceptable range for that system. Each individual is @deds binary
or real string contains the displacements to be added tgpdar@mmeters of a
reference initial surface structure.

(i) The MSCD code calculates the theoretical photoelectron ityerisives for
one individual, which we call individual I. It starts fronergeral information
available about the system, such as atomic phase shifts, maatiaces for the
emitter atoms, atomic densities, sample temperature, etc., but esodiife
coordinates according to the displacements related to individuaimakes the
comparison to the experimental curves, and returns the R-fadtmr associated to
individual .

(iif) The probability of being selected for crossover is catealdased on the R-
factor of the individual. An individual with a lower R-factor rebigher chance to
be selected for the crossover process.

(iv) The steps (ii), and (iii) are repeated for all other individuals in the population.
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(v) The search stops here if the best R-factor has not decreased aftseta p
number of generations or if a preset maximum number of generaioeached:
the best individual in the last generation is selectetieabdst solution. Otherwise,
the best individual is cloned to the next generation (dysel) and the process
continues.

(vi) N/2 pairs of individuals are chosen according to proltaslibased on their
R-factors obtained in step (iii). The crossover process thertesréd new
individuals for the next generation. The worst one is dikxhrbeing replaced by
the clone obtained in the previous step.

(vii) A number between 0 and 1 is chosen randomly. If this numsbemaller
than a previously chosen mutation rate, then a randomlgeochandividual is
subjected to the mutation process.

(viii) The new generation is ready, and the process restarts at step (ii) for the new
generation.

For complex surface structures, in which many structural parameterseatedn
to describe the complete surface structure global optimization methods are useful to
fit the theoretical to the experimental curves and in #terchination of surface
structures from photoelectron diffraction experimental data.

3.3 Quantitative low energy electron diffraction (LEED
I-V)

3.3.1 LEED principle

The ordered array of atoms in the crystal makes the crystal act as a duatigg.
range atomic order at the surface can be detected low energy electroniafiffract
(LEED). LEED with wavelength shorter than the lattice constadt @netration
depth in the range of several A, can be used as a quantitatives wieanrface
structure determination.

According to the de Broglie relation, the wavelength of the electrons is lgyven

A=h/p,
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where h is the Planck’s constant, and p is the electron momentum. When the
electrons are accelerated by a voltage V, the kinetic energy of akdreV, and
the electron momentum can be expressed by

p=02meV?

where e is the electron charge, and m is the mass of elettros.the electron
wavelength is determined by:

A=h/(@2me\W?=124/N"

the unit of V is volt, and is in A. Accordingly the waveigh of electron in the
energy range of 10 ~ 500 eV is 0.4 ~ 0.05 nm, which is comparable with the atomi
spacing. So the low energy electron beam interacting with the orderéate
atomic structures can create diffraction patterns.

Real space \ Reciprocal space

_________ epeller | . .
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Ewald sphere

u

Figure 3-9. Schematic of LEED.

Electrons have a limited coherence length at the surface, typatailyt 5 ~ 10
nm. Electrons scattered from regions of the surface separated bythmaare
coherence length cannot interfere to produce a diffraction pattern (bebause t
incoming electrons are not coherent). If the size of the ordeggdnr at the surface
is greater than the coherence length, then the LEED patternavidl & greater
intensity. However, if the size of the ordered regions at the sudasaaller than
the coherence length, then the intensity of the Bragg diffraatitbive weaker and
there will be a large background in the LEED pattern dueh&o incoherent
scattering. Since the probability for the excitation of plasnass other forms of
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electron-electron interactions by the low energy electrons asively large, the

inelastic mean free path of low energy electrons is only a fewiatayers. LEED

thus detects only the topmost several atom layers of theceuifais means that
the information from deeper part of the crystal is effectively fitteoait. The

surface sensitivity of LEED is therefore inherently high.[Ding2004]

The schematic of LEED is shown in Figure 3-9. Kh&ector of the incoming
electrons is normally perpendicular to the sample surface. Thealgsscattered
(diffracted) electrons come off the sample wkikvectors of the same length las
since the electron energy remains constant in elastic scattering. Difirextgasity
occurs when the diffraction condition is fulfilled, i.e.kif - k; equals a reciprocal
space vector of the lattice. The reciprocal space of a surface consists of lattice rods

3.3.2LEED I-V

A LEED pattern provides information on the symmetry andooity of the
surface unit cell. It does not directly give any quantitativevkadge of the exact
atomic arrangement of the topmost several atomic layers of a surface. A full
understanding of the surface atomic structures also needetthiks of the atomic
positions with respect to that of the bulk atoms, suchhasvértical and lateral
displacements of atoms, the positions of atoms in a Bravéie|agtc. To solve
this problem, measurements and calculations of the LEED spmitsity as a
function of electron energy are necessary.

The intensity of a certain diffraction beam as a function ofibelent electron
beam energy is called the LEED |-V curve or LEED spectrAnguantitative
analysis of LEED intensities may provide accurate information on atorsitqus.
The method to determine positions of the surface and subsurfaee &ithin each
surface unit mesh is to measure the intensities of the diffraetmus in the LEED
pattern and compare that with the theoretical 1-V curves baseithe assuming
models.

Quantitative calculations need to take account of multiple esoait effects as
used by XPDThe formation used is exactly the same as for XPD. The basic idea
of dynamic theory is to divide the atomic structure intcesgvatomic layers, then
the multiple scatterings of electrons by the atoms in indalithyers are calculated
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followed by the calculation of the multiple scatterings of etexdsr between
different layers. The fundamental scattering process is idericdPD, the major
difference is that for LEED the origin of the electron comes from itpeneoutside
the sample, while for XPD the electron is from the appropriate-level of the
emitting atom.

The procedure of LEED analysis is as follows. First, a model susi@acture is
proposed, which is chosen to be consistent with the gfryraf the LEED pattern.
Then the computer calculations applying multiple-scatteringory produce
theoretical I-V curves, which are compared to the experimentdtsessually, the
model needs to have several structural and non-structural pararsgttematically
varied in order to minimize the differences between calculated gmetierental
spectra; this is the process of refinement. For example, the spatimgeb the
surface planes is a structural parameter which needs to be variedtraddulk
inter-planar spacing in order to minimize the differences betweenlai@d and
experimental spectra. The optical-potential, which attenuatesddb&ons, and the
Debye temperature of the model surface are two non-structural parametare tha
varied to get the‘best-fit between calculated and experimental spectra. The
process is repeated by adjusting the parameters of the maddesatisfactory
agreement is obtained. The surface structure is finally determinexl thilb set of
theoretical and experimental curvesatch.[Ding2004]

3.4 Mirror electron microscopy - low energy electron
microscopy (MEM-LEEM)

Low energy electron microscopy (LEEM), is a full field electron spscopy
technique invented by Ernst Bauer in 1962, however, not deNyloped (by Ernst
Bauer and Wolfgang Telieps) until the D88vith the use of more sophisticated,
low energy electron lenses in ultra-high vacuum.[Telieps1985]adaws, even
attempts at aberration correction LEEM have been made, notably foroelect
optics systems based on magnetic lenses, which allow ultra lateral icEsoiu8-3
nm.[Tromp2010] LEEM is a technique used to image atomically cseafaces,
atom-surface interactions, and thin films.
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In LEEM, high-energy electrons (~20 keV) are emitted from an eleguon
focused using a set of electron optics, and sent through aetitageam deflector.
There is a high retarding field between the sample and the objémtiseDueto
this field, he “fast” electrons travel through the objective lens and are decelerated
to low energies of a fewV, the start voltage, near the sample surfadesre they
are either reflected or backscattered at or on the sample surfagaesslt of low
kinetic energy with the sample, high electron take-offlesidrom the sample
surface can be collected and imaged through the electron ogie<ldctrons are
surface-sensitive. The incident electron energy can bedtby varying the
difference between the sample and the work functions of the e-gun. Thedaoyy en
elastically backscattered electrons travel back through the condérser
reaccelerate to the LEEM column voltagecause the condenser lens is grounded.
A sector field produced by magnetic lenses uses the Lorerte fo separate the
incident electron beam formed in an illumination column frihra reflected or
backscattered beam. Thus, the optical axes of both the indidamb and the
backscattered electrons are perpendicular to the sample surface. Dheusgles
are either 120° or 180°. TL, FL, and IL are the transfer, field, and interradelies
of the imaging column. Finally, projective lens magnify the ienamnto the
detector.[Barrett20]3A photograph of the LEEM at CEA-Saclay is shown in
Figure 310.

\
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Figure 3-10. (a)Photograph of typical instruments (LEEM III, EImitec GmbH) (b) Layout of
the LEEM instrument with magnetic lenses
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3.4.1 MEM

In Mirror electron microscopy (MEM) the incident electrons are rethrde
sufficiently low energy to be reflected by the electrostatiteptial above the
surface (MEM), whereas at highe3V they penetrate the sample and are
backscattered (LEEM). MEM allows non-contact, full-field imagoighe surface
topography and potential with 12-15 nm spatial resatutidhe transition from the
reflection of the electrons to the back scattering regime, the MEM-LEEMttoamsi
is a measure of the electrostatic surface potential. MEM contrast is tearafied
to work function differences and it is an ideal tool tobaofor example, surface
charge differences in domains with a polarization component igoéar to the
surface, pointing either inwards jfr outwards (P. [Barrett2013]

At the surface, an in-plane electric field will be created at thmdary between
oppositely polarized domains due to the fixed charge. Depeiirige width of
the space charge region around the domain wall, this field cam athlues
significant with respect to the extractor field, deviating theeotdld electrons in a
direction parallel to the surface. Thus MEM could be used ty shedfull surface
electrical topography.

The first demonstration of MEM to probe the surface potentialiftérently
polarized ferroelectric domains was reported by Spivak et al. asingxtremely
simple electron lens and single crystal BadSpivak1959] Cherifi et al. reported
polarization induced contrast in thin, epitaxial Bikeldms with piezoresponse
force microscopyRFM) written domains.[Cherifi2010] One of the main challenges
is the quantification of the surface charge from the measuremene cutface
potential, since the latter decreases away from the surface.

3.4.2 LEEM

LEEM images surfaces using elastically backscattered low eeérgiyons. For
single crystal systems both real and reciprocal space informat@railable. The
low kinetic energy makes LEEM, like photoemission, intringycaénsitive to the
surface and near surface region. LEEM gives information not onthesurface
morphology, but it is also sensitive to the electronic agdtal structure(-LEED).
In-situ crystal growth or even surface diffusion processes can etonsal.
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Furthermore, by scanning the start voltage, the empty staties aonduction band
are probed. This has been used to explore quantum oscillatiotiee back-
scattered electron signal for 2D systems. If the focal or diffractenmepgs imaged
in LEEM, then one obtains a u-LEED image of the sample surface.[Altman2010]
The datasets are in the form of 3D stacks: I(x, y, SV ) for LEEM and MEN;K(k
SV) for u-LEED.

3.5 Scanning probe microscopy (SPM)

Scanning probe microscopBPM) is a family of scanning probe techniques
including many kinds of microscopies. Depending on theswdfit type of SPM,
different characteristics of a contact are monitored, such as thel taarrent
between tip and surface (STM), the mechanical interaction (AFM), the
piezoelectric interaction M), etc. Despite these differences, all SPMs have
certain common features. The two basic common features&ra: gharp, tiny
probe gets very close to the sample and feels the surface by nmgngome kind
of interaction between the probe and the surface which is vemisens distance.

(b) The sample or the probe is scanned in aerastshion with near atomic
accuracy and the variation in the interaction is translateda map of the surface.
The use of precise piezo-ceramic scanners permits probe to be marethev
surface with an accuracy of hundredth of nanometer. The sensutfiptpbes and
precision of scanners have enabled SPM surface images with higitesintal
resolution of about 0.05 nm and vertical resolution up t@ @r@. Here 2 kinds of
SPM are used, which is atomic force microscope (AFM) and piezoresponse force
microscopy (PFM).

3.5.1 Atomic force microscope (AFM)

Firstly introduced in 1986,[Binnig1986] the atomic force microsddgeM) has
turned out to be a unique tool to detect topography and fawethe atomic
dimensions. In AFM a sharp tip as shown in FigutEl3s brought into contact the
surface of the sample when it works under contact mode, and theubeais t
moved by the piezoelectric element below the sample. The egertisupporting
the tip will deform both vertical and lateral directions. Tedett the deformations
of the cantilever, a four-quadrant photodetector is used wih keesam as in Figure
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3-12.[Gnecco2001The displacement and the torsion of the cantilever is recorded
by detecting the changes in angle of deflection.[Morital 996

The 4-quadrant photodetector defines the deformation by calguldtie
difference of light densities in the 4 quadrants. The deformatictme vertical

direction is given b)s%, and the counterpart in the lateral direction is

. (A+C)—(B+D)
given by= b

(a) (b)

Figure 3-11. SEM image of the tip/cantilever used in AFM. (This figure is reproduced from
reference [Veeco].)

In addition to the contact mode, the AFM can also operateppirtgq. mode.
Tapping mode is used to measure the surface of the sample whitheasgy be
damaged if measured by contact mddereover,animportant function of tapping
mode is to study the phase-separation of the sample bpse pmage, which is
widely used in macromolecule and pharmaceutics samples.
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Figure 3-12. Schematic of the detection of AFM using a 4-quadrants detector.
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3.5.2 Piezoresponse force microscopy (PFM)

Piezoresponse force microscopy (PFM) is another technique in thae®iiy,
particularly useful for ferroelectric surface because all ferroelectric matarials
also piezoelectricPFM measures the mechanical response when an electrical
voltage is applied between the sample and an electrode dottoen face of the
sample in contact witla conductive tip of AFM. In response to the electrical
stimulus, the sample then locally expands or contracts as shown in Fg8re 3

When the tip is in contact with the surface, the local @kziric response is
detected as the first harmonic component of the tip deflectionphase ¢, of the
electromechanical response of the surface with respect to the apptege yields
information on the polarization direction below the tip. For d@omains
(polarization vector oriented normal to the surface and pointovgndard), the
application of a positive tip bias results in the expansiathe sample, and surface
oscillations are in phase with the tip voltage, ¢ = 0. For ¢* domains, the response is
opposite and ¢ = 180°.[Vilquin2009, Kalinin2002, Kalinin2004, Proksch]

Figure 3-13. The principle of PFM imaging. (a) no voltage (b) positive voltage and (c)
negative voltage is applied to the tip. (This figure is reproduced from reference [Proksch].)

Detection of the lateral components of tip vibrations providggmation on the
in-plane surface displacement, known as lateral PFM. A third compohéiné o
displacement vector can be determined by imaging the same regiom sdrhple
after rotation by 90°.[Eng1999] Provided that the vertical aterdl PFM signals
are properly calibrated, the complete electromechanical response vettbe ca
determined, an approach referred to as vector PFM.[Kalinin2006] Finally
electromechanical response can be probed as a function of D@fhilas tip,
providing information on polarization switching in ferroelectrias well as more
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complex electrochemical and electrocapillary processes.[Verdaguer2006,
Sacha2006]

3.6 Molecular beam epitaxy (MBE)

The technique of Molecular beam epitaxy (MBE) was first used succéegstul
Y. Cho and J. R. Arthur to fabricate GaAs epilayers[Chol@Hb197%. Now it
has been developed to a versatile tool for growing many epitxigkures of high
crystalline quality, i.e. semiconductors, metal, insulators MBE has several
unique advantages compdwith other epitaxial growth techniques
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Figure 3-14. Schematic of (a) the main block building of Riber 2300 oxide reactor MBE and
(b) representation of the MBE growth, in this case, @8igFi;024001) film on a LaAlQ-
SrAITaOs (LSAT) (001) substrate. (These figures are reproduced from reference [Niu2010] and
[Schlom?2008], respectively.)

The MBE method of thin film growth may be thought of as atosypray
painting, as shown in Figure 3-14(b) in which an oxide feeadt structure, e.g.,
SiBisTi;0,4 is schematically assembled layer by layer. The flux of spray from each
atomic or molecular beam is controlled by the temperature (and thus vapureyes
of the effusion cell in which each species is contained. Tihatidn of spray is
individually controlled for each beam by shutters, which mtot only the open
time (and thus dose), but also the sequence in which speciels the growth

41



surface. By controlling the shutters and temperature of the evaporaith (wh
control dose and flux, respectively), the layering sequence of thediasiucture
can be customized. This technique is capable of controllintayleeing of oxides
on a unit cell level.[Schlom2008]

Since MBE growth is carried out in an ultra high vacuum chamhbbrpressure
lower than10® Torr, it can ensure the high purity of the depesinaterial. At the
same time, the vacuum conditions enable mass transport tolWwarsisbistrate with
a large mean free path. In MBE, the typical growth catetherefore be quite slow,
~1 monolayer/s, which is low enough to ensure surface migrafithe impinging
species on the growing surface, leading to a smooth surface of the grown film

For MBE equipped withn-situ surface sensitive diagnostic methods such as
reflection high energy electron (RHEED), X-ray photoelectron spempy (XPS),
Scanning tunneling microscopy (STM), we can have controllablecéion of
sophisticated device structures.

Here all the thin film samples were realized in a Riber 2300 oxide red&tar
at Lyon Nanotechnology Institute (INL). The main buildingdi® of this machine
areschematically presented in Figure 3-14.

The MBE growth chamber is equiped with an ion pump, a tymbmp, a
titanium sublimation pump and a liquid nitrogen coglitrap, which help to
achieve a vacuum down to 1xf0Torr. Knudsen effusion cells made of Pyrolytic
Boron Nitride (PBN) are used for Ba and Ti growth. Associated with ealth
there is a separate refractory metal shutter. The shutters can inteerujsatims
between the sources and substrate to shield the substrate from each indeadual
when closed. The RHEED system is used ifossitu monitoring the surface
structure of film on the substrate. A high energy beam of elext(30 keV)is
incident on the substrate at a glancing amgl&°~3°. Therefore the penetration of
the beam into the surface is restricted to the outermost fewicatayers and
reveals the surface structure information of the filkam the intersection of the
reciprocal lattice rods with the Ewald's sphere, projectedtbetphosphor screen,
as shown in Figure 3-18xygen is introduced into the reactor via a pressure-
regulated plasma chamber, which permits to precisely controlxygeon partial
pressure in the chamber, particularly at the first stage of tlie®xjrowth. Both
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atomic and molecular oxygen cand®sen. In our experiment, the atomic oxygen
is produced by a radio frequency plasma generator with frequéri3.56 MHz
and maximum power output of 600W.
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Figure 3-15. Schematic of RHEED construction. (This figure is reproduced from reference
[Klein2001].)

3.7 Temperature-programmed desorption (TPD)

Temperature-programmed desorption (TPD) is a well-known teclnich
consists of analyzing by mass spectrometry the desorptianofiigas from a
surface during heating.[Peillex1995hrlich1963 Readheadl1962 Carter1962
Smutek1975] From the temperature dependence of the desorptiorfaruavgiven
m/e ratios, it is possible to deduce the species and gaititgtia@ informationon
chemical bond and population of adsorbed species.[Joly2000]

The setup is shown in Figure 3-16All TPD measurement were carried out at
the Institute of Researches on Catalysis and Environment in {{iRCELYON).
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The sample is placed in a glass reactdi0~Torr) and is supported by a K-type
capillary thermocouple spot welded on the sample holder. Therefersathple is
virtually isolated mechanically and thermally from both the rezal the heating
device. Heating is achieved by a high frequency (1.1 MHz, maxowaér 6 kW,
manufactured by EFD Induction S.A.) system, with an inductive coil placed outside
the reactor allowing heating rates ranging from 10 to 20@ikKAvith a small
temperature gradient at the sample surface. The reactor is fitted withwséd to
introduce treatment gases ,(Ofor instance) or probe molecules at selected
pressures. Analysis of compounds released during the TPD expersnerried
out by means of a quadrupole mass spectometer (VGgas EfartA peak
selector enables the user to collect the data of several mamsséarseously. Both
spectrometer and thermocouple are interfaced to a computer andat&tssprg is
performed by home-made, dedicated program.
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Figure 3-16. Schematic and block diagram of the TPD system. (This figure is reproduced
from reference [Peillex1995].)

The rate of desorption from unit surface area may be written as
do
N(t) = T vpo'texp(—E /RT)

where n is the order of the desorption reactiors, the surface coverage
(molecules/crf), v, is the rate constant, andi€the activation energy of desorption
(cal/mole).[Readhead12b
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Normally, first-order desorption kinetics are often associat@td molecules
adsorbed in a molecular state, whereas second order kinetics r@eaonsistent
with molecules that have undergone dissociative chemisortiang2009]

3.8 Synchrotron radiation

The radiation emitted by a charged particle moving with cahstalativistic
velocity on a circular arc, is called synchrotron radiatiomads first discovexd by
Frank Elder, Anatole Gurewitsch, Robert Langmuir, and Herb PollociGensral
Electric synchrotron accelerator built in 1946.[Elder1947]
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Figure 3-17. The radiation pattern for a charged particle traversing a circular trajectory (a)
with non-relativistic velocity, and (b) moving at relativistic speed. (This figure is reproduced
from reference [Juarez-Reyes2001].)

When high-energy charged particles are in rapid motion, forcechvel in a
curved path by a magnetic field, synchrotron radiatiomaslyced, since a charged
particle constrained to move in curved path experiences apstatracceleration.
Due to this acceleration, the particle radiates energy according tavellax
equations. A non-relativistic particle emits radiation primaaiyits frequency of
revolution, with the characteristic pattern shown in Figure (@)1 However, as the
speed of the particle approaches the speed of light, the radiatiemnpa distorted
by relativistic effects and changes to a narrow cone of radiatidm avigular

spreadA & =~ 1/ v, wherey =1/{/1— (v/c)?, and v is the velocity of the

particle.[Hofmann2007]
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Therefore, for high values of y, a well-collimated fan of radiation is produced.
For an observer located in the laboratory frame of reference, the radiatibedemi
by the charged particle consists of a series of short puldeght Each pulse is
separated from each other by a period equal to the transit timeeaéth®n in the
circular path. It can be shown, using Fourier analysis, that pleetram of
synchrotron radiation produced by the charged particle extemusthe frequency
of revolution, ®, to frequencies of higher harmonics. In practice, however, the
electron orbit frequency is not precisely given, becausemet particle confined
to follow a circular orbit oscillates in position and energpuwhits equilibrium
orbit. Thus, the spectrum of even a single particle will be smeawédnto a
continuum. This implies that synchrotron radiation soupteduce photons with a
continuum of energies(or colors), from the infrared, to the X-Ray region.
Monochromatic radiation of the desired wavelength can baraat by locating a
monochromator at a tangential point of the circular orbit, where thatian is
emitted.[Juarez-Reyes2001]

The general layout of a modern synchrotron light source istsé@tin Figure 3-
18. The synchrotron radiation from electron storage rings of they@nération is
essentially produced by wiggler and undulator magnets. The lgendignets only
guide the beam along the circular orbit.

Good beam quality and significantly high brilliance reypded by wiggler and
undulator magnets (W/U magnets) installed in special straiggttions in electron
storage rings. These types of magnets often are summarized uedaartie
“insertion devices”. The general arrangement of such magnets is sketched in Figure
3-19. It consists of a sequence of short bending magnets of cofetgth. The
design principal of wiggler magnets is basically the same aadiflator magnets.
The difference comes from the field strength. Wigglers use agsfield resulting
in a wide horizontal opening angle of the emitted radiatiore Wde photon
spectrum provides light of shorter wavelength without changine apparatus of
electron storage ringsthe opposite are undulators with rather weak fields and
correspondingly small opening angles of synchrotron lighthisxcase the photons
can interfere and the emitted radiation is mainly coherent withagelength
determined by the period length of the undulator and the beanydmarger1998]
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Figure 3-18. General layout of a modern synchrotron light source of the 3rd generation. (This
figure is reproduced from reference [Turner1998].)

Electron Y Synchrotron
beam radiation

Figure 3-19. General layout of a wiggler or undulator magnet.
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Figure 3-20. General layout of a modern synchrotron light source of the 3rd generation. (This
figure is reproduced from reference [Turner1998].)

For many experiments with synchrotron radiation the width@sfiectrum lines
emitted from an undulator is an important parameter. After gassirundulator of
N, periode, the intensity (Figure 3-20)

The resolution of the undulator radiation is simply determimgthe number of
undulator periods. High resolution requires a sufficient large number N

Thus the developments of modern synchrotron radiation soproggle some
unique properties: high brightness and coherence, energy litynand high
energy resolution, polarization control, and pulsed time structure.

Our XPD experiments were carried out at the Antares beamline ch®yron
Soleil. This beamline has been designed for a complete electronicuséruct
determination using spinand-helicity angle-resolved photeson spectroscopy
combined with a local structural characterization by means ofopleatron
diffraction (PED) through its both modes, forward scattering laackscattering
energy regimes. Also the beamline satisfies the conditions of laehigrgy
resolution and high-flux source of photons at the focal pathere a 5-axis high
precision programmed manipulator can control the samplEamuthal and polar
position with high precision.
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Chapter 4

Chemistry and atomic distortion at the surface of an
epitaxial BaTiO3 thin film after dissociative adsorption
of water

4.1 Introduction

The adsorption and dissociation of water on transitionaimexides(TMO)
surfaces has been widely studied.[Henderson28068gson2009Henderson2011]
Water can bond to a surface via moleculas@Hor dissociative (an OHon and a
proton, H) adsorption. Both types of adsorption can give rise to malkcies.
Physisorbed molecules can subsequently dissociate ancthemnucally to surface
atoms; chemisorbed ions can undergo recombination to foofecular species.
The chemistry of the TMO can strongly influence the adsorption ameain. For
example, the SrO-terminated perovskite oxide S§T®TO) favors dissociative
adsorption, whereas on the b#@rminated surface, molecular adsorption is more
stable.[Evarestov2007] Chemisorption occurs through bomdation. One way of
enhancing this can be direct collisional activation; [Lohokd®8] however, more
importantly, chemisorption can be enhanced by precursor-mediasedpaan,
where the molecule is first trapped in a weakly bound physdostate, which is a
precursor for the formation of chemical bonds.[Brown1998, L8200 this case,
impinging water molecules get trapped into a shallow ghystion well,
dominated by van der Waals interactions and static chargeeosutface. These
interactions are not sufficiently strong to fix the water molecat the initial
adsorption sites and the trapped precursor can migrate ovautftaeze. Many
trapped molecules spend a short time on the surface and theb. déswoever, if a
molecule encounters a more active site, for example, an oxygen vacancthg/o),
precursor may react to form a chemisorbed species, in which chemica aen
formed.[Wendt2006]
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The interaction of water with ferroelectric oxide surfaces is lesskmelvn, yet
it is of considerable importance.[Shin20@xarra2009] As mentioned in chapter 1,
one of the motivations of this thesis is that the hydrogeld can be enhanced by
over an order of magnitude at the surface of a ferroelectric]8@®, Kim2004]
The polar nature of water means that it can interact stronglytiatiierroelectric
polarization changing the electrical boundary conditions. &eneand
Dkhil[Geneste2009] have shown that on the (001) surface ofBgBTO) with
in-plane polarization there are competing molecular and dissa&ciatigorption
mechanisms. The static charge on the surface changes the deptie of t
physisorption well,[Zhao2008] which determines the averagdemse time of the
precursor on the surface, leading to a greater chance of finding asohaion
defect site. Typical molecular and dissociative adsorption enagges).1 to 0.2
eV and~1.0 eV, respectively. Another important aspect of dissociatigerption
is the production of Hcapable of bonding to lattice oxygen. The presence of
hydrogen in ferroelectrics is known to be a factor that increagginpotentially
inhibiting switching of the polarization.[Park2000] In PbTiGDH adsorption
favors an upward pointing polarization state, wheredsa#isorption stabilizes
downward pointing polarization.[Fong2006] Therefore, the intemacof water
with the surface of a ferroelectric is of primary importance wdwreit is for
applications in electronics or catalysis.

In this chapter, we study water adsorption on the,Té&@minated BTO(001)
surface. The surface structure is obtained using XRD, AFM, and qieetit
LEED I-V.[VanHovel986] Recording the intensity variations in the LEEi0ts
as a function of electron primary ener@yEED I-V is the equivalent of probing
the structure factor. The penetration depth of the low energy elsaetréimited to
the first few atomic layers of the surface, providing quantitativenmtion on the
local atomic structure around each emitting atom with a preadiapproximately
+0.1 A. XPS is used to reveal the presence of hydroxyl grouberrahan
molecular HO on BTO surface, which demonstrate dissociative adsorptiop@f H
TPD measures one additional feature at low desorption temperatuetuced
BTO surface, which corresponds to molecular dissociative adsorpBy
combining the structural, chemical and energetic information, we shaiv (i)
H,O undergoes mainly dissociative adsorption on the polarized @) surface;
(i) there are two competing sites for dissociative adsorption gv@ on-top Ti
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lattice atoms); (iii) adsorption oxidizes surfacé& Tons; (iv) the on-top surface Ti
is the dominant OHchemisorption site; and (v) the concentration of Vo favors
initial physisorption.

4.2 Experiment

The commercial SurfaceNet SrhiC001) substrate with an optical mirror
surface finish was etched with buffered NHF solution (BHF) and then annealed
in O, at 950 °C with a flow rate of 5 I/min folO h to obtain a Ti@terminated
surface composed of steps and atomically flat terraces follothiegestablished
protocol.[Kawasakil994] After heating the substrate to 65@0tCL h under an
oxygen partial pressure 0f10° Torr to remove carbon contamination on the
surface, &m-thick TiO,-terminated BTO films were grown on this substrate by
molecular beam epitaxy (MBE) with a growth rate~df mono-layer per minute
(ML/min). The metallic Ba and Ti were put in the Knudsen céksated by
resistance coils to produce the vapor flux. During growth, thggen partial
pressure was kept at 2 x ¥ orr, and the substrates were maintained at 630 °C to
get an atomically flat surface. The growth of the BTO was monitoyeith [situ
RHEED, which allowed a precise control of the number of atomic lage&nm,
the Ba source was switched off, ensuring deposition of a [@&D layer. Figure 4-
1(a) shows the RHEED pattern in the [100] direction of th@Bilm. The intense
lines correspond to the BTO film, whereas the faint half-ordes Ineflect the (2 x
2) reconstruction of the Tiltermination layer.[Niu2011] An XRD of an identical
8 nm BTO film is shown in Figure 4-1(b); the in-plane tattonstant is 3.911 A,
giving an in-plane compressive strain of 262

Water exposure was performed in a dedicated, third chamber. BOrevés
obtained by freeze—pump—thaw cycles and then introduced into the chamber at 1 X
10 Torr for 1 h, equal to 3.6 x 10.

51



STO(202)

0.3906nm|

$TO(002)
(b) 1 0.3903nm
3

BTO(002)
0.4149nm

42 43 44 45 46 47 48
26 (deg)

Intensity (cps)

BTO(202)

0.3911nm
64 65 66 67 68 69
20 (deg)

Figure 4-1. (a) RHEED pattern along [100] showing intense lines due to BTO(001) and
fainter lines reflecting the (2 x 2) as-depositedli€construction. (b) In- and oof-plane (inset)
XRD on 8 nm BTO/STO showing compressive in-plane strain o¥.2

The freeze-pump-thaw process for degassing of liquids is as $ollow

1) Less than 50 % volume of the flask is filled with water, bexawerfilled
flasks can shatter the flask on freezing.

2) Hook up the flask to a line connected with mechanic pumpfraede the
water by liquid nitrogen.

3) When the water is frozen, the vategoump is open and the system is pechp
off for around 10 minutes

4) close the valvéo pump.

5) Thaw the solvent until it just melts using a tepidendiath. Gas bubbles can
be seen from the solution. Let the frozen water thaw by itself.

6) Replace the water bath with liquid nitrogen and refreeze the solvent.

7) Repeat steps (3) (7) until we no longer see the evolution of gas as the
solution thaws. The water should be put through a minimum of three cycles.

8) Slowly turn on the micro-valve to intro-chamber (base pressuré Fofr)
until the pressure in the intro-chamber arriving at 1 X Torr.
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Figure4-2. Schematic of the chamber for water exposure.

After the controlled exposure of water, the sample was transferré&didodice
main chamber for the LEED and XPS analysis. The LEED patterns of the film were
taken at room temperature in energy steps of 2 eV between 40 @Y/ 26ith a
high-resolution chargecoupled device (CCD) camera. Expatal -V curves
were extracted from digitized diffraction patterns; after averaging the
symmetrically equivalent beams, they were smoothed using a fiuée-lgast-
squares cubic polynomial algorithm and normalized to the electron gun current.

XPS was carried out using an Argus analyzer with pass enegfy eV, which
gave an overall energy resolution (photons and spectrometer) ®fe¥.3The
binding energy (BE) scale was calibrated using the C 1s lin846 2V as a
reference. A 30° takeoff angle was used to increase the surface dgnsitivie
core level peaks. The data were analyzed using the CasaXPS software,[CasaXPS]
which employs a linear least-squares optimization with a p#aigfalgorithm.
Shirley backgrounds were subtracted from the data as part of thefitumge
process.

The TPD measurement were carried out in a separate chamber requiring a
transfer in air. Before starting the TPD measurement, samples were anneha&d
reactor to remove the surface contamination, confirmed by a quadrupole mass
spectrometer signal from G@nd HO near the baseline level.
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4.3 Results on 8-nm BaTiO3 on SrTiO;

4.3.1 AFM

Figure 4-3a) is the AFM topography image of the STO substrate after treatment,
showing wide, flat terraces with a single uod} step height of 0.4 nm, as marked
in Figure 4-3(c). Figure 4-3(b) is the AFM image after growth offBBTO film,
demonstrating that the morphology of single unit cel steight between terraces

has been maintained in the BTO film. This is strong evidencedar-perfect layer
by layer growth.
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Figure 4-3. AFM topography image of STO substrate (a) after treatment and (b) after growth
of BTO thin film. (c) Line profile showing the one unit cell terrace step height.

4.3.2 LEED

The LEED patterns for the clean BTO(001) and after exposedQovEpor up to
3.6 x 10 L are presented in Figure 4-4(a)-(f) with different energiése well-
defined (1 x 1) LEED patterns show square symmetry characteafbtibe
BTO(001) surface and indicate a good crystal quality of the film. Aftposition
to H,O vapor, LEED patterns like that shown in Figuré(d--(f) were obtained.

The symmetry is the same as beforgOHadsorption, but the spot and
background intensities change. However, if more than g@el&yer was present,
then a c(2 x 2) ice structure should be formed as in Figlrewhich is not
consistent with the symmetry of our observations.[Hend@®@2 Thiel1987]
Multiple disordered water layers can also be ruled out because shesld more
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significantly reduce the LEED intensities and increase the goackd level
compared with those obtained before adsorption. We deduce thastaa siagle-
ordered HO layer is adsorbed epitaxially on the clean BTO surface. Therdfiere, t
observation of sharp, ordered LEED patterns aft€y Bdsorption indicates that the
surface retains the same symmetry without the formation of Supetures and
rules out growth of disordered multilayers of water on the surface.

Figure 4-4. LEED images of BTO surface for electron energies of (a) 70 (b) 100 (c) 130
(d) 150 (e) 180 and (f) 220 eV before (top) and after (bottom) water exposure.
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Figure 4-5. Schematic diagram of a compressefDHbilayer giving a c(2 x 2) LEED pattern
on an fcc(110) surface. (This figure is reproduced from reference [Thiel1987].)

4.3.3 LEED simulations

The LEED I-V simulations were carried out by Dr. A. Pancotti using a
symmetrized automated tensor method implemented with the SADLEE
code.[Barbieri] A muffin-tin (MT) potential is employed in the Itplescattering
calculations to describe the individual atoms. Debye temperatures obtaimeX-fro
ray and neutron diffraction results for tetragonal bulk Ba™e@re 250, 760, and
490 K for the Ba, O, and Ti, respectively.[Haradal1970] The imagiparyof the
inner potential was fixed to —6.0 eV. Ten relativistic phase shifts were employed in
the calculations. The simulated LEED [-V curves were compared with the
experimental data using the Pendry reliability R facierndry1980]

To determine the surface structure, LEED -V analysis was performed on the
first and second order diffraction spotd quantitative analysis of the -V
dependence should provide information on the surface structuree laafd after
water adsorption. The blue curves in Figure 4-6 illustrate gihiée different
experimental diffraction intensities as a function of energy for ksrigefore and
after HO exposure, pointing to significant changes in surface steicthe low
electron energies used mean that these changes occur over the firshoee tmit
cells. Two structural models for the THerminated surface were used in the
simulations, corresponding td Bnd P polarization states. The initial parameters
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are given in Table 4-1. We have also tested the two models Ba(a surface
termination, but, as expected for a FTH@rminated surface, the R factors are much
worse. Apositive value for the rumpling (AZ) indicates that the cation is higher,
that is, closer to the surface, than the oxygen anion. Conveasabgative value
means that the oxygen ion is closer to the surface. The indpléice constant was
fixed at 0.391 nm, corresponding to the XRD experimentally medstateie of
compressively strained BTO on the STO substrate. Then, thef-plane atomic
positions were relaxed for both models until a minimum in théador was
obtained for both Pand P initial structures. The simulated LEED I-V curves are
shown in Figure 4-6 in red. The results are also given in Table 4-I

(a) (2,0): Ra=0.22 (b) (2,0): Ra=0.20
AV VAV.UR IS BN SN
'\/\_/\/\/x /\/\/\,—/\,

(1,1): Ra=0.23 ,\N\j\/\/

(1,1): Ra=0.35

(1,0): Ra=0.27 ' \/\"‘/\\/
W,o;: Ra=0.20

UL L L UL L L L
50 100 150 200 250 300 50 100 150 200 250 300

Energy (eV) Energy (eV)

7

Intensity (arb. units)

i

Figure 4-6. Experimental (blue) and simulated (red) LEED 1=V curves for BTO thin film (a)
before and (b) after water exposure.

The best R factor before water adsorption for the optimiZestrBcture is 0.25,
twice as good as that obtained for thesRucture. Figure 4-7(a) shows a schematic
cut of the best optimized*Pstructure over the first two unit cells. The average
polarization over the first two unit cells is stilf,Rpointing vertically toward the
surface. However, the rumpling of the top Tifayer has produced a downward
pointing electric dipole, opposite to that of i@ the bulk.

57



Bulk Before After
Structure P P P"(R=0.25) P (R=0.49)| P"(R=0.25) P (R=0.59)
AZti01 +0.197 -0.197 -0.109 +0.120 +0.102 +0.090
AZgao-2 +0.044 -0.044 +0.060 -0.030 -0.188 -0.022
AZvio3 +0.197 -0.197 +0.006 +0.067 +0.062 +0.060
AZgao-a +0.044 -0.044 +0.076 +0.080 +0.079 +0.078
di> 2.12 2.09 2.06 2.09 2.03 2.06
das 2.09 2.12 2.11 2.02 2.06 2.02
O34 2.12 2.09 2.01 2.01 2.05 2.01

Table 4-1. Initial P* and P structures used for the LEED I-V simulations together with the
optimized structures before and after water adsorption obtained by refinement of simulations and
their R-factors Ionic rumpling on the first four atomic layers is denoted by AZ; the average
interplane separation between planes i and j is denoteg(ayl dnits in A).)
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Figure 4-7. Schematic sections of the optimized surface structure of BTO(001) (a) before and
(b) after water adsorption, as determined from minimization of the R factor bgf-plane
relaxation and in (b) OHon-top Ti coverage. The interlayer spacings ds, and d4 are defined
as the distances between two midpoints of consecutive layers. Ba atoms are blue, Ti atoms are
green, and O atoms are red spheres.

The LEED I-V simulations after water exposure were also performed using the
same two initial models,"Rand P. The unchanged symmetry of the LEED patterns
means that there is no long-range ordered surface reconstructioa.simulations,
the contribution of the hydrogen atom to the LEED isii®s is assumed to be
negligible, and only the position of the oxygen of the G#dtaken into account.
The XPS analysis (see below) strongly suggests thecth$sd desorption and that
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the dominant chemisorption site for Ol the on-top Ti site. The simulations have
therefore optimized the owt-plane atomic relaxation with a random distribution
of OH radicals banded toontop Ti sites. The best agreement between
experimental and theoretical LEED I-V curves is presented in Figure 46. The P

and P structures with the R-factor after relaxation are reported imeT&lh. The
optimized P structure is clearly in better agreement with the experimentatgesul
A schematic vertical cut over the first two unit cells with an @tisorbed at an on-
top Ti site is shown in Figure 4-7(b). The main resulh#& the adsorption of OH

at on-top Ti surface atom sites has switched the dipolaeokurface Ti@ layer
back to the direction of the bulk polarization.

4.3.4TPD

TPD spectra for BO desorption, using a mass-tocharge ratio (m/e) of 18, are
presented in Figure 4-8(a). The relative intensities of thee sighal are directly
related to the quantity of desorbed water. The spectra are acdunedoom
temperature to 700 °C on the as-received BTO thin film. The saismphaintained
at 700 °C for 30 min prior to starting a new TPD ramp. Thusgcessive TPD
spectra measure the effect of an increasing concentration of oxggancies on
the desorption. The spectrum for the as-grown BTO sample exhabitsoad
thermal desorption peak starting~850 °C.
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Figure 4-8. TPD curves on BTO thin film (a) stoichiometric, after 30 min annealing in
vacuum, and after 60 min annealing in vacuum. (b) Plot of In p versus 1/T corresponding to the
onsets of desorption at the low temperature tail of desorption spectra in panel a.
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In contrast, after the first anneal of 30 min, the desorption tenperahset
decreases t6-320 °C. After a further anneal for 30 min, the desorption oisset
~265 °C, and an additional feature appears just bel@®@0 °C. The latter can be
associated with molecular adsorption ofG{Du2012] The intensity of the
molecular adsorption of 0 increases with time presumably occurs after most or
all of the chemisorption sites have been saturated. This stiteyeaspect due to
lack of time were not able to further study here.

4.3.5 XPS

Figure 4-9(a) shows an XPS survey spectrum for the clean BTO surface. There is
a very small amount of surface C contamination. As describethanptevious
section, the Cls peak was useful to provide an independebtatah of the
binding energy scale. The Ba 3d, Ti 2p, and O 1s core-leR8l spectra are shown
in Figure 4-9(b)-(d). The high-resolution XPS spectra of3g, are shown in
Figure 4-9(b). The BEs of the B, components do not shift after exposure to
water. The main peak, labeled I, is from the bulk-coordinated Ba. &rextirum
also has a high binding energy (HBE) component labeled I, whittought to be
due to a surface component; however, the exact origin of ¢laik |5 a matter of
debate. Given the known TjGsurface termination, it cannot be simply due to
under-coordinated surface Ba. As shown in the LEED simulatendiscontinuity
in the polarization at the surface creates a surface dipole, giving aseeffective
core level shift. The HBE peaks are very similar before and after water exposure
although the intensity increases a little after water adsorpfihis may be
correlated to the structural changes observed by LEED [-V and is discussed below.

The XPS spectra of T2ps, are presented in Figure 4-9(c). The spectra before
and after exposure to water both have a main component duenithTa formal
valency of 4+ as in the perovskite structure and a weak, ladnigirenergy (LBE)
component corresponding to reduced Ti, often described *s TFie latter is
known to occur as a result of the formation of oxygen vacancieslnva simple
charge-transfer model, one Vo results in the reduction of ti¥didns to TP
following the reaction 2T+ O — Vo + 2TF* + 1/2Q, where Q is a lattice
oxygen.
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Figure 4-9. (a) Survey XPS scan of clean BTO thin film. Core-level spectra for BTO thin film
before (top) and after (bottom) water exposure: (b) Ba,3ad) Ti 22, and (d) O 1s at normal
emission and (e) Ba 34 (f) Ti 2ps/2, and (g) O 1s with a 30° takeoff angle.

Figure 4-9(d) shows the O 1s spectra. The spectrum has timgements: peak
| with a BE of 529.1 eV, corresponding to oxygen in the yskite
structure,[Baniecki2006] and peaks Il (BE 530.3 eV) and Il (BE.63V),
hereafter referred to as;@nd Q,. O, is shifted by 1.0 eV with respect to peak I,
whereas @ is shifted by 2.4 eV. () has been ascribed to carbonate or hydroxyl
groups chemically bound to surface cations.[Baniecki2006] mcasge, the low
level of C in the XPS spectra ratheads us to attribute it to OFhdsorbate species
bound to Ti, mainly at the surface. The Pauling electronegaswf hydrogen and
Ti are 2.2 and 1.54, respectively, and thysn@ay be attributed to a lattice oxygen
coordinated with a proton. We note that the expected O 1s shift fecumter water
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is greater than 3 eV, which comes from the O atoms of wateenfalidal999]
and thus we do not think that @nd G, are due to molecularB.

4.4 Discussion

4.4.1 Surface chemistry

A careful examination of the Ti and O core level intensitietwo takeoff angles
before and after exposure to water should allow us to quan@ydiftferent
adsorption sites. The relative intensities of the Zpy, and O 1s core-level
components are given in Tablell4-Those of @ and Q, increase from 11.5 and
3.0 % to 14.0 and 6.1 %, respectively, after water adsorption.dfidihce oxygen
atoms were involved in adsorption, then, based on a reasorsthiete of the
photoelectron inelastic mean free path[NIST] and the |aydayer attenuation
(see below), we would expect the surface related peaks to acco@8%oof the
total O 1s intensity. This is clearly not the case and rithéu evidence of sub-
monolayer adsorbate coverage. However, the surface-related oxygemmavito
is not uniform and has at least two distinct chemical sites. A quantitatiliesenof
the core-level intensities gives further insight into ¢hanges in surface chemistry

on water adsorption.

Before After
Component Normal 30°takeoff angle] Normal 30°takeoff angle|
Ti* 97.2 96.7 98.1 97.7
Ti®* 2.8 3.3 1.9 2.3
o] 87.1 85.5 82.4 79.9
Oy 10.4 115 13.3 14
Ou 2.5 3 4.3 6.1

Table 4-11. Relative Intensities of the Ti 2p and O 1s Core Level Components before and after
Water Adsorption at Normal and 30° Emission

We consider each layer as a homogeneous medium but take intotatteou
layer-by-layer stoichiometry Ti@-BaO-TiO,—, Letting ° and I"' denote the O 1s
and Ti 2p intensities from an O and a Ti atom, respectivelg; lgads to the
following expressions for the total O 1s and Ti 2p intensities

lto1(O1s) = P -(k +2)/(1 — k?)
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lror(Ti2p) = 1" /(1 - K*)

where the layer attenuationcfor is given by k = exp(—c/A-sinf), A is the
inelastic mean free path, and 0 is the takeoff angle with respect to the sample
surface. The A is 1.1 nm calculated using the National Institute of Standards and
Technology (NIST) database,[Powell1999]. If the @hd G, peaks were only of
surface origin, then the 30° takeoff angle results suggest 8ata? the surface
oxygen atoms are coordinated with protons before water adsorpkios.
estimation rises to 67 % for 90° (normal emission) takeoffeanghich is clearly
inconsistent with the 30° takeoff angle results; therefore, we asgsime that there
are OH species already present both at the surface and in the film before water
adsorption. Therefore, the film shows evidence of twr uptake before the
adsorption experiment. This agrees with the observationdVehdt et al.,
[Wendt2005,Wendt2006] who point out the difficulty in obtaining, fexample, a
pristine TiQ surface without OH species, even under very clean UHV. First-
principles results also support high Otiptake in BTO.[Geneste2009] Rather than
analyzing the absolute values of @d Q, intensities, we have therefore analyzed
only the changes in the,Gand Q, peaks after water adsorption. The underlying
assumption is that the changes after water adsorption occuy\ahohe surface.
The Q intensity as a fraction of the total O 1s signal increases fiobta 14.0 %,
whereas the ) intensity doubles from 3.0 to 6.1 % at the 30° takeoff angle,
surface sensitive spectra. In the normal emission, bulk-sensgectra, the Qand
Oy increases are 2.9 and 1.8 %, respectively.

Similar considerations can be applied to th&/Ti*" intensities: the surface-
sensitive spectrum has more”T(3.3 %) than the bulk spectrum (2.8 %) and shows
a 1.0 % decrease in water adsorption. Water can dissociae®@gen vacancy
into two hydroxyl species, which are about 0.4 to 0.5@Merl in energy; that is,
H,O/BTO + Vo = 20H/BTO + 0.5 eV.[Wendt20®, Wendt2006] Dissociation
near an oxygen vacancy transfers a proton to an adjacent O atom, fwmi©¢
pairs, one of which can fill the Vo, the other appearing at an adjateod loxygen
site. However, a different proces3H on-top bonding at a surface Ti site is also
energetically favorable.[Geneste2009] We must therefore consiadempaossible
dissociative adsorption processes: filling a lattice oxygearancy giving rise to
and bonding to on-top lattice Ti (, as shown in Figure 46.
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Figure 4-10. Schematic diagram showing the two adsorption processes leading to
chemisorbed OHat the surface of Tigterminated BTO, either at a vacant lattice oxygen site or
on-top of a surface Ti. The smaller (red) atoms are O, and the larger (green) atoms are Ti.

To quantify the relative importance of the two sites in the present experiment, we
assume that the intensity changes observed after exposus® toceur only at the
surface. The change in the>Tiintensity in the 30° takeoff angle spectrum
corresponds to 2.0 % of the surface Ti signal. This imphe$ & surface Vo
concentration of 0.5 % (calculated with respect to the numbaurrfafice oxygens)
is filled by the water adsorption. From the change in the if®ensity, the
proportion of proton coordinated surface lattice oxygen due to watergnbn is
6.6 %, which, following the dissociative model of Wendt,[Wend&@odrresponds
to a 3.3 % Vo concentration filled by adsorption, more than migdithat estimated
from the TP" intensity change. The increase, ascribed to TH adsorption,
corresponds to 8.2 % of the total surface oxygen signal, sugpésat 16.4 % of
the surface Ti atoms are coordinated to @kbups after water adsorption.

The same analysis of the bulk-sensitive spectra puts thisefag 16.7 % which
is remarkable close to the surface-sensitive figure. For eachlQkhere can also
be one extra lattice oxygen bound to a proton if albbind to the surface, that is,
up to 8.2 % more surface lattice oxygen in an @Hvironment. This figure is
much closer to the 6.6 % lattice oxygen in an @Hvironment deduced from the
change in the Ppeak intensity. The difference could be due to possible hydride
diffusion, which transfers two electrons to the neighboriagium atoms and then
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diffuses as a proton.[Kobayashi2012] Thus, both the bulit surface-sensitive
spectra give the same estimation of OH and a consistent number of surface
lattice oxygen atoms in an Oldnvironment.

Some of the absolute intensity changes are, of course, very smahegndre
obscure with respect to a high background; however,dbdif with a model of a
dominant dissociative process giving rise to Qthemically bonded on top to
surface Ti atoms.

4.4.2 Adsorption/Desorption process

Annealing at the end of each TPD cycle creates mordhéoefore, the marked
differences in TPD spectra give a further indication of theomamce of Vo for
H,O adsorption on the BTO surface. A continuous decrease in ptiesor
temperature with increasing Vo concentration (and hence cdMerage) can be
interpreted as second-order desorption kinetics with a cdrastvation energy, or
as first-order or second-order kinetics with a coverage-deperatdiviation
energy.[Redhead1962] To distinguish these cases, we present af glotp
(pressure) versus 1/T extracted from the low-temperature onset @pii@s in
Figure 4-8(b). Following the method of ref [Habenschaden198dére a linear
heating T=T+pt is assumed. Then one has

dlnp  E dn@/p) dlnng
i rRYaam Taam

where p is the pressure measured in the desoption experiment @nthe
preexponential. b is independent of coverage, there is a linear relation beween In
p and 1/T.

In Figure 48(b), the linear relation holds for all cases, and the lines are paralle
to each other, indicating a constant desorption energy. Tpe sfahe In p versus
1/T is EedR, where Besis the desorption energy and R is the ideal gas constant.
The activation/desorption energy deduced from the main TiB@tadhe same for
all surfaces, suggesting that the chemisorption sites are the. $arst-order
desorption kinetics are often associated with molecules adsanba molecular
state, whereas second order kinetics are more consistent with reslétai have
undergone dissociative chemisorption.[Garra2009] Therefore, lg Bkenario is
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that the main desorption is second-order with a constetntation energy. The
decrease in the desorption onset with Vo concentration ceutth® to the higher
probability of recombination of OHand a neighboring proton. Vo creation makes
the surface more positively charged for physisorption, and #hukigher
concentration of OHions may chemically bond to the surface releasifigntiich
can also bond to surface lattice oxygen. The probability décse recombination
should therefore increase.

4.4.3 Surface structure

As shown in Figure 4-7(a), the average polarization over thetiicsunit cells
before water adsorption is Bointing vertically toward the surface. However, the
rumpled top TiQ layer has a downward pointing electric dipole, opposite toathat
the bulk polarization. This is evidence that to stabilizeuzdtion in the thin film,
the first TiO, atomic layer corrugates and creates a dipole opposite to the bulk
polarization to compensate the ionic surface polarization changé. & inversion
of the electric dipole at the surface has already been observed using LEED I-V for
an ultrathin, BaO-terminated’ Polarized BTO film grown on SrRu(Shin2009]
After water exposure, the adsorption of Qi on-top Ti surface atom sites appears
to switch the dipole of the surface TiQayer back in the direction of the bulk
polarization. Thus, similar to the case of PTO, Githbilizes the Ppolarization
state.[Fong2006]

Figure 441 is a plot of the R factor as a function of Ofdonsidered as otop
oxygen) coverage in the top layer adsorption sites. The bRt fiactor of 0.25) is
obtained for an OHcoverage of 0.2; that is, one in five surface Ti atoms form
chemical bonds with on-top OHThis agrees very well with the #6.16.7 % OH -

Ti coverage deduced from the XRffensities. The LEED -V simulation in Figure
4-6(b) was, in fact, done for 0.2 oxygen coverage at on-tojit€l. sThe TiOH
distance obtained in the simulation is 1.88 A, which isusily identical to the
GGA and LDA predicted distance.[Geneste2009]

In the structure presented in Figure 4-7(b), polar inversiabserved in both
the first and the second atomic layers, with Ti moving outwacdiBa inward with
respect to the ionic rumpling observed before water adsorgtiam the surface
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structure parameters in Table 4-I, the polar inversion is accompangdnificant
distortion of the third (TiO-3) atomic layer, with Ti moving outward anch@aird.
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Figure 4-11. Pendry R-factor as a function of OHoverage of the surface at on-top
chemisorption on surface Ti atoms (center of inset). Atoms coded as in Figure 4-7.

Thus, water adsorption on the surface modifies the ionic pasitibthe surface
and subsurface layers. The presence of extra negative charge froid tigeoOps
allows the TiQ top layer to switch its dipole back in the same directioih@bulk
P" state. The screening due to the dissociative adsorption afr veaid the
chemisorption of OH therefore appears to be more efficient than the ionic
rumpling of the dry surface. The rumpling inversion observed tier gecond
atomic layer (BaO-2) creates a downward pointing subsurface dipolmaydbe
the way the system completes screening of the positive surface ahahgeP
polarization state. If this is the case, then one would expatchidgher OH surface
coverage would reduce or switch back the dipole in the directiotmeofoulk
polarization. By the third layer, the direction of polar distorti® the same as that
of the bulk P state. A high concentration of Oldan even provoke a cubic phase
in BTO;[Choi1999] however, fronour simulation of LEED IV, this is not the
case. Rather the OHhemisorption from dissociative water screens the surface
polarization charge rather than changing the bulk filmctire. The optimized
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structures obtained from the LEED IV simulations also shed light on the nature of
the HBE peak in the Ba3d XPS spectra.

The polar inversion of the BaO-2 rumpling aftexCHadsorption will necessarily
modify the electronic environment of the near surface, second-layer Bavitn
respect to the bulk, and this may be responsible for the obseovedevel shift,
even though the Ba ions remain fully coordinated. It has beewnslthat
dynamical charge transfer is more relevant for deformed polar matakals |
ferroelectrics,[Ghosez1998Vang2011] and given the modifications observed in
the surface structure, we expect this to play an important madetermining the
surface related BEs. However, this is, for the moment, only specukaia needs
to be confined by, for example, first principle calculation.

The structural, chemical and energetic analysis has shown (thaH,O
undergoes mainly dissociative adsorption on the polarized(@JX) surface; (ii)
there are two competing sites for dissociative adsorption (Mooa-top Ti lattice
atoms); (iii) adsorption oxidizes surface’Tions; (iv) the on-top surface Ti is the
dominant OH chemisorption site; and (v) the concentration of Vo favoitsain
physisorption. Some open questions remain. Our analysibased on the
differences between a slightly defective single domain, epitgsalained BTO
film before and after a controlled water adsorption experiment. Tésepce of
adsorbate-related ;Cand Q, components in the XPS spectra of the as-received
sample show that OHunits are already present, either at the surface or in the bulk
of the film. This OH incorporation could occur during film growth but may also be
due to uptake of residual hydrogen in UHV. More efforts are certagdged to
optimize the control of growth and analysis conditions, formgta, the as grown
films still show signal from Ti. Notwithstanding these problems, we have
demonstrated the extreme sensitivity of the surface polarizatientstaontrolled
water exposure. Physisorption is enhanced by higher Vo concentratieneas
preferential OH chemisorption occurs at on-top surface Ti sites. Thgiéld of
the dissociation process also needs to be quantified. Similar experonemtsngle
P domain, known to be favored by Vo,[Fong2006] should also be carried ou
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4.5 BaTiO; thin films with different strains

4.5.1 Surface structure and surface chemistry

In order to understand the influence of strain on water adsoyp8 BTO
samples with differents thickness (8, 15 and 30 nm) were faltiogt®BE. The
growth of the BTO films wre monitored by in situ RHEED, which allowed a
precise control of the number of atomic layers. At the desireknibss (8, 15 and
30 nm), the Ba source was switched off, ensuring depositianToD, last layer.
The BTO lattice constants measured by XRD as a function of thickneshown
in Figure 4-2. For the 8 nnfilm the in-plane lattice constant is the same as that of
the STO substrate indicating that tinken is fully strained (2.2 %) whereas the in-
plane lattice constant for the 30 nm is close to that of BOI® with a residual
strain of only 0.2 %. The owfplane tensile strain is also a maximum for the 8 nm
film (3.6 %), again approaching 0.2 % for the 30 fitm. These results are
consistent with previous studies on epitaxial Bffiéhs which start to relax above 8
nm.[Niu2012] Figure 4t2 also shows the tetragonality, c/a as calculated from the
XRD results.

The averagdilm ferroelectric polarization can be estimated using the data of
Kim et al.[Kim2005] to be 30, 40, 45 C/cnt as shown in Figure 4-13 for the 8
15 and30 nmfilms, respectively.

LEED patterns for the 3@mthick and 15am-thick BTO(001) before and after
3.6 x 100 L H,0O exposure are presented in Figure 4-14(a)(c) and (b)(d)
respectively. The sharp (1 x 1) LEED pattern in Figure 4-14(a@rghows the
square structure of the BTO surface. AfteOHexposition, LEED patterns like that
shown in Figure 4-14(b) and (d) were obtained. The symmethei same but spot
and background intensities change as on 8 nm film. Wehgaafore rule out the
formation of an ice structure or multiple disordered water layens dil
thicknesses,[Henderson2002, Thiellp&hd we deduce that at most a single-
ordered HO layer is adsorbed epitaxially on the clean BTO surface asnsfo
the 8 nm BTO film in section 4.3.
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Figure 4-12. Lattice constants of a (blue), ¢ (red) and c/a ratios (pink) on BTO films with
different thicknesses measured by XRD.
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Figure 4-14. LEED image on 30-nm-thick and 15-nm-thick BTO surfaces at 130 eV (a) (c)
before and (b) (d) after water exposure.

Figure 4-15 shows the normal emissKIRS spectra on the surfaces of BT
films with different thickness before and after exposure to watethésase of the
8 nm BTO film, the binding energies (BE) of the Ba&,, components do not shift
after exposure to water. This is not surprising sincditimeis TiO, terminated. The
main peak, labeled I, is from the bulk-coordinated barium. Epebtrum also has
a high binding energy (HBE) component labeled II, which froenangle-resolved
measurements is a surface related component although not centerly akom at
the surface layer.

Although we have not done LEED I-V on the 15 and 30 BIif© film, the
quantitative LEED IV on the 8 nm BTO film suggests that it can be interpreted as
the result of the electrical boundary conditions induced byutace rumpling of
the TiO, termination layer as described in section 3.3. In other wdrdssuirface
component is not due to Ba with lower O coordination noBaowith different
chemistry but rather to the ftlerent electronic environment due mainly to the
increased rumpling in the surface TGiQayer, i.e. the 2nd and 3rd nearest
neighbours of the subsurface Ba atoms.
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Figure 4-15. XPS core level spectra on BTO thin film with different thickness before (top)
and after (bottom) water exposure.

The O 1s spectra have three components, peak | has a BE of &29.1
corresponding to oxygen in the bulk perovskite structure[B&r#1606], as well as
peaks Il (BE 530.3 eV) and Ill (BE 531.6 ekéferred to as Pand Q,. XPS has
shown that the Pcomponent is due to a lattice oxygen coordinated with amproto
and the @) component is due to &H group bonding.

The XPS spectra of Ti 3p for all the thredilms are also presented in Figure 4-
15. The threefilms before exposure to water have identical spectra, a main
component due to Ti with a formal valency of 4+ as in #®yskite structure, and
a weak, low binding energy (LBE) component corresponding tcceettii. Using
the attenuation model presented in section 3.3, the inteafsihys peak is far too
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low to be associated with the surface environment of all thiacgu Ti atoms.
Instead, it is due to charge transfer from an oxygen vacancy, redwcirij** ions
to Ti*". 3.5 % of the Ti ions are in the*Tistate for alffiims, decreasing to 2%
after water adsorption. We therefore conclude tha©iHe groups bond mainly on-
top to surface Ti atoms as predicted by theory.[Geneste2009]sifm&arity
between the three films excludes significant stoichiometry eféecthemisorption,
therefore we conclude that any variation in adsorption energli®lg to be due
to strain induced atomic distortion and bulk film polarization.

4.5.2 Adsorption/Desorption process

TPD spectra of the three films, using mé&ssharge ratio (m/e) =18, are
presented in Figure 4-16. The backgrounds have been remorredpomding to
the zero HO desorption rate, and then we can get the desorption energg fstmn
of In p (pressure) versus 1/T extracted from the low-temperatuset of
desorption. The instrument was calibrated by sendingn@ HO pulses of known
volume (6.05 cr) and pressure (continuously controlled using a MKS Baratron
capacitance manometer, 10 Torr full scale) through a variable neigkoEdwards
LV10K). This system allowed to check for MS response lineauitg to calibrate
directly in O or G rate (umol/s). After each experiment, the MS sensitivity was
checked by using Opulses and corrected if necessary. Signal originating from
residual water in the system was determined after pressure equilibrium between MS
and TPD reactor at room temperature. The corresponding value, supmssed
constant, was subtracted to thgOHsignal over the whole TPD range. The spectra
are acquired from room temperature to 700 °C.

From the TPD measurements we can conclude that the desorptigresrodr
water on BTO(001) are affected by the strain state. The high strhined
distortion of the thinnest sample also has the lowest fibtarization.[Kim2005]
the magnitude of the film polarization depends on the stdairs, tilm thickness.
The desorption energy may therefore also be related to differencdidmi
polarization.[Jo2006] The mechanism behind this effect can bsideyed from
either an atomistic or a continuum perspective.[Garra2009] From thasttom
perspective, differences in the surface atomic structure of differamsstnust be
considered. As we have shown for the 8 nm BTO film, in ordestébilize
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polarization in the thin film, the first TiDatomic layer corrugates and creates a
dipole opposite to the bulk polarization to compensate tinkacgu polarization
charge. It has been shown that this dipole varies with strain.[E&f08] From
the continuum perspective, the BTO samples can be seen as potiialeztric
slab in which the surface polarization charge may be screened bymteatrd
holes or by structural changes, in this case, surface rumpling. Thus, thesgdgict
fields caused by different strains at the surface may influenceetbregry and
strength of adsorbate-surface interactions. The experimental dependence of
the desorption energy is reported in Tabld|4together with the corresponding
film polarization estimated from Ref.[Kim2005] as in Figuré&3}-
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Figure 4-16. TPD spectra on (a) BTO thin films with different thickness, and (b) Plot of In
(rate) versus 1/T corresponding to the onsets of desorption at the low temperature tail of
desorption spectra in (a)

In section 3.3, using low energy electron diffraction intens#ysus voltage
(LEED 1-V), we have characterizedrBr-thick BaTiO; films, grown using MBE
with fully compressive strain on a SrTjOsubstrate. LEED I-V reveals a
monodomain vertically polarized along [001] direction. Asntioned before, the
signal in the low temperature range is higher for the desorpgientrum of 8 nm
BTO. The higher bulk film polarization in the thicker films ¢aws water
adsorption because it screens more efficiently the depolarizing Tib&l .higher
film polarization provides a deeper initial potential welt physisorbed molecular
water, increasing the probability of dissociation and chemigadling. The lower
ferroelectric polarization on Bmrthick BTO (30 uC/cm?) produces a weaker
interaction between ¥ and 8am-thick BTO surface. Thus # desorption starts
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at lower temperature, where a small increase in the TPD is observed fondle
spectrum of 8 nm BTO.

Thickness (nm) In-planestrain Apparent Estimated
(%) Desor ption polarization
Energy (eV) (uClcm?)
8 2.2 0.46 30
15 0.9 0.67 40
30 0.2 0.63 45
Table 4-111. Measured in-plane strain and water desorption energy, and estimated film

polarization, as a function of film thickness.

TPD spectra of the 15 and 30 nm films, are presented as &funttinnealing
time in vacuum in Figure 4-17 and Figure 4-18, respectivdlg.lihear parts of the
spectra are parallel to each other, as in the casenofi-iBick BTO for short
annealing time (0 and 30 minutesjowever, the slope of the spectra decreases
with long annealing time (60 and 90 minutes), indicatinggarehsen desorption
energy. Since pD prefers to dissociate at oxygen vacancy site, more vacancies
result in more OHand H on BTO surface, which makesQH meets a Hmore
easily.A decrease in desorption temperature with increasing Vo concenteatd
henceOH coverage can indeed be interpreted as second-order desorpétoskin
with a changing activation energy.[Redhead1962]
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Figure 4-18. TPD spectra on 30nm BTO (a) annealed with diffetiemé (b) Plot of In (rate)
versus 1/T corresponding to the onsets of desorption at the low temperature tail of desorption

spectra in (a)

4.6 Conclusions

We have firstly studied the surface structure of a compressivelynesdrai
BTO(001) thin film before and after exposure tgOHby using XPS, temperature-
programed desorption spectroscopy, and low energy electron ddirantensity
versus voltage analysis. The BTO film as-received haspa|Rrization. The initial
y a high Vo surfacztration,

physisorption of molecular water is enhanced b
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creating a more positively charged surface. There are two dissociative ihsorpt
sites, oxygen vacancies and on-top surface Ti. The predomin&uitesociative
adsorption is confirmed by both XPS and TPD. The on-top-OHlominates the
chemisorption process. Before water adsorption, the polarization disgtnt
the surface reverses the rumpling in the Ti@rmination layer. After water
adsorption, dissociation gives rise to GH chemical bonding at 16 to 20 % of the
surface Ti sites. Adsorbate screening is more efficient than ioniclingmgnd
switches the ionic rumpling in the TiCayer to the same direction as in the bulk P
state, but the first BaO layer shows polar inversion with resfmedhe bulk
displacements.

Then we have studied the adsorption gDHn TiO-terminated BaTi@(001)
epitaxially strained films of different thickness. The predontueaof dissociative
adsorption is confirmed by both XPS and TPD. The on-topTldominates the
chemisorption process. The desorption energy of water increaghs thve
increasing film thickness. The thickness dependence of tre@pdies energy is
discussed in terms of both strain and bulk film polarization.

Finally, the desorption energy of water are presented as a funétaxygen
vacancy concentration (annealing time in vacudrhg desorption energy increases
with the increasing film thickness due to film polarization.
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Chapter 5

X-ray photoelectron diffraction study of relaxation
and rumpling of ferroelectric domainsin BaTiO3 (001)

5.1 Introduction

The surface of a ferroelectric (FE) may show a net fixed polarization echarg
which is intrinsically unstable due to the well-known Igso catastrophe.
[Goniakowski2008] The presence of unscreened surface charge createsraal
electric field, the depolarizing field, which can partially or Whaancel the
polarization inside the material. Thus, the electrical boundaryittoms can
determine the ferroelectric state. The surface polarization charge carcbaesl
by a variety of mechanisms including adsorbate species,[Sparfei@@2010]
intrinsic defects,[Jia2004] free charge carriers, surface and near surtaxtarat
changes (rumpling, relaxation and reconstruction) and domain orderingl[dbdiz
The latter reduces the energy of the system by screening the depgléeld
through ordering of the FE domains with antiparallel dépainoments.
[Shimada2010] The depolarizing field in one domain is scredyethe electric
fields of adjacent domains. However, such screening is usuafigriect. In the
absence of significant adsorbates or free charge carriers, intrinsidsdafet
structural changes may combine with domain ordering to nurirthhe energy of
the system and strongly influence its FE properties.[Cai2005]

In this chapter we study how the microscopic screening mechanisys m
combine with domain ordergto determine ferroelectric stability.

Surface structural modifications have been the subject of theairstudies.
[Padillal1997, Fechner2008, Meyer2001] Following Meyer and Vanderbilt
[Meyer2001] relaxation is given by the average atomic displaceifhients, (M) +
0,(0)] /2, whered, (M) andd, (O) are the displacements of the Ba or Ti ions and
the oxygen ions, respectively, from the bulk positions. The changfeiinterlayer
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spacing, A d;, is the difference in the average atomic displacements for two

adjacent layer$; andf;. The intra-layer corrugation or rumpling is definednhas
[6, (M) -8, (O)] /2. The surface plane is indexed i=1.

Experimentally probing such surfaces requires a structurakérdlitive to local
atomic positions and to surface chemistdne experimental study of the atomic
rumpling and relaxation for'Rpolarization in a thin film has been published using
low energy electron diffraction (LEED).[Shin2008] As descrie@dhapter 3XPD
combines such chemical sensitivity with quantitative m@ation on the local
atomic structure around each emitting atom (Figur®).[®sterwalder1991] In
comparison to LEED, XPDhas the elemerdl sensitivity of photoemission
However, few XPD studies of FE oxides have appeared in the literatureei@&sh
et al. performed an early study of perovskite oxides using forwardsifar
[Schneider1998]. Berlich et al. have investigated the surface chenabtry
paraelectric BTO,[Berlich2011] while Despont et al. have publisaetiigh
resolution XPD and XRD study of the FE distortion in a PTOn thim.
[Despont2006] By using synchrotron radiation the Kkinetic gneaf the
photoelectrons can be tuned so as to favor the more bulkrsengorward
scattering or the more surface sensitive, multiple scattering esgim
[Winkelmann2008]

5.2 Experimental and theoretical methods
5.2.1 Experiment

The sample was a¥x 7.5mnt BTO(001) single-crystal furnished by MaTecK
GmbH. Figure 5-1 shows an AFM topography image of the (OOdxcgu after
annealing at 900 °C in Qwith a flow rate of 5 I/min for three hours. Wide, flat
terraces with mainly 0.4 nm step heights are observed, indicasigyle surface
termination.

The XPD experiments were carried out at the Antares beamline, Synchrotron
Soleil (Saint Aubin). The sample was ozone cleaned ex-situ for aneblefore
introduction into the vacuum system. To remove surface casmnaiur
experiment has shown that ozone treatments are preferable. It was then annealed
situ in G (2 x 10 Pa) for several hours to remove residual organic contaminations
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on the surface. The base pressure of the system was bettersttEh®3a. BTO
has a ~3.2 eV band gap rendering it difficult for x-ray photoeactpectroscopy
experiments due to charging. To overcome this problem thelsavas annealed

in UHV at 740 °C for one hour. This procedure created oxygen
vacancies[Hiratal994Kuwabaral997] increasing the sample conductivity. The
inset of Figure 5-4 shows a typical LEED (1 x 1) pattemBdO(001) single
crystal after annealing. The LEED has four-fold symmetry, therefore the
experimental azimuthal angular range guarantees that all diffrattuures were
measured and that symmetrization of the data set could be upéut the XPD
patterns over 2 Thus whatever the preparation of in-plane polarization, this
actually makes it certain that"R= (R, + Py + R, +Py) /4, a key part in the data
analysis.

20 40 60 80
Position (nm)

Figure 5-1. (a) AFM topography image of BTO(001) surface after annealing at 900 °C in 1
atmosphere of ®with a flow rate of 5 I/min for three hours, (b) line profiles showing the
appearance to one unit cell steps after annealing in oxygen.

An electrostatic hemispherical analyzer (Scienta 4000) was useding
simultaneous detection of emitted electrons over a wide angahge without
tilting of the sample. All the data were normalized by the backgiao each
spectrum in the XPD pattern. The 700 eV photon energy wa®mhosncrease
surface sensitivity and to ensure that the XPD data includetiptauscattering
Angle scanned XPD patterns were measured over a part of the hawmiapbee
the sample surface: Ba 4d, Ti 2p and O 1s core-level phataglectensities were
collected for polar emission angles from 11° to 69° (surfasesisve) and an
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azimuthal sector of more than 90°. The azimuthal angle was scenstegs of 1°

For each value of the azimuthal angle three fixed polar angles veasured. The
analyzer has a polar acceptance 25°~and the overall analyzer angular resolution
is better than 0.2°. Using 700 eV photon energy the kinetic energy #isB€610

eV), Ti 2p2 (240 eV) and O 1s (170 eV) gives inelastic mean free path values o
18.2 A, 9.5 A, and 6.9 A, respectively.[Tanumal1994] The overaliggrresolution

(beamline and spectrometer) was 0.25 eV. All measurements were done at room
temperature.

- )

e e ————————— 3l

§

Figure 5-2. XPD measurement using 2D detector.

5.2.2 Theory

XPD simulations of the BT@Q1l) surface are complex due to the large
parameter space. In this thesis, the surface termination, BaO grahiddifferent
polarization directions, P P and P"P®™ aretested, with a view to understanding
inter-planar relaxation in the surface region and surface rumpling. We have adopted
a simulation strategy which allows testing in paralletheff surface rumpling and
relaxation, the surface termination as well as the weight adrdiit polarities. The

best simulation is then obtained by combining the two fgswltions in a last
iteration.
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Figure 5-3. 430 atom cluster of the BTO(001) surface with surface termination BaO used for
simulation of the XPD anisotropy: (a) top view and (b) lateral view. Black color corresponds to
oxygen atoms, white to barium atoms, and gray to titanium atoms.

The XPD simulations were done by Dr. A. Pancotti using theteslunodel
approach of the MSCD code[Chenl1998] based on the muffin-tin padtenti
approximation. Two paraboloidal clusters were used. The first adeahsurface
radius of 22 A and a depth of 10 A and contained 900 satdimwas used to
investigate changes in the inter-planar distances and surface rumplihgggtom
the unrelaxed surface of the bulk structure. The second one wh$ougke final
simulation of the experimental result, including not only tindage relaxation but
also bulk photoelectron diffraction. This cluster has 43@nafaa depth of 25 A,
and radius 12 A, sufficiently large to ensure convergence of thitersiog
calculation and to avoid cluster border effects. In Figure 5-3 we $he second
cluster with, in this case, BaO-terminated BO(001) surface. There are thus five
emitting layers in the final cluster, which proved sufficiemtstimulate the XPD
pattern. The structure is comparable to the cluster in literature, egl Guéported
by Despont et. a[Despont2006] Additional emitters did not improve signifitant
the results.

In order to account for surface relaxation, we allowed atoms obtwermost
surface layers to relax along the z axis. We then extended refatatioe third to
fifth subsurface layers. Atoms are fixed at their lateral bulk positand allowed
to relax in the z direction. The structure is determined int grbcedure that
searches for the set of parameters that optimizes the agreement b#teieen
theoretical and experimental diffraction curves, through mgation of the
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reliability factor Ra, defined as the difference between the experimentahand
simulated diffraction patterns,[Chen1998]

_ O 4) — 26, )
T L xl(6,0)? + xi(6, $)?

The quantitiesyl and y. are, respectively, the calculated and experimental
photoelectron diffraction anisotropies. The smaller thefdgtor, the better the
agreement with experiment, witkkR,<1. A perfect agreement corresponds fe(R
no agreement is expressed R The sum in the Requation is over all angles in
the database.

To find the best parameters in our relaxations in the simokatiath MSCD
code, we used a genetic algorithm.[Viana2007] The genetic &ligowias used to
optimize the relaxation of the interlayer distances of the modelectuwith five
different variables g, d,3, da4, dys, and dg, thus minimizing Rfactor analysis.

The large number of elastic scattering events at low to moderategpdctron
kinetic energy make it is necessary to use multiple scatterioglatgons (MSCs).
In order to reduce computing time for the cluster calculationsave followed a
RehrsAlbers (RA) approach in which the exact Green’s function formalism is
expressed in terms of scattering matrices expanded over all angulantoom
guantum numbers m and |. The exact RA formalism is the curved ar@alogy to
the plane wave scattering. However, the scattering matrices can beeduacand,
3rd or 4th order depending on the intial state of the eledttigher-order versions
of RA arenecessary for d and f initial states.[ChenY1998] Since our plectoah
diffraction data includes the Ba 4d emission we have used ttherder RA
approximation an allow up to eight scattering events withim cluster. The
structure was optimized using rumpling (relative cation/ammplacement) and
inter-planar relaxation parameters for the first atomic layers of both- TiO
terminated and BaO-terminated BTO(001). The calculations were perféomad
temperature of 300 K. The simulations are assessed with respete to
experimental data using a reliability factor, R.[ChenY1998] The smdikerRt-
factor, the better the agreement with experiment. A perfect agreement corsespond
to R = 0, no agreement is expressed by R = 1. For oxide s@sioiith many
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parameters a good R factor is typically lower than 0.30-0.40.[P&tfft
Pancotti2013]

5.3 Results
5.3.1 XPS

Figure 5-4 shows an XPS survey spectrum for the clean BTO(001) esurfac
There is evidence for a small amount of surface C contaminatiorméa$ weaker
than the O 1s intensity after taking into account the relativesesections. The C
1s line (BE = 284.6 eV) to check the binding energy calibrafisnshown below
in Figure 5-6(d), the C 1s XPD signal has weak anisotropygestipg that the C
shows little local ordering. We assume that the residual C caméion does not
alter systematically the surface order.

O1s

Intensity (arb. units)

600 500 400 300 200 100 O
Binding Energy (eV)

Figure 5-4. Survey XPS scan of clean BTO(001) single crystal. Inset typical (1 x 1) LEED
image of the BTO(001) surface.

To characterize the surface chemistry, the core level spectra were taken wit
high counting statistics. The Baghd Ti 2ps;, and O 1s core level spectra taken at
normal (top) and 55° offnormal angle (bottom) emission, are showimei Figure
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5-5(a)-(c). A Shirley background was subtracted from alldbwe level spectra.

The Ba 44g, spectra have two components, see Figure 5-5(a). The spectra were
fitted using a mixed Gaussian/Lorentzian lineshape (80/2@i#b)a full width half
maximum (FWHM) of 1.25 eV for both components and a spirt egiitting of

2.55 eV. The binding energy (BE) of the main component at norfadl €mission

is 89.64 (89.67) eV and the high binding energy componens(d) 0.76 (90.87)

eV, thus the core level shift is 1.13 (1.20) eV.55t off normal detection, peak Il
increases in intensity, suggesting it is due to emids@n surface or near-surface
atoms. The shift is very similar to that observed on thencteaface of a thick
BasSr_TiO3 single crystal film.[Baniecki2006However, a high binding energy
component is also observed on a clean, &minated surface of BTO as in
chapter 4. Thereford, is not necessiy due to a reduced Ba-coordination, siirce

the latter case, there are no Ba surface atoms for such a surface. The atomic
rearrangement to screen the surface charge can alsdiesothe electronic
environment of the near-surface Ba atoms as described in chapter 4.

Normalized Intensity (arb units)

04 92 90 88 460 458 456 532 528
Binding energy (eV)

Figure 5-5. XPS core-level spectra: (a) Ba 4d; (b) Tis2p(c) Ols core level spectra at
normal (top) and 55° (bottom) surface sensitive emission angles. The bulk perovskite emission (1)
is orange, the surface related components (Il) in the Ba 4d and O 1s spectra ant the Ti
component (Il) in the Ti 2 spectrum are in yellow and blue.
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The Ti 2p, spectra in Figure 5-5(b) are fitted with a FWHM of 1.3 eV and
Gaussian/Lorentzian (80/20) line shapes. Both normal and granigle spectra
have a main component (I) due to Ti bonding in the pertessitructure with
valency of 4+. The component Il, shifted by 1.8 eV to lower bindingrgy, is
again associated with Ti in a reduced (3+) valence stateodthe tformation of
oxygen vacancies after annealing.

In the O 1s spectrum (Figure %} top) taken at the normal detection there are
three components: peak | at 529.10eV (57.8 % intensity)paadéls Il and Il at
529.58 eV (21.7 %) and 530.94 (20.5 %), respectively. Peak | isodweygen in
the bulk perovskite environment, peak Il, shifted by 0.7 e\associated with
proton adsorption on surface lattice oxygen and peak Il to &ldorption at on-
top cation sites as in chapter 4. The spectrum taken arbission also has three
peaks.

To quantify the surface nature of the Ba HBE peak we use the same yayer b
layer attenuation model as for BTO films in chapter 4. AssumiBg@ terminated
surface, the fraction of the total Ba 4d intensity due to surface Basatan be
written as (1 - K. Similarly, the fraction of the total O 1s intensity duestoface
oxygen atoms il - k%) / (2 + k). We assume that both BaO and ;Ti@ve the
same attenuation factor and use the inelastic mean free path values given above.

The model predicts that a 0.20 (0.32) fraction of the totalBe#nsity is due
to surface atoms at normal (55° offnormal) emission angle. ForOthls the
predicted fraction is 0.18 (0.29). The respective experimenta¢vdbr the Ba 4d
are 0.14 (0.24) and for the O 1s 0.23 (0.36), close to the moe€dicions,
suggesting that the surface is mainly BaO terminated. The differetwednethe
measured and model values could be explained by an alarfte electronic
environment extending over several atomic layeFee ionic displacements
deduced from the XPD analysis discussed below provide furthgrodufor a
changed near-surface electronic environment.

The fraction of Ti" increases from 1.6 % to 3.5 % of the total intensity when
going from normal to 55°. Each oxygen vacancy Vo reduces fiNdohs, and if
we assume that Vo are created preferentially in the, Tpanes then this
corresponds to a near-surface Vo concentration of 0.9 % (of thentonhber of
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surface oxygen atoms) in the first Li@yer. Using the XPS intensities, tabulated
sensitivity factors[Wagnerl979] and inelastic mean free paths[Tanumah@94]
can estimate the bulk (surface) stoichiometry of the sample to J3g,;Ba20805s3
(Bay221Tl0.1000.587) Which is very close to the oxygen vacancy concentration as
estimated from the i intensity. The O desorption energy at the surface is lower
than in the bulk, thus the reduction in oxygen contetit @wnnealing is correlated
with an increase in the proportion of Ba at the surface.

5.3.2 XPD results and simulations

In Figure 5-6(a)-(d) we present the experimental Ba 4d, Ti 2ps @nd C 1s
XPD patterns acdared using 700 eV photon energy. The data are presented in the
form of a stereographic projection or diffractogram. Normal emissiensity is at
the cener and grazing angle emission is at the edge of the diffractograenXPD
anisotropy, as defined in chapter 4, is 33, 32, 23 and 8 thddda 4d, Ti 2p, O 1s
and C 1s, respectively. The anisotropy is sharpest for the Bmdion. This is to
be expected because the higher KE enhances forward focusiniguanithe XPD
signal reflects the bulk crystal structure, assumed to be constdoer than that of
the surface which may vary over the first atomic layers.

The angular anisotropy in the C 1s emission is low for molstr @ngles, only
becoming significant at grazing emission, probably from residjas in the
chamber which was adsorbed onto the surface. The beam spofuf)100 the
sample is much larger than the typical domain widthufm)l The presence of
domain ordering (visible to the eye) means that the XPD inyeasisotropiesn
the diffractograms correspond to a weighted sum of those dubket@tomic
structures of differently polarized domains. The aim of the sitianls is to
quantify both the surface structural changes in each domain and to estimate the
proportion of each polarization present at the surface.

There are four possible in-plane polarizations which can belddbigl, P, R,
and B,. From symmetry each should have the same rumpling and retaxatioe
z-direction, i.e. perpendicular to the surface plane. From consideration cdstie el
energy there is no reason that there should be more of one jparficydlane
polarization than anothers. We assume that all four in-platerizaiions are
present in equal proportions. The in-plane polarizationcBimbe written as"P=
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(PX + Px + B, +P,y) /4. There are, therefore, three possible polarizatién® Pand
P", satisfying the condition N+ N + N = 1, where N, N, N" arethe fractions of
each domain type contributing to the XPD signal.

T L) T T T T

68 45 22 0 22 45 68 68 45 22 0 22 45 68

0 (deg.)

Figure 5-6. Experimental XPD for BTO(001) obtained with 700 eV photon energy for (a) Ba
4d, (b) Ti 2p, (c) O 1s and (d) C 1s emission.

The surface atomic structure of each polarization is describeérnms tof 7
parameters: 4 layer rumpling valugsand 3 inter-layerelaxation parameters Adj,
giving in total 23 adjustable parameters. The R-factor optimizatf the Ba 4d, Ti
2p and O 1s simulations must converge to the same resgivdoa reasonable
solution. This is an extremely large parameter space and it is unrealistic tcafidjust
23 parameters simultaneously and expect convergence to a glol@umi We
have adopted the following three step methuauch we refer to as method (1).

In the first step the R-factor for each of the Ba 4d, Ti 2p aidd ®PD patterns
is minimized with respect to the experimentdf @iction pattern assuming a single
polarization value. This is repeated for each of the three posgsilaldzations, P,

P and P.
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The atomic positions are then fixed to these values andRtfectors are
optimized by linear combination of PP and P' for each XPD pattern. Since’ M
N~ + N" = 1, the results can be presented in the form of a contour plots Withd\
N axes.

In the third step, N N™ and N are fixed at the average’ NN and N values for
the three XPD patterns and all twenty one structural paramegtarsl Ad; values
are simultaneously relaxed.

Prior to the first step the non-structural parameters were detergiviag a 400
K Debye temperature and ~6 eV[Nascimento2007] for the inner peifetiiis
calculation was performed for two possible terminations, BaOl@y surface. The
Debye temperature represents an average value for the Ba, O anittdiiseifhe
experimental lattice positions of bulk tetragonal BTO were useaditzs values.
[Mitsuil981] For the in-plane polarization the lateral posisi were fixed at those
given by Padilla and Vanderbilt.[Padillal99The values of the non-structural
parameters are assumed not to vary irfithe optimized structure.

Step 1

The R-factor minimization as a function of rumpling and relaxatias done
using the genetic algorithm method described in chapter B&ath(Ba 4d, Ti 2p
and O 1s) XPD simulation.[Viana2007] The O 1s XPD patteus to ascertai
the surface termination layer since the corresponding XPD ddtta mdst surface
sensitive. The experimental and simulated XPD azimuthal curvdzafo or TiQ
terminated surfaces at different, fixed polar angles (14.6°, 30558° and 68.6°),
with a P polarization are presented iigEre 5-7 As in the experimental XPD, the
best fit is systematically obtained for the BaO terminated laykrsidulations
were therefore done assuming that the surface is mainly BaO terminated.

The results for B P and P polarization states for the Ba 4d, Ti 2p and O 1s
after the 1st step of the R-factor optimization are shown in Figt8e The
simulated Ba 4d patterns have the shsirpgructure, demonstrating the higher
kinetic energy will favour the forward scattering regime and $s kensitive to
surface relaxations.
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Figure 5-7. Experimental and simulated O 1s XPD azimuthal curves taken at polar angles of
14.6°, 30.6°, 45.6° and 68.6°.The experimental anisotropy (circles) is compared with the
simulations for TiQ (blue) and BaO (red) terminations iy Bolarization. The numbers represent
the R-factors obtained with Ti&nd BaO terminations in"Polarization.

Step2

The results of the 2nd step minimization of the R-factor ametibn of a linear
combination of P, P and P are reported in Figure 5-9 in the form of R-factor
contour plots for Ba 4d (gure 5-9(a)), Ti 2p (gure 5-9(b)) and O 1s {@ure 5-
9(c)). The N and N values are read from the center of the minimum contour of the
R-factor The linear combination minimizing the R-factor are close but net t
same for all three XPD patterns. For the Ba 4d and O 1s XPD, the R-¢&co
linear combination is minimized for a surface with approximabélyo P and 44%
P domains, whereas for the Ti 2p XPD, the R-factor of a linear w@tbn
reaches minimum witB8 % P, 8 % P domains an®4 % P" and for the O 1s the
minimum is found for 54% Pand 46% P. Figure 510 shows the average contour
plot of the R-factor as a function of polarization for the three XfaRerns. The

minimum is found for 55 % P38 % P and 7 % B.

91



Ba 4d

P+
68 45 22 0 22 45 68 68 45 22 0 22 45 68 68 45 22 0 22 45 868
0
90
(b) (h)
P- 0
68 45 22 0 22 45 68 68 45 22 o 22 45 68 68 45 22 0 22 4% 68
] 0
20 .
(0 ——— /—\ (n
F 0 0
Pin

68 45 22 0 22 45 68 6545220224558 68 45 0 45 68

Figure 5-8. Multiple scattering simulations of (a)-(c) Ba 4d (d)-(f) Ti 2p and (g)-(i) O 1s XPD
for (a), (d), g) P", (b), (), (h) Pand (c), (f), ) P" polarization.

02 04 06
N+

Figure 5-9. R-factor N/N™ contour plots for (a) Ba 4d (b) Ti 2p and (c) O 1s XPD simulation.
N*, N and N are the proportions of*PFY_and P domains contributing to the XPD signal
satisfying the condition N+ N” + N"= 1, and P= (P +Py +P, +P.,))/4.
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Figure 5-10. Average R-factor NN~ contour plot of Figure 5-10. The R-factor minimum is at

55% P, 38 % P and 7 % B.
Step 3

Finally, for each XPD pattern, Ba 4d, Ti 2p and O 1s, we have heltinear
combination constant at 55 %,B8 % P and 7 % B and iterated simultaneously
the 21 rumpling and relaxation parameters. The atomic rumplng,(M) - 6,(0)]
/2 and the changes in the in{ganar spacing Ad; are given in Tables 5-1, 5-11, 5-111
for the Ba 4d, Ti 2p and O 1s XPD simulations.

Figure 5-12 compares the final simulated diffractogram obtained th
relaxed atomic distortions and the linear combination of 35,988 % P and 7%
P" domains with experiment. All of the experimental structure psoduced. The
structure appears blurred in comparison with the simulationsngfyspolarize
domains in Figure 5-9, however, the much better R-factor demondtinatethis
blurring is in fact due to the simultaneous presence of diffesentace
polarizations. The Ti 2p simulation shows similar agreemetht experiment. The
agreement is less good for the O 1s, again we think thastdise to the residual
surface contamination since the O 1s XPD is the most surfasgise@mnd also
should show the strongest multiple scattering effects. Figur&(® and (b) are
sectional schematics of the inter-planar relaxation and intraptampling for the
first four atomic layers in Pand P domains, respectively. The original and relaxed
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atomic layer positions are indicated by dotted and solics lrespectively. The
vertical atomic displacements are multiplied by 10 for clarity.

We also tried a second method to optimize the strgtumeshod (2), which
should, in principle, converge to the same solution.

First, the linear combination of NN~ and N' is found using the bulk atomic
structure in the ferroelectric phase. Then, with N and N fixed, the rumpling
and relaxation for each polarization has been optimized. Thesresaltshown in
Figure 5-11a)-(c). Three distinct minima are found for the Ba 4d, Ti 2p antsO
XPD simulations. The minima are also much shallower than thiosened using
method (1), illustrated in Figure 5-9. It was not possiblénid a global minimum
using method (2). Furthermore, the R-factors obtained are much laagethtise
of method (1). We interpret this as being due to the use dbulkeferroelectric
distortion without relaxation and rumpling as starting galéor the simulations to
search for the best linear combination 0t N and N'. Such values are too far
from those giving a consistent solution with method (ignefor the genetic
algorithm. In other words, there are indeed significant structurabelsan thefirst
few atomic layers of BTO(001) with respect to the bulk FE structure.

1.0 1.0+ 1.0
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Figure 5-11. R-factor N/N™ contour plots for (a) Ba 4d, (b) Ti 2p and (c) O 1s XPD
simulations.
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Simulation Experiment

Ba 4d

Figure 5-12. Comparison between the final simulated diffractogram obtained with the relaxed
atomic distortions and the linear combination of 55 %38 % P and 7 % P domains with
experiment.

5.4 Discussion

The rumpling and relaxation amplitudes ilglte 5-13 vary when going from
the surface layer into the bulk. The main atomic distortion in B @xpected
around the Ti ion, however, because of the longer inelastic mean theah@aTi
2p photoelectrons are more sensitive to the subsurface atomis thgn the O 1s
and probably give slightly less accurate values for surface related atomitiatisto
The O 1s XPD is extremely surface sensitive with an inelastic mean free path of 6.9
A. The Ba 4d XPD is thenost sensitive to distortion in the sub-surface atomic
layers, closer to that in the bulk. i§hspread in depth sensitivities actually an
advantage because the three XPD simulations are required to convegge to
structure which describes changes in relaxation and rumglonmgg from the
surface into the bulk.
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The rumpling and interlayer relaxation in Tables, %-Il and 5-lll can be
compared with first principles theory and experiment in the lilezateproduced in
Table 5-1V, using c/2 = P18 A to obtainn and Ad;.[Padillal997,Meyer2001,
Shin20@]

The rumpling for P states have the same sign as the polarization and are
quantitatively similar. The rumpling magnitude varies betwe®i A and 0.06 A
with a mean value of 0.03 A (0.7% of the lattice parameter) whereas the umagnit
of the interlayer relaxation varies between 0.01 A and 0.13 Aamtiean value of
0.038 A (0.95 % of the lattice parameter) over the first four layers. lerglerthe
rumpling increases deeper into the BTO wherkas\d; values decrease towards
the bulk. The Ad values obtained from the Ti 2p and O 1s simulations show a larger
spread in values for the sub-surface layers, possibly reflectingghersurface
sensitivity.

Large rumpling and small interplanar relaxatiane consistent with bulk
ferroelectric distortion, unaffected by surface boundary conditions. Ther lo
rumpling at the surface is consistent with partial screenirgyiidace polarization
charge by atomic rearrangement, giving rise to a surface polarization l@amenth
the bulk. No significant change in rumpling or relaxatiombserved beyond the
4th atomic layeri.e. the FE distortion is no longerfinenced by the surface and
has adopted the bulk value. These results shed some newrligid nature of the
surface “dead” layer.[Zhoul997,Li2005] Atomic displacements can reduce the
surface polarization but given the non-zero rumpling obsdryedPD, the surface
may not be completely "dead" in terms of ferroelectric polarizafidnis agrees
with predictions made on the basis fofst principles calculations of a BaO
terminated in-plane polarized surface[Geneste2009] and withLEED [-V
described in chapter 4 on an epitaxially strained BTO(00@)filnn which showed
that reconstruction can even give rise to a dipole invernsidhe clean surface
layer. The interlayer relaxation tends to zero going into title dorresponding to a
constant ferroelectric distortion, as expected far from the polamzdiscontinuity
of the surface. The structural changes over the first two un# wdll modify the
near-surface electronic environment, providing a more satisfactoajitagive
explanation of the high binding energy component in thddeore level spectrum.
However, this must be cbnmed by more systematic experiments and calculations.
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Figure 5-13. Relaxation and rumpling for the first four atomic layers in (B)aRd (b) P
domains obtained from O 1s XPD. The original and relaxed atomic layer positions are indicated
by dotted and solid lines respectively. The atomic displacements are multiplied by 10 for clarity.
Color coding as in Figure 2-6.

Figure 5-14 shows a qualitative schematic of how the diffgrgmdlarized
domains deduced from the best linear combination of thepteusicattering results
might combine at the surface. The antiparallel, out of plane patams give rise
to 180° domain walls, perpendicular to the surface. However,rdsemce of 2o
in-plane polarization at the surface implies that there are alse 80 domain
walls which intersect the surface at 45° as shown on the right hand sideie b
14. Other forms of screening by adsorbates, defects or free charge taversot
been taken into account. Although the parameter space is lardall tha 4d, Ti
2p and O 1s XPD patterns constitute three independent ragamnis of the same
atomic distortions, each of which is used to optimize a consistailtiple
scattering simulation.
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Figure 5-14. qualitative schematic of surface domain ordering and domain walls resulting
from the best fit of a linear combination of the multiple scattering simulations to the experimental
data.

Ba 4d
P P P
M +0.02 -0.01 +0.02
N2 +0.01 -0.03 +0.03
N3 +0.04 -0.02 +0.01
N4 +0.05 -0.05 +0.02
Ady +0.14 +0.02 -0.02
Ady -0.08 +0.03 +0.09
Adsy +0.01 -0.04 -0.06

Table 5-1. Atomic rumpling (1) and changes in inter-planar spacing (Ad;) obtained from the
final Ba 4d XPD simulation for in- and oof-plane polarizations. All values are in A.

Ti2p .

P P p"
N1 +0.01 -0.01 +0.03
N2 +0.02 -0.04 +0.03
N3 +0.02 -0.02 +0.01
N4 +0.05 -0.04 +0.02
Ady -0.02 -0.02 -0.02
Adys -0.04 +0.04 +0.05
Adz, +0.08 -0.03 -0.06

Table 5-11. Atomic rumpling (1) and changes in inter-planar spacing (Ad;) obtained from the
final Ti 2p XPD simulation for in- and owtf-plane polarizations. All values are in A.
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P+ - Pin
m +0.01 -0.01 +0.03
- +0.02 -0.04 +0.04
Ns +0.03 -0.04 +0.01
Na +0.02 -0.06 +0.05
Ad;, -0.02 -0.02 -0.04
Ady3 -0.04 +0.04 +0.01
Adz, +0.05 0.00 -0.01

Table 5-111. Atomic rumpling (1) and changes in inter-planar spacing (Ad;j) obtained from the
final O 1s XPD simulation for in- and oof-plane polarizations. All values are in A.

literature _
P P P"
[Fechner2008] [Schneider1998] [Berlich2011]

M +0.01 +0.03 -0.03
N2 +0.03 +0.04 +0.04
N3 +0.01 +0.03 +0.01
Na +0.03 +0.05 --
Ady, -0.09 +0.02 -0.12
Ady3 +0.16 -0.02 +0.04
Adsy -0.03 +0.02 --

Table 5-1V. Vertical atomic rumpling (1) and changes in inter-planar spacing (Ad;;) from first
principles calculations and experimental LEED data. The displacements of Ref. [Despont2006]
were converted back to the absolute displacements using the calculated lattice parameter. The
8(0) value used in the TiO, plane is the average of the two oxygen displacements. All values are

in A.

The R-factor minimization strategy has made use of a genetic hfgoand a
step by step approach to a global minimum. The best@olist found for a linear
combination of in and out of plane surface domain polarizatioihe good
agreement with available literature values for the atomic rumplingnddplanar
spacings and the consistency of three independent measurewientse
ferroelectric distortions by the Ba 4d, Ti 2p and O 1s XPD sudlasthe method
presented is fairly reliable. We therefore have a method whicheselaithto
macroscopic FE domain ordering and microscopic surface reconstruatiun
each domain.
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This interpretation does not attempt to quantify other foohscreening by
adsorbates, defects or free charge carriers. Oxygen vacancies were necessary to
avoid charging under photoemission. The Ti 2p XPS showdhbet are Vo near
the surface. We assume that the intrinsic contribution oo\flarization stability
is the same for Pand P, however, there is evidence that this may not always be
the case.[Mi2012] Further work is needed in this direction toystamirelation
between Vo and surface structural charges

An obvious next step would be the use of spatially resolved XRii3tiaguish a
single FE domain. This could be done using a zone platetéonca micro-focused
beam smaller than the domain width. The Vo concentration isamlsmportant
guestion since it increases the sample conductivity. The formafiovio oby
annealing in UHV was necessary in order to avoid charging undesyhchrotron
beam, too much conductivity would destroy the ferroelectric state. One recent study
of BTO suggests that above a critical doping level of 11864’ a tetragonal to
cubic insulator-metal transition occurs.[lwazaki2012] This correspdadan Vo
concentration of 2-3 %, higher than the values discussezlas estimated from the
Ti** component of the Ti 2p spectra. The BTO surface studied hérerégdre still
ferroelectric despite the annealing treatment. This is supportdeebybservation
of variations in the surface layer rumpling on a similar sample ,hwhas inverted
by dissociative adsorption of water as described in chdpt&éhis would not be
expected if, for example, the system had already undergone a trartsiten
metallic, paraelectric state due to the Vo concentration.

5.5 Conclusion

XPD using synchrotron radiation was used to determine theaidostructure,
atomic rumpling and inter-planar relaxation at the surface of BOD(RAfter ex-
situ cleaning and in-situ annealing in oxygen the surie@omically flat with a
preferential BaO termination plane and a (1 x 1) surface structureiplult
scattering simulations of Ba 4d, Ti 2p and O 1s XPD are perforsiad a genetic
algorithm. Given the large parameter space a three step method te usetterge
to a global R-factor minimum. Polarization dependent rumplingd iaterplanar
relaxation is determined and the proportion of in andabuplane polarized
domains obtained. At the surface of clean BTO(001) single crystaldlarization
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charge is screened by a combination of domain ordering and sstfactural

changes. These results provide a complete experimental descrgftisurface
rumpling and relaxation as a function of polarization andantitative estimate of
the proportion of differently polarized surface domains.
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Chapter 6

Screening of ferroelectric domainson BaTiO3(001)
surface by ultraviolet photo-induced charge and
dissociative water adsorption

6.1 Introduction

Photo-generated charge carriers can also efficiently screen the surfhce an
interface polarization charge and hence the depolarizing field.[K200)
Shao2006, Wu2011] The photo-generated pair lifetimes candmgltdependent
on the ferroelectric surface topology and the polarization statenftaence redox
reactions.[Wang2012Alexe2012, Giocondi2001] In this chapter, we present
results on the comparing role of photo-generated free chargessodidtive water
adsorption in screening polarization of micro-sized domains of BaTiO

To detect changes in the surface potential, near-field tedmisuch as piezo-
response force microscopy (PFM) or scanning surface potential micra&8pm)
have been successfully used (Figurg)@sruverman2002, Kalinin2001] Another
approach avoiding tip-surface interactions which may influence the domain
polarization[Shao2006], is mirror electron microscopy (MEM) usirigw energy
electron microscope (LEEM), as described in chapter 3. VariatiotiseeiMEM-
LEEM energy can then be related to changes in the screeninge cfutface
polarization charge.

We have used MEM-LEEM to perform an experimental study of the surface
potential of a BaTi@(001) single crystal under UV illumination. We compare the
relative efficiencies of chemisorption and free charge carriers in screténg
surface charge. X-ray photoelectron spectroscopy (XPS) provides infamnast
the surface chemistry. The MEM-LEEM transition is measured as a faradtibe
FE polarization under UV illumination before and after the disdéwe adsorption
of water. The potential contrast in the MEM-LEEM transition reflects ¢heesing
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of the polarization charge of thé &1d P domain surfaces. In a second experiment,
the dynamics of screening by photo-generated carriers on dry arsdinfeetes are
also studied.

Figure 6-1. (a) AFM topography of a BaTi$001) surface that shows three corrugations due
to a-c domain walls. z scale is 200 nm.(b) The surface potential image of the same area as shown
in (&) shows ¢ domains with curved domain walls. (c) The surface potential image when the UV
light is on. z scale is 0.25 V. (This figure is reproduced from [Shao2006])

6.2 Experimental section

The 10xX0x0.5 mm BTO(001) single crystal was furnished by SurfaceNet
GmbH. To eliminate surface carbon contamination, the sample was cleaned by UV-
ozone before being introduced into the UHV chamber. Then it weesabed in situ
at 700 °C for 3 hours with a base pressure of Pxafar to remove residual
contamination on the surface such agOHor CQ ensuring an adsorbate free
surface and to create sufficient oxygen vacancies to avoid charging &5 and
LEEM measurements. Water exposure was performed the same dedicated third
chamber as described in chapter 4. Pw® Was obtained by freeze-pump-thaw
cycles and then introduced into the chamber at 1% Tr for 1 h, equal to 3.6
x10° L. After exposure, sample was transferred back to the main chambee for th
MEM-LEEM analysis using an Elmitec IIl LEEM. UV illumination was carried out
by a Driel UV lamp with primary line of 254 nm. The expospver of 20
mW/cnt on the sample surface was measured by a power meter. All MEM-LEEM
images have been normalized with respect to the flat field toimmm
contributions due to inhomogeneities in the double ruhléinnel plate detection
system.
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XPS was carried out using a monochromatic Al Ka (1486.7 e¢V) X-ray source
(Omicron Nanotechnology GmbH). The overall energy resolutidotgms and
spectrometer) was 0.35 eV. The data were analyzed using the CasaXPS
software[CasaXPS] which employs a linear least squares optimizaitlo a peak

fitting algorithm. Shirley backgrounds were subtracted fromddua as part of the
curve fitting process.

6.3 Results and discussion
6.3.1 BaTiO; single crystal under UV exposure

The C 1s peak is below the detection limit in XPS showirag tie surface is
clean with very low carbon contaminati@figure 6-2(a)). The Ba 3d, Ti 2p and O
1s core level XPS spectra are shown iguFe 6-2(b)-(d) at normal and grazing
(60°) emission. The high resolution XPS spectra of Bg ade shown in igure 6-
2(b). The main peak, labeled I, has a binding energy (BE) of 778.8& dne to
bulk-coordinated Ba. Each spectrum also has a component labeleiftdid by 1.7
eV to high binding energy (HBE). The grazing emission angletspa confirmed
that this HBE component is of surface origin as in chaptéhd.Ti 2p, specta
are presented inigfure 6-2(c). The spectra have a main component (BE 458.5 eV)
due to Ti with a formal valency of 4+ as in the perovskttecture, and a weak,
component, shifted by 1.7 eV to low binding energy (LBE), comeding to Tt*
resulting from the formation of oxygen vacancies, Vo. We congideh layer as a
homogeneous medium and take into account the layer attentationgiven by k
as presented in chapter 4. The surface Vo concentration carirbates to be
3.0 %. The XPS is sensitive only to the first few nanometerseo$iinface where
the annealing induced Vo concentration is expected to beestigDeeper in the
crystal the Vo concentration may be much lower. Indeed, the shginging under
UV illumination (see below) shows that the bulk crystdl bas a high insulating
characteristic

Figure 6-2(d) shows the O 1s spectra. The spectrum has three comsppeak
| is due to oxygen in the perovskite environment,[Banieckip@d@ peaks Il and
lll, both of which are of surface origin.,Onay be attributed to oxygen in lattice
positions coordinated with a proton, as described irptehad, whereas @ is
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ascribed to hydroxyl groups chemically bound to surface cationsg&@aR006]
present even in “dry” samples. [Wendt2006]
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Figure 6-2. XPS core level spectra: (a) Survey; (b) Ba;3dc) Ti 2p2; (d) O 1s core level
spectra at normal (top) and 60° offnormal (bottom) detection angles.

The right hand inset ofifure 6-3 is a typical MEM image from the clean
sample taken at a start voltage of -1.8 V with a field of view (FéMDqm. Some
other MEMLEEM images with different start voltage are shown in Figure 6-4
Two distinct levels of intensity are observed correspondingfiereint electrostatic
potentials above the surface. This is supported by thersion in the intensity
contrast as start voltage is increased. We identify the twon®gs the surfaces of
differently polarized domains {(Pand P, see below). The reflectivity curves
extracted from the two domains are plotted in Figure 6-3 @wuthbols) as a
function of start voltage. The position of the MEM-LEEM traiositis obtained
from the midpoint of the decrease in the reflectivity curve. The diféerem the
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MEM-LEEM transition measures directly the difference in the electtiost
potential above the surface and hence in the effective surface charge.

Reflectivity

Start voltage (V)

Figure 6-3. Right-hand inset: MEM image at a start voltage of -1.8V showing the contrast in
electrostatic potential above the clean surface of differently polarized domains. Left-hand inset:
same in steady state conditions with UV illumination. Main figure: reflectivity curves extracted
from P* and P domains as a function of start voltage without (full symbols) and with (open
symbols) UV illumination.

At the clean surface, the shift in the MEM-LEEM transition betwéhe two
domains is 400 mV. Such a large shift in electrostatic pateist attributed to
opposite polarizations perpendicular to the surfpoiting either outwards {(Por
inwards (P). Using PFM, Shao et al. reported a 150-200 mV shift betweand:
c domains as presented in Figure 6-1, however, their data were daguaie and
the potential contrast was probably attenuated by adserf&tao2006] Our UHV
prepared surface is adsorbate free as shown by the XPE&d A

When the sample was illuminated with UV light, the shifthe MEM-LEEM
transition between the two domains is significantly redusgtin a few tens of
seconds, reaching a steady state value of 90 mV after 200 secondsfl&dtity
curves extracted from the two domains are plotted in Figi&€open symbols) as
a function of start voltageA PEEM intensity due to the UV illumination is also
detected, however, the intensity was more than three orders of utkgyioiver
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than that of the MEM-LEEM signal, it therefore makes a negligibleridarion to
the acquired images. As can be seen in the left hand inBgjure 6-3, the domain
structure is unchanged by the UV illumination, but the remtis reduced. When
the UV light is switched off, the contrast gradually increases batke original
value, although at a slower rafehe experiment is repeatable without altering the
domain structure.

Figure 6-4. MEM-LEEM images with start voltage of (a) -4, (b) -3.5, (c) -3, (d) -2.5, (e) -2, (f)
-1.5, (g) -1 and (h)3:5 V, with (a’)-(h’) and without (a)-(h) UV illumination.

The average value of the MEM-LEEM transition shifts AW on = 046V to
lower start voltage when illumination is switched on. This is due to thendiced
photoemission positively charging the surface. The MEM-LEEM itians
measures only a potential change perpendicular to the surface, therefore, sethe ca
of in-plane polarization only a photoemission induced gshiftower start voltage
would be expected with no screening by electron hole pagshé effect reported
by Shao et. al., when the UV light is switched on dunmgging in contact mode,
rapid 180° domain wall motion is visible in consecutive PFM imagepresented
in Figure 6-5.
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Figure 6-5. (a) PFM phase image of domains in Bagi®)-(d) Consecutive images showing
the motion of 180° domain walls during UV illumination as imaged with PFM. The arrows
indicate the slow scan direction. The scan rate is 2 min and 50 s per frame. (This figure is
reproduced from [Shao2006])

6.3.2 BaTiO; single crystal surface charge dynamics

To study the surface charge screening dynamics, we recorded fixecbtttge
(-1.8 V) MEM images at 1 frame per second under UV illumination. Tine ti
dependence of the domain intensity confrdsfined by AI=I(P")-I(P"), when the
UV light is switched on and off in Figure 6-6. By fitinthe data using an
exponential dependence &if versus time, i.eAl =A + B exp (4/ t) we obtain time
constants 1,,=41.3 s for lighten and t,4=104.2 s for light-off processes. These
values are several times greater than those found by Shao et al.[ShaoZ0G6]
lower power UV lamp. However, in our case the BTO, has been vacuwaladn
for 3 hours at 700°C creating a significant concentration of Velwbould act as
charge traps [Papageorgiou2010] and increase the time caostdiain the steady
state.

Under UV illumination, electron-hole pairs are generated maiedy the surface
because of the large cross section of photo-excitation in theabye. Under the
effect of the internal polarization field, electrons (holesf} tiy the P (P) surface
and someare can be trapped in vacant trap states. Thus a space-charge field
opposing the polarization field increases until it is eqoidhe polarization field or
until the rate of electron-hole pair generation equals that of t@oaton. When
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the light is switched off, the trapped carriers are thermally activateddiffuse
along the concentration gradient to eventually recombine.[Sh&bJ2®@ spatial
redistribution and retrapping of photo-carriers result in theeoved exponential
decays.
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Figure 6-6. Time dependence of surface potential contrast Al between P* and P domains
immediately after UV light is switched (a) on and (b) dif) Schematic showing the drift of
photogenerated charge carriers in an out of plane polarized ferroelectric slab.

6.3.3 BaTiO; single crystal with water exposure

In order to compare the screening efficiency of the super band-gap- phot
generated carriers with extrinsic screening, we have carried out the saameicht
experiment following dissociative water adsorption on the Bli@ace. The right
hand inset of Figure 6-7 shows a MEM image taken at a stddge of -2.2 V
from the sample after a water exposure of to 3.6 x1@\ net decrease in contrast
between Pand P domains was observed with respect to the dry surface in Figure
6-3. The reflectivity curves in Figure 6-7 show that the serfeharge is indeed
screened by dissociative water adsorption, reducing‘fife $urface potential shift
to only 75 mV.At higher start voltage, the reflectivity is flatter than igue 6-3
due to a slight misalignment of the LEEM but it does n¢cafthe differences
measured in the electrostatic potentials above tramé& P domainsThus, the high
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screening following 3.6 ®.0° L dissociative water adsorption is similar to that
obtained in steady state conditions of UV photo-generatetge. After 1 h
exposure to UV light, the MEM image is shown in the left hand iolsEtgure 6-7
Again, the domain structure did not change after UV exposure bBt/fhesurface
potential shift has decreased to 50 mV.

Reflectivity

Start voltage (V)

Figure 6-7. Right-hand inset: MEM image at a start voltage of -2.2V showing the contrast in
electrostatic potential above differently polarized domains of the BTO(001) surface after
dissociative water adsorption. Left-hand inset: same in steady state conditions after UV
illumination. Main figure: reflectivity curves extracted from Pp and Pdomains as a function of
start voltage before (full symbols) and after (open symbols) UV illumination.

Our initial surface was almost carbon free and gives rise to a large shift, 400 mV,
in the electrostatic potential above oppositely polaridethains. The crucial
importance of adsorbates at ferroelectric surfaces is underlined byighe
screening following 3.6xT0L dissociative water adsorption similar to that obtained
in steady state conditions of UV photo-generated chargeeTdgseriments also
show that screening by free carriers is a reversible process whichein th
experimental conditions used, does not affect the domain seudhdeed, the
observed stripe domain structure with 180° domain walsmésway for the system
to minimize its energy. The depolarizing field in one domairsdreened by the
fields from adjacent domains. However, since our MEM-LEEM experinmotse
only the electrostatic potential due to the surface chargg,dte not affected by
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screening from the adjacent domains which act as an externabfiglte domain
in question. Thus we can quantify the difference in surface fatdretween
adjacent domains. The time constant for screening is longer thamehatired on
unannealed samples and suggests that charge dynamics arky stepegdent on
the surface chemistry, in particular on the oxygen vacancy concentration.

6.4 Conclusion

MEM-LEEM has been used to directly observe photocarrier and water agsorba
screening effect on a clean, vacuum annealed Ba{UQLl) surface. Surface
potential contrast between” Rnd P domains is significantly reduced under UV
illumination by photo-generated carrier screening. Contrast is recbveatieout
changes in domain structure after illumination is switchiédssociative water
adsorption on on-top cation sites is similarly efficiemtscreening the surface
charge. The surface charge dynamics are dominated by drift on WMnidition
and thermal diffusion after the UV light is switched off. Thaeiconstant for
screening is longer than that previously measured on unansaagides in air and
suggests that charge dynamics are strongly dependent ornrfdme sthemistry, in
particular, on the Vo concentration.
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Chapter 7

Surface atomic and chemical structure of
Sros7BagsN b206 (001) Single CryStaI

7.1 Introduction

Strontium niobatas treated as high performance water splitting photocatalysts
due to the special structure construction in which [Nl@®@tahedrals distortable
and thus the charge separation photo-generated electrons &l dam be
enhanced by the dipole momgKudo2000] Meanwhile the fairly high energy
level of Nb 4d is beneficial for the potential hydrogen doiion by water
splitting.[Chen2009, Kudo2000] The charge separation can baneet in
materials with ferroelectric properties.[Kohno1997] Ferroelectriastnm barium
niobate is expected to be a good water splitting photoctgallise ferroelectricity
in strontium barium niobate is axial and thus involves amyand down domains.
Under UV illumination, the charged surface state can separate sladie pairs
more efficienty and it can enhance local photochemical reactidriserefore,
Strontium barium niobate could provide a new and efficientlanof hydrogen
production either as non-polluting combustible or in fuel cells.

In this chapter, we report an experimental study of thef# 33Nb,Os (SBN)
(001) single crystal surface. Tetragonal tungsten bronzes (TTBah msportant
structure type of ferroelectric materials, have been widely invedidegeause of
their outstanding pyroelectric, piezoelectric, and nonlinearcalptproperties.
[VanUitert1968] In particular, much interest has been devote8rtBaNb,Os
(SBN) due to its excellent electro-optical properties.[Dorfler1999, L&O&Q1
Ewbank1987, Horowitz1993, Cuniot-Ponsard2011] SBN is a fiectee material
with spontaneous polarization along c-axis of the TTB-likstructure.
[Jamieson1968] The Curie temperature, dielectric constant, and ReEdsys, can
be varied by changing the Sr/Ba atomic ratio in the range of 0.P5&x<
[Tanakal998] For example, the Curie temperature varies from 6t6C%or x
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values of 0.25 and 0.75, respectively.[Qu2002] Neverthetesst of these studies
focus on crystal growth or optical and electrical characterizg@aniot-
Ponsard2003, Tanakal998, Zhang2013] To our knowledge, therbdmvas yet
few investigations of surface chemistry and structure.

The Si.,BaNb,Og solid solution is formed in the concentration range of ~0.2-
0.8 and has tetragonal tungsten bronze (TTB) structure in whiglof the cation
sites is not completely filled.[Kim2002, Chernaya2000] The wall can be
described by the general structural formula [(#A2)4C4][(B1)2(B2)g]O3z0, Where
A and B represent the different cation sites. The SBN structurailisup of two
types of crystallographically independent Njd2tahedra joined via oxygen apices
into a three-dimensional network. In this network, there are thpes bf structural
channels running along the polar ¢ axis. The narrowest triaangoiannels (type C
channels) with 9-fold oxygen coordination sites are emgtg, ihtermediate
tetragonal channels (A1) with 12-fold oxygen coordinationca®upied only by
the Sr atoms, and the largest, pentagonal channels (A2) witbldl®xygen
coordination sites are filled by Ba or Sr atoms.[Chernaya2000, Belous2007]
Variation of the [Sr]/[Ba] atomic ratio shifts the temperature of the FHEEE@hase
transition, changes the permittivity, and modifies the relagmoperties of
SBN.[Belous2007] The stoichiometry alters both the A1 and theod2ipancy,
however, it should be noted that regardless of the [Sr])/[Ba] raffopflthe A
(A1+A2) sites, in the SBN structure are empty. [Podlozhenov2006] B1 and B2 sites
are fully filled with Nb atoms. A schematic of the (001) surfacghswn in Figure
2-7. Each unit cell contains 2 tetrahedral A1 and 4 pentagonal A2 sites

7.2 Experimental section

The 10 x10 x 0.6 mn® SBN(001) single crystal with nominal Sr concentration
of 0.6 was furnished by SurfaceNet GmbH. To eliminate surface carbon
contamination, the sample was ozone-cleaned by a short, li@en@xposure to
UV light in air before being introduced into the ultrathigacuum (UHV) set-up.
Then it was annealed at 700 °C for 1 hour at a base pressure b Lmbar to
remove residual contamination on the surface such.&s di CQ to ensure a
nearly adsorbate free surface following the procedure for BTQesamgstal as in
chapter 4.[WangJ2012]
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LEED and XPS analyses were performed in-situ in the same UHV seith@a
base pressure of 2 x {bmbar. XPS was carried out using a monochromatic Al Ko,
(1486.7 eV) X-ray source (Omicron Nanotechnology GmbH). The overatgg
resolution (photons and spectrometer) was 0.35 eV. The data wereeahnasng
the CasaXPS software[CasaXPS] which employs a linear least squares oimizati
with a peak fitting algorithm. Shirley backgrounds were sgbechfrom the data as
part of the curve fitting process.

7.3 Results and discussion
7.3.1 LEED

Figure 7-1(a) presents the LEED pattern obtained for SBN(8@dple. The
LEED pattern was measured at an energy of 45 eV to maximize sunfesmie/gg.
The [100] direction of the SBN sample is 45° from horizontal. S&m@mple has a
very well-defined LEED pattern showing the square symmetry tateiof the
SBN(001) surface and reveals a high crystalline quality. The LEEBnsatc
presented in Figure 7-1(b) is obtained from the superposition of two recorstsucti

(v5 X ¥5)R26.6 (red spot) and (5/2 X v 2)R45" (green spot).[Borg2002,
Jaworowski2002] As mentioned before, 1/6 of the A-type sites in the SBNus&ruct
are empty. Two kinds of reconstructiony & X v 5)R26.6 and (5v2 X
2)R45" | can be formed because of different distribution of empty A-tyes
(Figure 7-2). The {5 X ¥v5)R26.6 is produced by ordering of the voids on the
Al cation sites whereas the {62 X Vv 2)R45° reconstruction comes from
ordering of voids on the A2 site. The simultaneous observation of thesarfaoes
reconstructions implies that the A-site voids are not ranglaimstributed but have
two long range order states.
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Figure 7-1. (a) LEED image on SBN(001) single crystal surfaces at 45 eV; (b) Schematic
LEED diffraction pattern showing superposition of two patterns, (V5 x\5)R26.6°(red) and (5V2
x\2)R45°(green). The points to both reconstruction are marked by blue color and the (1 x 1)
pattern is marked by black circles.

Figure 7-2. Schematic diagram showing the SBN cell (black), (V5 x\5)R26.6° (red) and (512
x\2)R45° (green) reconstruction due to different distribution of empty Al site. Two void sites
are indicated by the small shaded squares.
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7.3.2 XPS

Figure 7-3(a) shows an XPS survey spectrum for the SBN surface. The C 1s
peak is below the detection limit in XPS showing that the surfackean with very
low carbon contamination. The BasgdSr 3d, Nb 3d and O 1s core level spectra
are shown in Figure 7-3(b)-(e) at normal and grazing (60°) emission.
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Figure 7-3. (a) Survey XPS scan of SBN(001) single crystal. Core level spectra: (b) Ba 3d5/2
(c) Sr 3d; (c) Nb 3d; (d) O 1s core level spectra at normal (top) and 60° (bottom) incidence angles.

The high resolution spectra of Basgdare shown in Figure 7-3(b). The spectra
have only one main component, labeled I, with a binding er@&gy of 779.8 eV
and is due to bulk-coordinated Ba.

The Sr 3d spectra are presented in Figure 7-3(c). The main peaks, lahaiezl

a binding energy (BE) of 133.8 eV 3l and 135.6 (3¢h) respectively. Each

spectrum also has a component labeled Il, shifted by 1.2 dvwer binding
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energy (LBE). The grazing emission angle spectrum shows that ®is L
component is a slightly more intense at the surface. The appearahdEo
satellite peaks is also observed on £ CoFe Oz s With oxygen deficiency.
[Jung2011] However, the ratio of [F[Hr], = 1.38. The concentration of oxygen
vacancies is almost 2.3 %, If the LBE peak is due to an oxygkciaehcy, and
assuming that one oxygen vacancy reduces two cations thenahid imply an
oxygen vacancy concentration of 2.3 % with respect to thertotaber of oxygen
atoms. This is obviously not correct here, because the sample semasigparent
at all times and, as shown below, there is no evidence in theceaband spectra
for a high density of states due to oxygen vacancies. Theref@aentdnsity
difference is not enough to ascribe component Il to a purely swgtiaiee Rather, it
corresponds to a different chemical environment present both stitfaee and in
the bulk. Since strontium atoms are distributed on two diffecgygtal sites, Al
and A2, which have different chemical surrourgfdamieson1968] that might be
the reason for the observed split of two Sr spectra. The quamtitaterpretation
of the Sr | and Il components will be discussed below.

The Nb 3d XPS spectra in Figure 7-3(d) have peaks at 206.9 and 209.6 eV due to
the spin-orbit splitting with a formal valence of 5+. Thereadaw binding energy
(LBE) component which would be representative of reduced Nbetbromder
oxygen-deficit conditions, for example Nbor lower valency. This is reasonable
because lower Nb valence states are known to oxidize tO Kb room
temperature.[Atuchina2005, Singh2008]

Figure 7-3(e) shows the O 1s spectra. The spectrum has three components, peak |
at 529.8 eV is due to oxygen in the perovskite-like enwn@m, and peaks Il
(530.8 eV) and Ill (531.9 eV). As can clearly be seen from the coropawisbulk
and surface spectra and contrary to the Sr 3d spectra, patindd), are of surface
origin. OIl may be attributed to oxygen in lattice positionerdmated with a
proton as in chapter 4, whereas,;Qis ascribed to hydroxyl groups chemically
bound to surface cations,[Baniecki2006] evamsent in some “dry” samples.
[Wendt2006]

From the relative intensities of the Bagd@nd Sr 3¢, core-level components,
we can determine a [Sr]/[Ba] = 2/1 ratio based on a reasonable estimtie

photoelectron inelastic mean free path,[NIST] where the cross-seciiots
118



inelastic mean free paths for Sr (Ba) are 0.06934 (0.6036) and 1.78 (frB35)
respectively. From single-crystal X-ray measurements, theoaitgancy factors
for the A1 and A2 sites was derived to be ~70 % and ~90 % resggatinatever
the Sr/Ba ratio.[Podlozhenov2006] So the general structural formutggehao

[(A1)1.4(A2)3.6C4][(B1)2(B2)g] Os0.

For a chemical formula of §Bay:INb,Og, the general structural formula can
therefore be written as [(S)a1(St.09a2(Bay 67)a2][(ND2)s1(NDbg)s2]O30. This gives a
ratio of Srin the two A sites, [SE/[Sr]a;=1.38.

For Sr 3d core-level, the [$fBr], intensity ratio is 1.21 (1.15) for the bulk
(surface), 12 % (17 %) less than the value expected from the stoéthjoas
determined by XPS. We suggest that the difference may be due toathal
reduction of the Al site Sr by the formation of oxygen vacanciesiciregl the
HBE intensity and reinforcing the LBE intensity in the Sr Bdcirum. In a simple
charge-transfer model, one Vo could result in the reducticw@Sr atoms ions to
lower valence, based on the assumption that charge transfer occurs prifi@pally
Vo to Sr because of its larger Pauling electronegativity than Bao#gh we have
no direct way of measuring the Vo concentration, we do kiey &are formed by
UHV annealing. Circumstantial evidence for a non-negligiblecdmes from the
complete absence of sample charging during XPS analysis. Furtieerime
formation energy is expected to be lower at the surface than inutke As
previously mentioned, Nb will oxidize to N at room temperature, so all the
charges transfer from oxygen vacancies, Vo, to Sr atoms.

From the chemical formula, &Bay3Nb,Og, in the framework of this simple
charge-transfer model we obtain the following expressionstktatthe intensities
of two Sr core-level peaks:

[Sr]|+[Sr]||:O.67
([Sr];-2Vo)/( [Sr];+2Vo)= 1.21 (1.15)

The bulk and surface Vo concentration can therefore be estimateddt@ bnd
0.26 % respectively.
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Finally, the valence band (VB) XPS spectra of bulk and surface are ckporte
Figure 7-4. The blue and red curves are taken at normal and 6Gicenasgles,
respectively. There is nearly no change between the valence bauatk iankl at
surface, which is consistent the conclusion of XPS results ottowentration of
oxygen vacancies and supports the interpretation of tlee Sw3d core level
components as being due to distinct chemical sites.

Bulk

Surface

Normalized intensity (arb. units)

10 8 6 4 2 0
Binding energy (eV)
Figure 7-4. Valence band spectra of the SBN crystalline at normal (blue) and 60° incidence
angles (red) emission.

Figure 7-5. LEED images on %&BaysNb,Os(001) single crystal surfaces annealed at (a)
300 °C, (b) 500 °C and (c) 700 °C at 45 eV.

In order to check the LEED pattern observed, thus surfacewstucs special
for a SBN with certain Sr/Ba ratio orstthe general behavior of SBN surface, a
serie of LEED patterns were done on & g¢88,/Nb,Os(001) annealed with
different temperature. the LEED images on ¢BaysNb,Og(001) single crystal
surfaces annealed at 300 °C, 500 °C and 700 °C are shown in FgU-(c) at
45 eV. The LEED spots get brighter as annealing temperature iesyéasvever,
the structure does not change. Since all the structures are the samée wout the
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possibility that the LEED pattern is due to a SBN with certatio, and thus our
results manifest the general behavior of 88N surfaces.

7.4 Conclusion

In conclusion, LEED and XPS have been used to study the surtane a@nd
chemical structures of a QBay:Nb,Os (SBN) (001) single crystal. A well-
defined (v5 X v5)R26.6 + (5v2 X v2)R45 LEED pattern is presented,
which is due to the surface reconstruction because of alkalinenestdhvoid in A
sites. The split of Sr 3d core level into 2 componentsestggwo different crystal
sites, A1 and A2, with different chemical surroundings. Thentfaéive XPS
analysis shows excellent agreement with the structural modetekkdtom the
LEED. We have therefore a consistent chemical and structurgisenaf the
SBN(001) surface which should be invaluable in understandiederroelectric
properties of, for example, strain engineered thin films.

The ferroelectricity in SBN is axial and thus with only up awdvn domains.
The charged surface state can separate electron-hole pairs more effionelety
UV illumination, which can enhance local photochemical reastidMeanwhile,
due to the fairly high energy level of Nb 4d which benefiéaal the potential
hydrogen production by water splitting, SBN is treated gh berformance water
splitting photocatalysts and could provide a new andiefft mode of hydrogen
production.
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Chapter 8

General conclusion and per spective

The main objective of this workvas to understand how the ferroelectric
polarization affects the chemi/physisorption ofCHmolecules on a ferroelectric
surface and how this adsorption may in return affect the cheamcathe atomic
structure of ferroelectrics and hence the ferroelectric properties.

Firstly, we present a study of the atomic and chemical struotutiee surface of
strained, TiQ-terminated, ferroelectric BaT§®001) epitaxial films on a SrTiO
substratebefore and after controlled exposure to water.

For anasreceived fully compressively strained BTO(001) thin filmhas a P
polarization. The average polarization over the first two unit dedfere water
adsorption is P pointing vertically toward the surface. However, the rumpled top
TiO, layer has a downward pointing electric dipole, oppositéh&d of the bulk
polarization. This is evidence that to stabilize polamratn the thin film, the first
TiO, atomic layer corrugates and creates a dipole opposite to the lbarizgtmon
to compensate the ionic surface polarization charge. The inversibe electric
dipole at the surface has already been observed for an ultradrteBninated
BTO film grown on SrRu@[Shin2009]

After water exposure, the adsorption of Obt on-top Ti surface atom sites
switches the dipole of the surface Fitayer back in the direction of the bulk
polarization. Thus OHstabilizes the Ppolarization stateH,O undergoes mainly
dissociative adsorption on the polarized BTO(001) surfacesrelThare two
dissociative adsorption sites, oxygen vacancies and orutégce Ti. The Ti on-
top site is the dominant site for Okehemisorption.

For the adsorption of ¥ on TiQ-terminated BTO(001) films with different
strairs, the predominance of dissociative adsorption is confirmed thy ¥BS and
TPD. The on-top OHTi dominates the chemisorption process. The desorption
energy of water increases with the diminution of in-plane strain. Sinee
experimental spontaneous polarization increases with the incrdigsinigickness,

thus diminution of in-plane strain, the higher film polati@a in the thicker films
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favours water adsorption because it screens more efficiently tiobadeing field
and provides a higher desorption energy.

We have also investigated the surface of a ferroelectric BgO(@) single
crystal. After ex-situ cleaning and in-situ annealing in oxygee #urface is
atomically flat with a preferential BaO-termination and a (1) surface structure.
Three kinds of domains,’PP, and P, were founded. Meanwhile, the rumpling is
smaller at the surface than in the bulk, suggesting that lootfaid ordering and
surface structural changes contribute to screening of the polarization.

Surface potential contrast between oppositely polarized ferroeldotriains, P
and P, is significantly reduced under UV illumination by photo-geated carrier
screening. UV illumination generates electron-hole pairs neasuhface because
of the large photo-excitation cross section. Under the intgrolarization field,
electrons (holes) drift to the"RP) surface and some are trapped in vacant trap
states. Thus, a space-charge field opposing the polariZaidnincreases until
equal to the polarization field or until the rate of electrolehmair generation
equals that of recombination. Dissociative water adsorption on on-top s#gs is
similarly efficient in screening the surface charge.

Surface polarization charge in ferroelectric materials can be screened by a
variety of mechanisms: intrinsic (charge carriers or defects in thg, laxtrinsic
(chemical environment or adsorbates), domain ordering, or even anztioiiof
the above. Chemisorption of Oldnd protons can lead to important changes in the
electrical boundary conditions and water film can play an active irodomain
switching. Photo-generated charge carriers can also efficiesrhers the surface
and interface polarization charge and hence the depolarizing Tie&l domain
ordering reduces the energy of the system by screening the depoldigihg
through ordering of the ferroelectric domains with antiparalleldipmoments. The
depolarizing field in one domain is screened by the eletlds of adjacent
domains.

Finally, the surface atomic and chemical structures ot g% 3dNb,Os (SBN)
(001) single crystal are discussed. A well-defineb(x v 5)R26.6° + (5v2 %V
2)R45° LEED pattern is presented, which is due to the surfacmsteaction
because of alkaline earth metal void in A sites. The split ofiS108e level into 2
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components suggests two different crystal sites, A1 and A2, with diffememical
surroundings. The quantitative XPS analysis shows excelleaemgnt with the
structural model deduced from the LEED.

The ferroelectricity in SBN is uniaxial and thus with onlyamd down domains.
The charged surface state can separate electron-hole pairs more effianeletty
UV illumination, which can enhance local photochemical reastidieanwhile,
due to the fairly high energy level of Nb 4d which benefiéal the potential
hydrogen production by water splitting, SBN is treated akB p&formance water
splitting photocatalysts and could provide a new ancaiefft mode of hydrogen
production. Thereforethe consistent chemical and structural analysis of the
SBN(001) surface which we have done should be invaluable in usmidirsg the
ferroelectric properties of, for example, strain engineered thin films.

To further explore the interaction between water and ferroelectric sudame
open questions remain. Our analysis is based on the differestveseh a slightly
defective single domain, epitaxially strained BTO film before aret afcontrolled
water adsorption experiment. The presence of adsorbate-relgtedn® Q)
components in the XPS spectra of the as-received sample shd@Hhanhits are
already present, either at the surface or in the bulk of the film. Ois
incorporation could occur during film growth but mayacalse due to uptake of
residual hydrogen in UHV. More efforts are certainly needed to periegjridwth
and analysis conditions. Physisorption is enhanced by higbecovicentration,
whereas preferential OHchemisorption occurs at on-top surface Ti sites. The H
yield of the dissociation process also needs to be quantified. Saxdariments on
a single P domain, known to be favored by Vo, should also be carried out. These
results could be of interest for many applications requiringrabof the surface
polarization state, for example, the formation of interfaces for madeetioe
coupling between a ferroelectric and a magnetic oxide or to enham@Ees
reactions such as water photolysis, which uses precisely thneaescribed here.

The formation of nanoscale 180° domains with the polarizétianis parallel to
the c-axis of the SBN crystal has been observed, the growtlitioarfor epitaxial
thin film need to be triedn order to fabricate SBN films with different domain
structures.
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Appendix A

Ferroelectricity in a quasi-amor phous ultrathin
BaTiO; film

A.1 Introduction

For a long time, it was believed that spontaneous polaizaxisted only in
ionic crystals due to a noncentrosymmetrical spatial distabuif ions in a polar
crystalline structure. This commonly accepted idea now needs tecbnsidered
following the discovery of noncrystalline pyro- and piezoelegihiase thin films
of BaTiO; (BTO), SITiQ (STO), and BaZr® (BZO).[Lyahovitskaya2003
Ehre2007]

The subsequent investigation of this new phase, called goasphous (QA),
revealed that the amorphous material contains a network of randomigated,
slightly distorted octahedral local bonding units (LBE)ch as Ti@or ZrG;, that
can be polarized along an axis corresponding to the strair2%@ nm films on Si
or SiG, during annealing (Figure A).[EhreD2007 Ehre2008, Frenkel2005,
Frenkel2007 Lyahovitskaya2005] The material must contain one cation fagmin
stable LBUs and a second cation capable of stabilizing underborggdn. X-ray
absorption near edge spectroscopy (XANES) has been used to determine the Ti off-
center displacement of 0.44 A.[Frenkel2005]

Extended x-ray absorption spectroscopy of the QA phaseeshtvat the TiQ
octahedra are deformed by less than 4 %. The ®d&tahedra are both apex and
edge sharing in the amorphous and QA phases. The polathy isesult of the
orientational ordering of the LBUs without any detectable dpatig-range order.
Alignment of 5 % of the LBUs is sufficient to create a macroscppiarization.
This opens up a new direction for FE material design no longeted to
crystalline compounds. However, ferroelectricity in quasi-amorphbasgs has
not yet been reported nor has the QA phase in ultrathin eleampatible films
been observed.
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Figure A-1. Scheme of the development of the stress and strain gradient in ag S#TiO
BaTiO;s film pulled in the x-direction through a temperature gradient. (This figure is reproduced
from [Wachtel2010])

In this chapterPFM has been used to write and read stable ferroelectric domains
on such a QA film. The phase signal image shows a clear e&ctontrast,
corresponding to stable, antiparallel FE domains.[Fujisawa2Pok] hysteresis
demonstrates that the ultrathin QA BTO film is ferroelectric. XpDves the
absence of long-range order. Angle-scanned XPD is used to probentéem
specific local distortions at the surface of ferroelectric materiads iga used to
confirm the amorphous nature of the QA film. XPS proves the chemical and
electronic structure of thin films. Here, it reveals significdifiterences between
the ultrathin QA film and the thicker films already reported.[EQB& The results
establish a method to form ultrathin, quasi-amorphous ferroel&ti© on STO
by homogeneous postannealing inflow.

A.2 Experimental section

The commercial STO(001) substrate with an optical mirror surface finésh w
etched with buffered NHHF solution (BHF) of pH~5.5 for 10 min, rinced by
deionized water and dried in,[Stream. Then it was annealed at 950 °C jril@v
for 10 hours to obtain the Tgermination surface composed of one unit-cell steps
and atomically flat terraces following the established protocol.[KawE3a4]
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After heating the substrate to 650 °C for 1 hour under an oxygeial pressure
of ~10°® Torr to remove carbon contamination on the surface, two ultrBR®
films were grown on these substrates by molecular beam epitaxy (MBaw
growth rate of~0.5 monolayers (ML)/min and-1 ML/min, respectively. The
metallic Ba and Ti were put in the Knudsen cells heated byistaiese colil to
produce the vapor flux. During growth, the oxygen partiabguee was kept at 2
x10° Torr and the substrates were maintained at room temperature. After
deposition, the samples were annealed at 700 °G flo@ for 1 hour.

The crystalline or amorphous state of the samples was measurba)hy
resolution x-ray diffraction (six-circles Rigaku SmartLab diffractometerh wit
rotative anode using Cu Kol line, A = 1.5406 A) at INL Lyon in the 6-26 mode for
in-plane and oubf-plane scans.

XPD was conducted on the ANTARES beam line at SOLEIL synchrofron.
determine the film structure, the Ti 2p XPD emission was measwexdaowide
range of polar and azimuthal angles with an angular resolotiaf°. The photon
energy was 900 eV giving low photoelectron kinetic energied enhanced surface
sensitivity. XPS was carried out using a Kratos Ultra DLD at SPCSI, CEA-Saclay
with monochromatic Al Ka (1486.7 eV). The analyzer pass energy of 20 eV gave
an overall energy resolution (photons and spectrometer) oe®.35he sample is
at floating potential and a charge compensation system ves Uibe binding
energy scale was calibrated using the C 1s line at 284.6 eYeésrence. A take-
off angle of 90°, i.e., normal emission, was used for all analyses fedsdimus
the XPS probes the full BTO film thickness. Grazing angle emissasused to
check the surface nature of the core-level peaks. The data were analyzetieising
CASAXPS software,[CasaXPS] which employs a linear least-squares optimizati
with a peak-fitting algorithm. Shirley backgrounds were usedsatdracted from
the data in the curve fit.

Micron scale polarized FE domains were written by PFM by Dr. B. Gautie
using a Bruker Dimension 3100 Atomic Force Microscope at INSA Lwdh
conductive, platinum coated tips by applying a dc voltageifrinode) and the
phase signals were observed by applying an ac voltage (reading mode).
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A.3 Results
A.3.1 AFM

Figure A-2(a) is the atomic force microscopy (AFM) topography imageeof th
STO substrate done by Dr. L. Tortech showing clear terraces, with a singbelini
step height. The uniform surface termination of the substrate terrapéss a
homogeneous interface between the BTO layer and the substeait¢hevwhole
sample. Two samples were prepared using different growth rateses$-igt2(b)
and 7-2(c) show the AFM images of the BTO films after annealing at@etamre
of 700 °C in Q. The thicknesses, as estimated from the Sr 3d core-levesitrgen
(see discussion of Sr 3d XPS, below) were 3.2 nm (sample 1) &min3(sample
2), grown at rates of 1 and 0.5 ML/min, respectively. The filmituel significant
different. Sample 1 has large micrometer-sized pinholes, whereas s@mple
pinholes are smaller by between one and two orders of magnitude.

Figure A-2. AFM topography image of (a) STO substrate before growth of BTO; (b) sample 1
(crystalline BTO film); and (c) sample 2 (QA BTO film).

A.3.2 XRD

Figure A-3 shows the XRD scans of the two BTO films. In theobylane
scans, the two ain peaks located at 20 = 22.75° and 46.48° correspond,
respectively, to the STO(001) and STO(002) reflections from thstratd. For
sample 1 (upper curve), structures are observed at the low 20 angles with respect to
the STO peaks position. Their calculated lattice parameter i830.4m,
corresponding to that of fully relaxed BTO (0.4036 nm). The difivagbattern of
the lower growth rate film has no clear small-angle structurepuaith there
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appears to be aery slight asymmetry or shoulder toward lower 20 angles,
discussed below. Thus there is no evidence for long-range pedeendicular to
the surface distinct from that of the substrate.

The inset of Figure A-3 shows the in-plane XRD scans. Oam 1peak is
observed at 20 = 32.38° corresponding to the STO substrate. In the case of sample
1 (upper curve in inset), we again observe a structure onwharigle side of the
STO peak, corresponding to an in-plane lattice parameter of 0.491€onsistent
with fully relaxed in-plane BTO. On the other hand, the imglacan of sample 2
(lower curve in inset), shows no XRD peak apart from that ® 30O substrate,
confirming the absence of a distinct crystalline phase in thi® BIm. For a thin
film with a free surface, there is no possible mechanism of isotropic pressure.

Thus the only explanation for the absence of a distinct Xi§Basin and out of
plane is that the BTO sample 2 has no long-range order, i.e., the BTO is amorphous.

— 110 STO W 002 STO
001 STO & "=o.4m.ssosnm 1
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.‘? o \“\illll“ll 1‘ 002 BTO
= |
| =
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Figure A-3. Out-of-plane scan XRD spectra of sample 1 (upper) and sample 2 (lower)
subsequently identified as crystalline and quasi-amorphous BTO films, respectively. The two
peaks located at 20 = 22.75° and 46.48° are due to STO(001) and STO (002) reflections,
respectively. (inset) In-plane scans of crystalline (upper) and quasi-amorphous (lower). The STO
substrate is at 20 = 32.38°. The low-angle structure in the crystalline film corresponds to fully
relaxed BTO, there is a slight low-angle asymmetry in the scan of the quasi-amorphous film.
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A.3.3 XPD

In Figure A-4(a), we present the symmetrized Zfs, XPD patterns of a
crystalline BTO film. The XPD pattern of sample 2 is presenteégare A-4(b).
In contrast to the regular diffraction pattern of the crystalline samgiich reflects
the high local order, the XPD pattern of sample 2 shows no arsggusotropy. The
center of XPD pattern represents normal emission; the edge reprgsazits)
angle emission. Thus there is no macroscopically coherent locai orceither
inplane or oubf-plane directions, which further reinforces the conclusion from
XRD that sample 2 is amorphous.

68 45 22 b 22 45 8 68 45 22 b 22 45 68
B (deg) 0 (deg)

Figure A-4. Ti 2p XPD diffraction patterns from (a) crystalline BTO and (b) sample 2 (QA
BTO).

A.3.4 PFM

Figure A-5(a) shows the phase response of the PFM-written Fiaide on the
amorphous film. The contrast between bright and dark areas canedmy cl
observed. The outer square of 40 x 40 um”® was written by a positive bias of +6 V
creating a negative image charge below the surface and thus a dovpiveirh
polarization (P) and the inner area of 20 x 20 pm? square was reversed by a —6 V
bias, creating an upward pointing polarizatioil)(Fhe contrast originating from
P" and P polarizations was also observed 24 hours later [sgard= A-5(b)],
excluding the possibility of significant charge injectionridg domain writing,
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minimizing artefacts due to the electrostatic interaction betweeretiee &nd the
sample and confirming the remanent FE polarization.

Piezo-response (arb. units)

2 0 2 4
Applied voltage, (V)

Figure A-5. PFM phase image of sample 2 (QA BTO film) showing contrast originating from
P" and P polarizations (a) immediately after writing and (b) 24 hours later. (c) Ferroeledgic P-
hysteresis loop for the QA BTO film obtained 24 hours after writing. The direction around the
loop is indicated by the arrows. (d) Schematic of the distorteds Di€ahedra in quasi-
amorphous BTO. The off-center Ti displacement is along <111>, indicated by the arrow giving
rise to shorter and longer Ti-O bonds.

Figure A-5(c) is the hysteresis of the piezoresponse obtainedniping the
applied voltage on the PFM tip obtained in the innesduare of ifjure A-5(b),
providing clear evidence of the ferroelectric nature of the film.[Fupf05,
Kolosov1995] If the piezo response were due to trapped chaegeyskeresis loop
would be reversed. The exterior, unwritten sample area, alsatexibet positive
polarity, probably due to a FE imprint in the film. Ferroeletiribas already been
observed in ultrathin crystalline BTO films though neveruaolsa thin amorphous
structure.[Sai200%5arcia2009]
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Figure A-5(d) shows a schematic of the off-center <111> Tilatigment from
the literature following the order-disorder model of Ref.[Comes19a0{
[Zhang200&. X-ray fine structure (XAFS) experiments [Ravel1998] show that the
Ti atoms are displaced along various of the eight possidlé><tlirections in all
phases. First principles quantum mechanics (QM) calculatismgy tthe local
density approximation to density functional theory (DFT) shioat the Ti atoms
displace along various 141> directions while retaining the macroscopic
symmetries in different phases.[Zhang2006]

Since the volume detection limit of a crystalline phase by XRaheut
0.3 %,[Lyahovitskaya2003Tannerl976] an order of magnitude smaller than the
fraction of TiQy octahedra thought to contribute to the polarization ick#dri QA
samples[Frenkel2005] and since the XPD shows no macroscomichtiyent local
order, we can exclude the formation of nanocrystalline BTO in sathplhe easy
acquisition of a hysteresis loop by the PFM tip over all #rapde surface with a
high coercive field [estimated from (E- |-Ec|) /2 to be 2000 kV/cm, see below]
also makes it highly unlikely that the ferroelectricity oraggs from small
crystalline grains, because the coercive field in grain size aroummd is less than
500 kV/cm.[Jo2006] Thus the evidence points to the formation of a polggh@ge
of BTO after annealing at 700 °C in,@low. From the slight asymmetry or
shoulder in the out of plane XRD curve, the calculated lattinstaat for the low-
angle structure is 4.100 A , much larger than that of bulk BV®.interpret it as
the result of the alignment along ¢ axis of first BTO unit eelth the STO
substrate The Sr-3d intensities discussed below prouidieef support for this
interpretation. The large voids or pinholes observed in AFM @r@igsample 1
probably result from relaxation of the BTO during post-deposigmnealing,
producing a fully relaxed, crystalline film. The transition framorphous to
crystalline state requires a considerable volume expansion prior to
nucleation.[Wachtel2010] If the expansion is frustrated, th€@Agphase results.
Hence, sample 2 may form a QA phase due to the in-plane claimpitigg STO
substrate which would also explain the very small pirdidlée therefore will refer
to samples 1 and 2 as the crystalline and the quasi-amorphdys fi(s,
respectively.
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A.3.5 XPS

The C 1s, Ti 2p, Ba 3d, O 1s, and Sr 3d core-level XPS spectracava
Figures 7-6(a)-(e). The intensity of the C 1s spectra in Figure A-6(ayvstthat
both thin film surfaces have a similar low carbon contaminakitere importantly,
the high-binding-energy component usually associated witionate-like bonding
at the surface is 12 times weaker than the main C 1s peak. Ticist@sdthat the
surface is indeed largely free of carbonate adsorbates that could affect the
ferroelectricity. In careful studies of clean BTO surfaces, for example, Bamieck
al.,[Baniecki2006] the carbonate peak is typically ten times smaller than the main C
1s line.
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Figure A-6. Core-level spectra for crystalline (top) and QA (bottom) films: (a) C 1s, (b) Ti
2pz2, (€) Ba 3d),, (d) O 1s, and (e) Sr 3d spectra from the STO substrate under the films.

The Ti2ps, spectra are shown imgtire A-6(b). The spectra are fitted with the
same FWHM(1.0 eV) and Gaussian/Lorentzian (70/30) ratio for all p&aksks
to the high energy resolution, we see that the two spectnaoaidentical, unlike

135



previous work on much thicker films (50-200nm). Both crystalend QA spectra
have a main component due to Ti with a formal valency of 4+hé TGO
octahedra, and a very weak, low-binding-energy (LBE) component coroesgon
to reduced Ti, often described ad'TiThe latter is known to occur as a result of the
formation of oxygen vacancies, the presence of which is confibpete valence
band spectra shown below (see Figure A-7). There is no observuiblen she
main peak between crystalline and QA samples in agreement with Ref2(DB]
demonstrating that the TiQ_BUs are largely unchanged in term of chemistry
consistent with EXAFS analysis of QA STO and BTO.[Frenkeb260denkel2007]
However, the intensity decreases significantly in the QA spectruitm the
simultaneous appearance of a high-binding-energy (HBE) compohiftetd sby
0.5 eV with respect to the main peak. The HBE component we oligetive QA
spectrum is reminiscent of the HBE component observed in Bap8dtra of
crystalline BTO films.[Baniecki200@8Barrett2010] This has been associated with a
near surface space charge region giving rise to charge depleX80p8] and is
discussed below.

The XPS spectra of Ba ggland O 1s are presented igures 7-6(c) and 7-6(d).
Both the shape and the position of the B&,, line change when going from
crystalline to QA. In the former, the main peak, labeled |, has angrehergy of
778.4 eV, in the QA sample the peak shifts by 0.9 eV to higheEB&h spectrum
also has an HBE component labeled Il, shifted by 1.6 and 0.7 eV &ialdine and
QA BTO, respectively. Grazing emission angle XPS confirmed that HBE
component is of surface origin. The shift of the surface componesrystalline
BTO is very similar to that observed on the clean surface of la Bli© single-
crystal film and characteristic of the FE state.[Baniecki2006]dulkhbe recalled
that there is no evidence for the presence of significant surface ateltspecies
therefore the HBE component cannot be attributed to Bapexies.

The O 1s spectra also show important differences when goimgciigstalline to
QA films. The spectrum of the crystalline film can be deconvoluted ihree
components, peak | due to oxygen in the perovskite environar@hipeaks Il and
lIl, both of which are of surface origin. Peak Il is shifted by 1.6 e vespect to
peak I, similar to the clean surface related shift in the Ba 3d, wheea&dll is at
a binding energy of 531.9 eV and is ascribed to low resgluéhce contamination.
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On the other hand, the QA spectrum requires four peaks tovachigood fit.
Components | and Ill are unshifted with respect to the crystdllime unlike the
main Ba 3d component indgure A-6(c). Peak Il, of surface origin, is shifted by 0.9
eV with respect to the main component instead of 1.6 eV inake of the c film.
The origin of the fourth peak is still under investigatibtowever, its presence
suggests that there is not a simple symmetry based on statge ctiansfer
between oxygen and cations in the QA amorphous phase, ther @ more
complex change in atomic and electronic structure.

The Sr 3d spectra from the substrate of crystalline and QA filmsrasented in
Figure A-Ge). The positions of the main Sr 3d peak of both samples, lahedeel
indistinguishable within the experimental accuracy. The spectfuhearystalline
film has an HBE component, labeled II, shifted by 0.9 eV. Theeagmce of
surface component is also observed on clean STO surfaces.[B200&ck
Vanacore2010] In our case, there is no free STO surface, however, the finite XPS
probing depth means that the Sr 3d spectra are particularly sensitive ternmeath
environment at the BTO/STO interface. Thus the Sr at the interfacehgitQA
film appears to be in a bulk-like environment, whereas that 8re interface with
the fully relaxed crystalline BTO has a similar spectrum to that clean STO
surface. This would indeed be consistent with the interpretafitme outef-plane
XRD scan of theQA sample being due to the epitaxy of the first BTO unit cell on
the STO surface. The full relaxation of the crystalline BTO film{lee other hand,
reduces sufficiently the chemical bonding at the interface ab tte Sr3d
spectrum shows a more surface-like character. The Sr-3d inteasitekn used to
estimate the thickness of the crystalline and QA BTO films t8.Beand 3.8 nm,
respectively. The mean-free path has been calculated using thed\&tstitute of
Standards and Technology (NIST) database,[Pow&)1%nd as a first
approximation we have assumed BTO films with the bulk massitge A more
accurate calculation would have to take into account volume changethe
observed pinhole concentration makes this adjustment difficult.

The valence band spectra are reported in Figure A-7. They are velgr somi
crystalline and QA results obtained on much thicker films.[E)O8P All of the
features reported in Ref. [Ehre2008] are visible in the spectra. Theedoeak
structure at 3.3 and 5.1 eV corresponds tdn@nd ¢ bonding orbits. The peaks
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are less well resolved in the QA phase because of structuvadleligAdachi1998,
Hudson1993] There is also a broad peak between 8.6 and 11.2 the¢ QA
spectrum, which is absent from the crystalline phase. Densityidaatttheory
(DFT) calculations have shown that there is a significant contibtd the density

of states (mainly, O jJprojected) in this region due to the additionalOO-
coordination in Ba@compared to BaO.[Kdnigstein1999] The combination of apex,
edge, and even face sharing Ji@tahedra in amorphous and QA phases would
produce such Ba-mediated O-O coordination, as discussed inViRefh{el2010]
although as yet only evidence for apex and edge sharing has been
furnished.[Frenkel2007] Note also that the Ba-5p semicoreslear® shifted by
about 1 eV to higher binding energy just like the Ba 3d shiowifigure A-6(c).

The density of states observed in the band-gap regioroyaest1l eV below the
Fermi level corresponds to oxygen vacancy states, consistent hetlsmall
component due to reduced Ti observedigufe A-6(b).
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Figure A-7. Valence band spectra of the crystalline and QA BTO. (Inset) Fermi-level region
of the crystalline BTO film.

A.4 Discussion

In QA phase, the distorted TiQ.BUs can, in principle, be connected in three
different ways: apex to apex, edge to edge, and face to face (Fi@)ralrough
as previously mentioned, the latter case has yet to be demahsBatéons are
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located in the voids created between the distorted LBUs. The Ba ions in suish bo
must have less than 12 O neighbors and should therefore doave excess
negative charge compared with the perovskite BTO. Simultaneouslg, abthe
TiOg corners must be unconnected and the oxygen at these apiasdyhase Ti
neighbor, acquiring some excess positive charge.

Figure A-8. (a) Unit cell of crystalline perovskite (cubic) BakiQb) scheme of the Ti©
octahedra connected apeyex as in the crystalline phase; (c), (d) sfé@tahedra sharing edges
and faces, respectively. (This figure is reproduced from [Wachtel2010])

A simple interpretation based on static charge transfer cannotirexgliehe
observed behavior. For example, the Ba 3d peaks are shifted wingnfrgm the
crystalline to QA film, whereas the O 1s show in additionea RIBE component.
Static charge transfer can give a first insight into, for example aleace state of
ions or the chemical bonding. However, one would expect reciprodtyl@ast the
direction of the core-level shifts between an anion and a cawmived in charge
transfer. Exact charge transfer is difficult to measure because wagsalto some
extent, arbitrary, in particular, in correlated systems like ferroelectrics.

Dynamical charge is more relevant for deformed polar materials.[Ghosez1998]
First principles calculations of the Born effective charge (i.e., in teerae of an
external electric field) allow bandy-band analysis of the contributions to the
anomalous dynamical charge as a function of the atomic distottising this
method, Ghosez et al.[Ghosez199%4ve shown that the electronic current flows
opposite to the displacement of positive ions enhancingtthege in polarization.
Contrary to a simple charge transfer model, the dynamical charge temet just
a function of the shortest or longest Ti-O bond, but rathehefnisotropy along
the Ti-O chains. In this picture, the shorter Ti-O bomd8 have enhanced
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covalency, whereas the longer bonds will be more ionic. Thus the lyastahlent
character of Ti-O bonds in perovskite oxides[Vanacore2®¥8¢dati2009] will
certainly be modified by the high off-center Ti position crea#rgirong anisotropy
in the Ti-O bond length along the c axis of each octahedron.

This may explain why we also observe a surface-related peaBEirHthe QA
Ti 2p spectrum just like in the Ba 3d spectrum. In the presdrfugheer ionicity, a
stronger space-charge effect at the surface may be expected, givingarsaentiar
shift in the Ti2ps;, peak. To our knowledge, such a component has not been
previously observed in crystalline BTO and seems to be specific to the altahi
layer. Both Olsand Ba 3d surface-related peaks are less shifted with respleet to
main peak in the QA film than in the crystalline film. We thihlat the lack of
long-range order results in a less well defined microscopicdasyrcondition of
the displacement field at the surface than for a crystalline film. Theibgeakthe
long-range order by the quasi-amorphous structure rendersdarstanding of the
local polarization induced by atomic distortion even more important.

The link between microscopic structure and macroscopic polarzan
ferroelectrics has long been a matter of debate with both disgl@osteran1960]
and order-disorder eight-site [Comés1970] models proposed. Rgoantum
mechanical calculations using density functional theory,[ZB@8§] based on
original insights into the interaction between long wavelersgiit phonon modes
and local atomic distortiorfGirschberg1997] integrate antiferroelectricity into the
ferroelectric phases of BTO to satisfactorily explain XAS,[Ravell1998]
Raman,[Vogt1982] and IR[Luspin1980] experiments. Thus the oteceifi
displacement is now thought to be along <111> with locaér between adjacent
chains of TiQ octahedra. However, in our case, there is no long-range order,
therefore the observed polarization can only be due to a preftralignment of
the local distortion in the TiQoctahedra.

Some useful insights may be obtained by comparing the coddiveneasured
here with that measured or calculated for crystalline thin films. tlained
crystalline thin films, using the free energy density functioolahomogeneous
switching in the outf-plane polarization state { P, = 0, P+ 0) within a
nonlinear thermodynamic theory, the coercive field is calculatede 1600
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kV/cm.[Pertsev1998] The coercive fieldg,Eobtained from ferroelectric hysteresis
loop measured on th@A BTO film is 2000 kV/cm in a parallel plate capacitor
geometry. This is about eight times larger than that obseafv83O on SrRuQ@
(SRO) (Figure A9),[J02006] which has a similar compressive strain (2.2 %2t Jo
al. showed that when the domain nucleation shape changeshfiinprolate
spheroidal to cylindrical in thin films, the calculated coexdreld is reduced from
700 to 250 kV/cm for a thickness of 4 nm,[Jo2006] in agreémeth their
experiment. The lack of long-range order in the quasi-amorphousridkes the
presence of such cylindrical domains energetically unfavorable, ahbgher
coercive field is probable, possibly pointing to spheroidahain nucleation as the
switching mechanism. This is further circumstantial evidencethieamacroscopic
polarization observed in the quasi-amorphous structure ddemalode a long-
range displacive contribution and is, in fact, due to the stihocal, distortion-
induced polarizations.
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Figure A-9. Schematic diagrams of (a) half-prolate spheroidal nucleation and (b) cylindrical
nucleation. (c) The d-dependent (solid squares) experimental and calcydtasel on the half-
prolate spheroidal nucleation model (red solid line) and the cylindrical nucleation model (green
dotted line). In the shaded region, the d-dependeris Ehought to be governed by cylindrical
nucleation, rather than half-prolate spheroidal nucleation. The inset shows the coercive voltages
(V¢) as a function of d. (This figure is reproduced from [Wachtel2010])

As previously noted, BTO must undergo a volume expansiorbafitalO %
prior to the onset of nucleation and crystallization.[Wachté)2@ue to in-plane
clamping, volume expansion is frustrated. The Ti ions shitdd A off center in
the TiQ; octahedra along the c axis, almost twice as big as in tme-temperature
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crystalline FE phase (0.23)fFrenkel2005] changing the anomalous dynamical
charge and hence the local polarization. The presence of a locat distortion is
not, in itself, a sufficient condition for macroscopic polar@atihat requiresa
preferential orientation of the LBUs imposed by the in-plane clagnp®ur
measured coercive fiellould represent 4—5 % of aligned LBUs in a single-crystal
film. For a macroscopic polarization equal to the sum of the joalarizations, the
figure is most probably significantly higher. However, itclsar that a detailed
understanding of how local polarization can give rise to é&earicity in an
amorphous structure is far from complete. The exact stoichionfetrgxample,
may also play an important role.

Compared with the method previously used,[Lyahovitskaya2Bb@&2®7] the
one presented here is more suitable for preparation of QAhitfaT O films. To
form a crystalline phase, an amorphous film must first underfgoneexpansion
upon heating, turning into an intermediate low-density pbagare crystallization.

If the film is clamped by a substrate, then in-plane volume expans blocked,
nucleation may be suppressed resulting in the QA phaseliE®2005] The
lattice mismatch between the STO substrate and BTO is smaller than for Sp,or SiO
used by Ehre et. al.,[Lyahovitskaya20@hreD2007, Ehre2008, Frenkel2005,
Frenkel2007, Wachtel201@ossibly reducing the dislocation density in the film,
which could otherwise provide nucleation sites. The key facttire production of
such a QA film seems to be the appropriate growth ratewell by clamping
control during annealing in oxygen. We think that thishis reason why we can
anneal the whole STO substrate-supported film directly rather ukeng a pull
through a narrow hot zone.

A.5 Conclusion

We have identified the ferroelectric phase in a quasi-amorphoushinti&tO
film grown on STO(001) substrate at room temperature by MBE. In-plane
clamping prevents nucleation of the as-deposited amorphous Bii{g danealing
in O, flow and results in the formation of a QA phase. The QA naturensrmed
by in- and outf-plane XRD, XPD, and XPS. Significant changes in the electronic
structure are observed compared with an ultrathin crystallme Il the QA phase,
Ba ions occupy voids between distorted octahedral LBUs chanigen observed
core-level binding energies. A new component is observéakidi 2, corelevel
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spectrum, which we qualitatively interpret on the basisdghamical charge
arguments. The valence band spectra are identical to those prewibsslyed in
much thicker films. FE polarized domains with good retentltave been
successfully written into the QA film and the FE nature ®ven by a clear B

hysteresis curve. In the literature, the QA phase was generatedheostrain

induced by pulling through a high temperature gradient, whdreges the strain
state is governed by surface clamping. These results demonstrateplaration of
a QA FE BTO thin film grown on STO substrate by uniform tpeposition

annealing.

To further explore the formation mechanism of quasi-amorphous, BT$@ries
of amorphous BTO with different thicknesses need to be grownrarehked under
same condition. Meanwhile, the BTO films with different Ba/Ti rattas be used
to study the stoichiometric influence of quasi-amorphous BT@alllyj different
materials, such as PbTj@ndPh(Zr, Ti)Os, will be fabricated for a more systematic
understanding of quasi-amorphous phase.
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Jiale WANG

M odifications of the
chemical and €lectronic
ferrodectric surface
structure under water
adsor ption

UPMC

MAAI SORBONNE

Résumeé

Le principal objectif de notre recherche est de comprendre comment la polar
ferroélectrique affecte la chimi/physisorption des molécules d® Bur une surfac
ferroélectrique et comment cette adsorption peut en retour affecter la structure aton
chimique de la surface, et ainsi des propriétés ferroélectriques. Ces connaissances
étre utiles pour mieux comprendre la phptoduction dhydrogéne a la surface d’un
ferroélectrique, afin d'améliorer la réaction de photolyse de I'eau, en favorisant laiGef
électron-trou ainsi que la réactivité de surface. Nous avons tout d'abord étudié la s
atomique et chimique de la surface du matériau ferroélectrique B&J0Q) sous forme d
couches minces épitaxiées et de monocristaux, avant et aprés des expositions con
'eau. Le champ dépolarisant, produit par les discontinuités de surface, conduit
modifications de la structure atomique, chimique et électronique. Nous avons ¢
démontré I'existence d'un film quasi-amorphe ultra-mince et ferroélectrique de;B&amfiD,
la structure de surface du ferroélectrique uniaxigkBeo3INb.Os (001) a été caractérisé
constituant ainsi la premicre étape pour I’amélioration de la photolyse de I’eau.
Mots-clés : ferroélectricité, BaTi) SiheBaosdNb,Os, chimisorption, quasi-amorph
spectroscopie des photoélectrons stimulée par les rayons X

Abstract

The main objective of our research is to understand how the ferroelectric polarization
the chemi/physisorption of 4 molecules on a ferroelectric surface and how this adsor
may in return affect the chemical and the atomic surface structure and hence the ferrg
properties. The acquired knowledge may be used to obtain a deeper understanding
enhanced hydrogen production at a ferroelectric surface, to promote the water ph
reaction, by favoring the electron-hole separation and the surface reactivity. We hal
studied the surface atomic and chemical structure of the model ferroelectricsRAULY in
the form of epitaxial thin films and single crystals before and after controlled expos
water. The depolarizing field produced by the surface discontinuity leads to changes
atomic, chemical and electronic structural changes and reordering. We hav
demonstrated the existence of a ferroelectric, quasiamorphous, ultrathinzBi&mi@inally,
the surface structure of the uniaxial ferroelectrig sBao3NbOs (001) has bee
characterized in a first step towards use for photolysis enhancement.

Keywords ferroelectricity, BaTiQ, Sk sBap33\Nb,0, chemisorption, quasi-amorphous,
ray photoelectron spectroscopy
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