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Zusammenfassung

In der vorliegenden Arbeit wird über Untersuhungen an Oxidmaterialien berih-

tet. Es werden Ergebnisse präsentiert, die mittels Photoelektronenspektroskopie

mit harten Röntgenstrahlen (HAXPES) sowie der Methode der stehenden Rönt-

genwellenfelder (XSW) gewonnen wurden. Die Kombination mit XSWs verleiht

Photoelektronenspektroskopie eine Ortsemp�ndlihkeit mit Piometer Au�ösung.

An den Grenz�ähen von SrTiO3 mit polaren Oxiden wie LaAlO3 oder LaGaO3

kommt es bei geeigneter Präparation zu der Ausbildung eines quasi

zwei-dimensionalen Elektronengases (2DEG). Im Rahmen dieser Arbeit wurden

an der ESRF und in Neapel hergestellte Shihten untersuht. Ober�ähenrönt-

genbeugung bestätigt die ausgezeihnete Epitaxie der Filme. Mit Hilfe der XSW-

Methode wurden Bilder der Struktur der LaAlO3 Dekshihten im realen Raum

rekonstruiert. Diese Bilder zeigen Verzerrungen im LaAlO3 Gitter, die geeignet

sind, das elektrostatishe Potenzial in der Dekshiht zu verringern. Desweiteren

erlauben XSW/HAXPES Messungen die Beiträge von Ti und Sr,O zum 2DEG

in der Nähe des Fermi-Niveaus zu identi�zieren. Die Auswertung legt nahe, dass

das Ti 3d -Band das Fermi-Niveau kreuzt, jedoh auh einige Zustandsdihte auf

Sauersto�fehlstellen zurükzuführen ist.

Übergitter von SrTiO3 und polarem CaCuO2 wurden mittels HAXPES unter-

suht. Die Polarität des CaCuO2 sollte, ähnlih wie im Fall von SrTiO3/LaAlO3, zu

einem divergierenden Ober�ähenpotenzial führen. Ca, Sr und Ti Spektren geben

Hinweise auf eine Umverteilung von Sauersto�, die in der Lage ist dieses Potential

zu kompensieren. Durh Sauersto�beladung werden diese Überstrukturen supra-

leitend TC ∼ 40 K. Nebenkomponenten in den Spektrallinien der Metallatome

und ein neuer Abshirmungskanal in Cu 2p Rumpfniveauspektren der stärker

oxidierten, supraleitenden Proben sind ein Anzeihen für die Lohdotierung der

CaCuO2 Blöke.

Magnetoresistive La0.65Sr0.35MnO3−δ Filme zeigen eine Abnahme der Leit-

fähigkeit und der Metall-Isolator Übergangstemperatur bei zunehmender Fehl-

stellenkonzentration δ. Temperaturabhängige Transport und HAXPES Messun-

gen unterstützen einen Variable-Range Hopping Mehanismus als Ursahe des

isolierenden Zustands. Zusätzlih reagiert der abgeshirmte Zustand in den Mn

2p Spektren emp�ndlih auf δ, was auf einen Rükgang der Hybridisierung der

dotierten Zustände mit dem 2p Orbitalen des Sauersto�s deutet.
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Abstrat

The results of a series of investigations on modern oxide materials using hard

X-ray photoeletron spetrosopy (HAXPES) ombined with the X-ray standing

wave (XSW) method are desribed in this thesis. The ombination of hard X-

ray photoeletron spetrosopy and X-ray standing waves enables the eletroni

struture to be measured with a spatial resolution in the piometer range.

Under suitable preparation onditions, a quasi two-dimensional eletron gas

(2DEG) is formed at the heterointerfaes of strontium titanate (SrTiO3) with polar

oxides, suh as lanthanum aluminate (LaAlO3) or lanthanum gallate (LaGaO3).

Samples were grown at the ESRF and in Naples and surfae X-ray di�ration

on�rmed the exellent epitaxial quality of the �lms. The XSW-method was used

to reonstrut images of the struture of LaAlO3 layers in real spae. These images

give evidene of distortions in the LaAlO3 struture whih failitate the ompen-

sation of the potential di�erenes. Furthermore, XSW/HAXPES measurements

permit the Ti and Sr,O ontributions to the 2DEG lose to the Fermi level to be

identi�ed unambiguously. The analysis shows that the 3d band rosses the Fermi

level and that some density of states is assoiated with oxygen vaanies.

Superlatties of SrTiO3 with polar alium uprate (CaCuO2) were investi-

gated by HAXPES. Similar to the ase of SrTiO3/LaAlO3, the polarity of CaCuO2

should lead to a diverging surfae potential. The ore level spetra from Ca, Sr,

and Ti show that there is a redistribution mehanism for oxygen whih ompen-

sates the potential di�erenes. When the oxygen onentration is enhaned these

superstrutures beome superonduting (TC = 40K). The inreased oxidation of

the superonduting material is revealed by the additional omponents in the ore

level spetra of the metal atoms and in the appearane of a new sreening hannel

in Cu 2p ore level spetra, whih signals the hole doping of the CaCuO2 bloks.

Magnetoresistive lanthanum strontium manganate (La0.65Sr0.35MnO3−δ) �lms

show a redution in both the ondutivity and the metal�insulator transition

temperature with inreasing vaany onentration δ. Temperature-dependent

transport and HAXPES measurements support variable-range hopping as the

mehanism reating the insulating phase. In addition, the sreening state in the

Mn 2p spetra reats sensitive to the vaany onentration δ, whih indiates a

redution in the hybridization of the doping-indued states with the 2p orbitals of
oxygen.
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1. Introdution

Oxide based materials are promising andidates for future eletroni devies.

Transition metal oxides (TMOs) are partiularly interesting beause they exhibit

an enormous range of funtional properties that an be tuned for di�erent appli-

ations. TMOs over a wide range of eletrial ondutivity exhibiting insulating,

metalli, and even high-temperature superonduting (HTS) behaviour. They

show multiferroi properties suh as ferroeletriity, in addition to magnetism

and olossal magnetoresistane (CMR). The magneti properties are of speial

interest in modern eletronis, sine magneti

1

and non-magneti

2

oxides are being

disussed for the next generation of data storage devies. Zaag et al.

3

have already

reported the onstrution of all-oxide spin valves based on Fe3O4. One of the most

prominent examples of oxide materials in use is the metal-oxide-semiondutor

�eld-e�et transistor (MOSFET), whih is now a standard omponent in virtually

all eletroni devies.

The huge variety of properties presented by TMOs has stimulated strong

interest in fundamental researh as well as in material siene and tehnology.

Given the omplex nature of these ompounds, it is not surprising that new and

unexpeted e�ets may arise at interfaes between these materials. The physis

of surfaes and interfaes is ontinuing to grow in importane sine the ongoing

trend of miniaturization yields devies that are entirely dominated by surfae and

interfae e�ets. Several examples suh as exhange bias devies, superonduting,

ferroeletri and magneti tunnel juntions, and ferromagneti metalli states

in superlatties omposed of antiferromagneti insulators, an be found in the

literature. In 2004, Ohtomo and Hwang

4

at Bell Laboratories were the �rst to

observe the surprising properties of LaAlO3/SrTiO3 heterostrutures, in whih a

superonduting 2-dimensional eletron gas (2DEG) is formed in the interfaial

region of SrTiO3.

The band theory of oxides is often ompliated by orrelation e�ets between

the harge arriers. In general, the desription of the eletroni states in a solid

is a many-body problem sine the eletrons in�uene eah other via Coulomb

interations. In the mean-�eld approximation, eah eletron is assumed to interat

with the rystal potential, derived from all of the harges in the system. This

approximation has been applied very suessfully in solid state physis. However,

espeially in the d -band TMOs, strong orrelations between the eletrons an

1



1. Introdution

lead to a break down of onventional band theory. It is exatly these interations

whih give rise to the most exiting properties urrently found in the oxides,

namely, metal�insulator transitions, magneti ordering and superondutivity, but,

unfortunately ompliate their understanding.

One of the experimental tehniques expeted to yield important information

about the eletroni properties of materials is photoeletron spetrosopy, sine

it probes the oupied states. Hard X-ray photoeletron spetrosopy (HAXPES)

is a truly bulk sensitive tehnique due to the high energy of the emitted pho-

toeletrons. It is essential to �rst determine the properties of bulk samples to

be able to ompare the measured data with the results of theoretial preditions.

In pratie the eletroni and magneti properties an be strongly in�uened by

surfae e�ets. They reat sensitively to strutural modi�ations at the surfaes

due to reonstrution or relaxation. The intrinsi eletroni properties at the

surfae are di�erent from the bulk (surfae states)

5,6

and surfae ontamination

(i.e. hydroxyl groups, arbon, et.) an additionally be present. Hard X-ray

photoeletron spetrosopy is ideal for studying buried interfaes and is thus

partiularly well suited for analyzing the interfaial eletroni struture of TMO

systems.

The X-ray standing wave (XSW) tehnique allows one to orrelate strutural

and eletroni aspets in these materials. The tehnique exploits the possibility

of sweeping the position of the maxima and minima of the XSW �eld, reated by

interferene of the inoming and re�eted beams under Bragg, or total re�etion,

onditions, through the struture. This makes the XSW tehnique highly site-

spei�. With the help of XSWs, the ontribution to the valene band from

di�erent atomi sites an be deonvolved, a feature extremely interesting when

studying highly-orrelated eletron systems. In the past, this method has been

used to study the valene eletroni struture of TiO2,
7

V2O3
8

and SrTiO3.
9

In

a muh more straightforward way, the site-spei�ity of the XSW tehnique an

be used to get strutural information about the sample. Most interestingly, if a

su�ient numbers of re�etions are measured, model-free real spae images an

be alulated from the data.

These experimental tehniques make use of the brilliant photon beam pro-

vided by third generation synhrotron soures like the ESRF and high-throughput

analyzers, apable of deteting eletrons at high energies. These powerful experi-

mental tehniques are able to provide novel insights into the eletroni and atomi

struture in metal oxide heterostrutures.

Outline

In this thesis, HAXPES and XSW studies of several omplex TMO materials

highlight some of the aspets presented above. The samples studied were het-

2



1. Introdution

erointerfaes of SrTiO3 with LaAlO3, LaGaO3 and NdGaO3, superlatties of

CaCuO2 with SrTiO3 and La1−0.65Sr0.35MnO3, as well as oxygen-de�ient �lms

of La0.65Sr0.35MnO3−δ.

Chapter 2 gives an introdution to the experimental tehniques employed.

Both pulsed laser deposition and moleular beam epitaxy were used for sample

preparation. Initial sample haraterization was performed using atomi fore

mirosopy (AFM) and surfae X-ray di�ration (SXRD). Sine photoeletron

spetrosopy and the X-ray standing wave tehnique are the key experimental

methods used in this thesis they are presented in more detail. Chapter 3 ontains

a short introdution to the experimental setups used in the experiments at ID32

at the ESRF.

The SrTiO3/LaAlO3 interfaes are the subjet of Chapter 4. Thin �lm growth

at the ESRF and the haraterization of the samples using SXRD and AFM will

be disussed. Sine the in-house grown samples were not so reproduible, higher-

quality thin �lm samples prepared at CNR-SPIN (Naples, Italy) were studied. For

these �lms, SXRD measurements on�rmed that the samples were high-quality

epitaxial �lms. A detailed XSW imaging study is presented, whih ompares the

lattie distortions in 2monolayer (ML) and 5ML thik LAO �lms. The images

show distortions in the metal oxide planes and a modulation of the interplanar

distanes. Larger distortions are found in the thinner samples. HAXPES spetra

for the onduting interfae samples, revealed a weak intensity in the band gap of

SrTiO3, originating from the 2DEG. This spetral yield was deomposed into the

site-spei� ontributions and ompared to similar spetra from Nb-doped SrTiO3

and and oxygen-de�ient SrTiO3−δ. The analysis indiates a mixed origin of the

2DEG, from oxygen vaanies as well as intrinsi �eld-e�et doping.

In Chapter 5, novel superonduting CaCuO2/SrTiO3 superlatties are dis-

ussed. These superlatties onsist of three monolayers of CaCuO2 and two

monolayers of SrTiO3, and were found to be superonduting, after annealing

under highly oxidizing onditions. The polar nature of the CaCuO2 should reate

a diverging potential, similar to the situation in SrTiO3/LaAlO3. HAXPES

measurements give evidene for an e�ient ompensation of this potential build-

up, based on a redistribution of oxygen at the interfaes. Furthermore, the

HAXPES measurements on superonduting samples show a stronger oxidation

of the interfaial metal atoms as a result of the inorporation of additional oxygen

at the interfaes. This results in hole doping of the CaCuO2 bloks.

HAXPES and transport measurements on oxygen-de�ient La0.65Sr0.35MnO3−δ

�lms are desribed in Chapter 6. The metal�insulator transition temperature

and the ondutivity of these samples dereases with inreasing oxygen vaany

onentration. HAXPES measurements were performed at room temperature and

86 K. The Mn 2p, 3s and valene band spetra showed signi�ant hanges related

3
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to the vaany onentration. The results give evidene for band redistribution

and point to a variable-range hopping driven insulating state.

The majority of the results desribed in this thesis have been presented at in-

ternational onferenes and were either published in peer-reviewed journals or were

submitted for publiation. The publiations on the site-spei� valene band stru-

ture of SrTiO3/LaAlO3 interfaes and the XSW imaging of distortions in LaAlO3

�lms are urrently in preparation. The HAXPES study on the CaCuO2/SrTiO3

superlatties has been submitted to Physial Review Letters.

10

The HAXPES

study on oxygen-de�ient La0.65Sr0.35MnO3−δ �lms has been published in Physial

Review B.

11

4



2. Materials and Methods

This hapter starts with a brief introdution to the oxide ompounds studied in the

following hapters. Next the experimental tehniques, whih were available at the

ID32 beamline at the ESRF and its attahed surfae haraterization laboratory

(SCL) are desribed. The sample preparation was performed using either pulsed

laser deposition (PLD) or moleular beam deposition (MBE). The samples were

haraterized by means of a variety of tehniques � surfae X-ray di�ration, hard

x-ray photoemission and the X-ray standing wave tehnique � using synhrotron

radiation.

2.1. Polar and non-polar transition metal oxides

Many oxides rystallize in the perovskite struture whih an be formed with a

variety of modi�ations. Setion 2.1.1 introdues the undistorted ubi perovskite

struture as found in SrTiO3. Depending on the ation ratios, systemati distor-

tions are observed. The guiding priniple for these distortions will be outlined

in Setion 2.1.2. LaGaO3 , NdGaO3 , and La(1−x)SrxMnO3 will be disussed as

representative examples. Finally, in Setion 2.1.3, the losely-related in�nite layer

strutures as found in CaCuO2 will be introdued.

SrTiO3, NdGaO3 and LaAlO3 are routinely used as substrate materials sine

they have a small lattie mismath to other oxide ompounds suh as YBCO or

the manganite system (La(1−x)SrxMnO3) (see Table 2.1). The hemial formulas

are regularly abbreviated by the �rst letters of the of the onstituting elements

(e.g. SrTiO3 as STO and LaAlO3/SrTiO3 as LAO/STO)). Throughout this text

the full hemial formulas are used.

2.1.1. Cubi perovskites

The generalized struture formula is ABO3 where the 'A' ions are larger than

the 'B' ions.

12

The struture an be desribed as a ubi primitive lattie of B

5



2.1. Polar and non-polar transition metal oxides 2. Materials and Methods

Figure 2.1.: SrTiO3 rystallizes in the ubi perovskite struture with strontium

ions (Sr

2+
) (grey), titanium ions (Ti

4+
)(blue) and ions (O

2−
) (red).

The TiO6/2 otahedron and the two possible ell settings are shown.

ions with the voids �lled by the other ions (see Fig. 2.1). The oxygen ions sit

half-way between the 'B' sites on the edges of the ell giving rise to an otahedral

oordination of the 'B' ations. The larger 'A' ions are loated in the large void

in the enter of the ell and it has a ubotahedral (12-fold) oordination. The

struture is ommonly desribed either with the origin loated at either the A or

the B-site.

Strontium titanate, SrTiO3, is probably the most well-known representative of

this lass of materials. It is frequently used as a substrate for thin �lm growth. The

material properties of SrTiO3 are intriguing sine it is a paramagneti insulator

at perfet stoihiometry, a ferroeletri under strain, a metal upon doping and

even a superondutor in the mK range. SrTiO3 has a band gap of 3.3 eV13

and

is optially transparent and insulating. It an be rendered onduting by doping

either with oxygen vaanies or ation impurities suh as Nb or La yielding an

n-type material.

Multiple variants of the basi struture, suh as AnBnO3×n, the ability to

aommodate mismath in the A-O and B-O bond length, as well as di�erent

equilibrium bond lengths, when more than one A or B-site ation is present,

lead to a wide range of stoihiometri perovskites. In addition, the possibility

of substitution at either ation position and a huge tolerane to vaanies and

intergrowth strutures give rise to an abundant strutural variety in the perovskite

family.

6



2. Materials and Methods 2.1. Polar and non-polar transition metal oxides

Table 2.1.: Summary of the spae groups and lattie parameters of the investigated

oxide materials and their lattie mismath to SrTiO3.

Compound Spae Lattie parameters Mismath to SrTO

group (Å) (%)

a b  in a in b in 

SrTiO3 Pm3m 3.905

LaAlO3 R3c 5.364 13.109 -2.955 -2.955 -3.191

LaGaO3 Pbnm 5.527 5.494 7.777 +0.008 -0.51 -0.42

NdGaO3 Pbnm 5.433 5.504 7.716 -1.61 -0.34 -1.21

La0.7Sr0.3MnO3 Pnma 5.451 5.981 7.739 -1.312 +7.666 -0.917

CaCuO2 P4mm 3.856 3.18 -1.27 -1.27 -22.8

2.1.2. Distorted perovskites

Strutural modi�ations depend on the ation radius ratios. A tolerane fator

was introdued in 1926 by Goldshmidt,

14

whih allows strutural preditions to be

made. In ioni oxide perovskites, the ions an be approximated by hard spheres

and their ioni radii are well known.

15

The A and B-ations are separated by

oxygen anions, hene the lattie onstant an be expressed in terms of the ioni

radii. For an ideal perovskite, we an identify by simple geometrial onsiderations

rO + rA =
√
2(rO + rB) (2.1)

where the sum of the radii of oxygen rO and the A-ation rA is equal to the ubi

lattie onstant a. The sum of the radius of the B-site ation rB and rO is the fae

diagonal of one unit ell whih is

√
2a. The Goldshmidt tolerane fator, de�ned

as

t =
rO + rA√
2(rO + rB)

, (2.2)

an be used to predit the struture if the radii are known. For t > 1 the A-ations

are too large to �t in the interstitial sites. The B-O bonds are under tension but

maintain the 180

◦
bond angle. Hexagonal strutures our under these onditions.

For a tolerane fator between 0.9 and 1.0, the ideal ubi perovskite struture

is formed. SrTiO3 being the best example. For a tolerane fator t = 0.71 � 0.9,
orthorhombi and rhombohedral polytypes form. The A-ation is too small to

�ll the otahedral void, the struture responds with ooperative rotations of the

BO6/2 otahedra, leading to a redution of the ubi Pm3m symmetry. Glazer

16

identi�ed 15 possible tilt systems. The main axis of the tilt an be parallel to eah

of the rystallographi axis while the amplitude of eah tilt may be di�erent from

the others. In addition, two adjaent layers staked along the tilt axis may be

tilted in phase or anti phase leading to a doubling of the unit ell in this diretion.

7



2.1. Polar and non-polar transition metal oxides 2. Materials and Methods

Figure 2.2.: NdGaO3 rystallizes in a distorted perovskite struture. A trunated

orthorhombi unit ell is shown in a projetion (a) along the -axis

and (b) the b-axis revealing the ooperative rotations and tilts of the

GaO6/2 unit. The pseudo-ubi unit ell in shown in blue.

Examples of the orthorhombi struture are NdGaO3, LaGaO3 and

La(1−x)SrxMnO3.
17

Figure 2.1.2(a) shows the distorted struture of NdGaO3

along the orthorhombi -axis; the rotations of the otahedra are learly visible.

The tilts of the otahedra an be seen in the side view along the b-axis, in

Figure 2.1.2(b). The struture an be desribed in a pseudo-ubi oordinate

system. In Figure 2.1.2, the pseudo-ubi ell is shown in blue. The struture of

LaGaO3 is very similar to NdGaO3.

La(1−x)SrxMnO3 an be seen as a solid solution of the end members LaMnO3

and SrMnO3. It rystallizes in a distorted orthorhombi struture where the

lattie onstants vary with the ation onentration. La0.7Sr0.3MnO3 has a Pnma
symmetry. Qualitatively, the struture is very similar to NdGaO3 and does not

need to be disussed in more detail. The doped manganite systems exhibit

an exeptionally rih variety of eletroni and magneti properties. Most out-

standing being olossal magnetoresistane (CMR),

18,19

perfet spin polarization

20

and a metal/insulator transition above room temperature. The properties are

strongly modi�ed by doping (e.g. substitution of La by Sr). The end members

LaMnO3 and SrMnO3 are antiferromagneti insulators, but the optimally doped

La0.66Sr0.33MnO3 exhibits half-metalli ondutivity and ferromagnetism. This

makes manganites tehnologially interesting for spintronis appliations.

21

LaAlO3 has a ubi high-temperature phase (Pm3m, a=3.778Å).

22

At≈ 800K

it undergoes a strutural phase transition into a rhombohedral low-temperature

phase. The struture an also be referred to in a pseudo-ubi lattie, with a

lattie onstant of 3.790Å. Reently, it has attrated a lot of interest due to the

formation of a onduting interfae with SrTiO3.

8



2. Materials and Methods 2.1. Polar and non-polar transition metal oxides

Figure 2.3.: CaCuO2 rystal struture. A trunated tetragonal unit ell is shown.

The struture onsists of in�nite layer CuO4/2-planes separated by

bare Ca

2+ ions.

The spae groups, lattie parameters, and the lattie mismath to SrTiO3 are

summarized in Table 2.1.

2.1.3. In�nite layer ompounds

Another material with a rystal struture losely related to the perovskite stru-

ture is found in CaCuO2 � the in�nite layer struture. This tetragonal struture

an be derived from the perovskite struture by the removal of oxygen from the

AO-planes. This results in CuO4/2 planes with Cu in fourfold planar oordination

with oxygen ions.

23

In the CaCuO2 struture these planes are separated by layers

of bare Ca ions as shown in Figure 2.3. CaCuO2 is an insulator with a 1.5 eV band

gap, but the substitution of Ca ions by Sr ions an produe either narrow-band

semionduting and or even superonduting properties.

24

The CuO2 planes are thought to be the essential building blok in high-

temperature superondutors. Consequently, arti�ial heterostrutures onsist-

ing of CaCuO2 and other oxide materials like BaCuO2,
25,26

and, more reently,

SrTiO3 and La(1−x)SrxMnO3
27,28

were studied by several groups and transition

temperatures (TC) as high as 80 K have been measured.

9
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2.2. Sample preparation

The samples investigated were oxide thin �lms, or superlattie samples, grown

either by PLD or MBE. PLD has been employed for the deposition of highly

ordered LaAlO3, LaGaO3 and NdGaO3 thin �lms, as well as superlatties of

CaCuO2/SrTiO3 and CaCuO2/La0.65Sr0.35O3. MBE was used for the growth of

oxygen-de�ient La0.65Sr0.35MnO3−δ thin �lms on SrTiO3.

2.2.1. Pulsed-laser deposition

Pulsed laser deposition (PLD) has beome a popular tehnique for thin �lm growth

besides hemial vapor deposition, o�-axis magnetron sputtering and MBE. An

advantage of PLD is the stoihiometri transfer of the soure material (target)

to the substrate whih makes PLD partiularly interesting for the deposition of

omplex oxide materials ontaining many elements. A view into the PLD hamber

in the SCL is shown in Figure 2.4. The target material is irradiated by foused

UV-laser light pulses (KrF eximer laser wavelength λ=248 nm) leading to the

formation of a dense plasma plume of ablated material. The ondensation of the

plasma takes plae on the surfae of a substrate positioned in the plume. The

thermodynami onditions in a PLD proess are far from equilibrium, e.g. the

partial pressures of the individual speies in the plasma signi�antly exeed their

equilibrium vapor pressures.

The �lm nuleation proess is largely determined by the interfaial energies,

the di�usion kinetis at the surfae and the kineti energy of the impinging plasma.

A detailed study of the PLD deposition of LaAlO3 was published by Aruta et al.
29

employing an ultra fast amera with hemial sensitivity. There are several reviews

on PLD and the deposition of omplex metal oxides available in the literature.

30�32

2.2.2. Moleular beam epitaxy

The MBE tehnique was used by our ollaborators in Trieste, Italy, for the depo-

sition of stoihiometri La0.65Sr0.35MnO

3-δ (LSMO) �lms. The main advantage of

the MBE tehnique in omparison to PLD is the high homogeneity of the deposited

material over a relatively large distane of a few entimeters. There are several

di�erent types of evaporation soures available. In general the material to be

deposited is heated in an evaporator mounted in a UHV hamber. The material

will start to evaporate due to the inrease of its vapor pressure at higher temper-

atures. The vapor beam propagates without a pronouned angular dependene.

10
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Figure 2.4.: View into the PLD hamber during LaAlO3 growth. The beam path

of the laser is shematially indiated by a red arrow. The absorption

of the highly energeti laser pulses leads to the formation of a bright

plasma plume. The plume points in the diretion of the substrate

whih is mounted top-down on a resistive heater above the target.

An arrangement of apertures is used to produe a beam that is direted onto the

sample while keeping ontamination of the hamber to a minimum.

LSMO �lm growth was ahieved by odeposition of La from an e

−
-beam

evaporator and Sr and Mn from e�usion ells. A high-purity metal soure, a

�lament, pin holes and a �ux meter are aligned on the same axis. The metal

soures are heated by a �lament. For the La e

−
-beam evaporator, a high voltage

an be set between the La soure and �lament giving rise to eletron bombardment.

The emission urrent I
E

is measured and typially in the range of tens of mA.

Growth rates were typially in the range of 0.1Å/s.

In order to deposit stoihiometri LSMO �lms, three individual soures of La,

Sr and Mn were aligned with the substrate and deposition rates arefully alibrated

to math the desired sample stoihiometry. Oxygen stoihiometry was ensured by

introduing a low partial pressure of oxygen (typially ∼ 2.66× 10−5
mbar) into

the growth hamber.

11
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2.3. Atomi fore mirosopy

AFM is a diret spae imaging tehnique for the surfae morphology. A very sharp

tip with a typial urvature in the order of nanometers is used to produe a highly

resolved image of the sample topography. In the most simple setup (ontat mode),

the surfae is brought in the viinity of the tip by high-preision piezoeletri

elements. While approahing the surfae, the tip starts to be de�eted from its

original position owing to interations with the surfae. This de�etion is deteted

by the re�etion of a laser, foused on the bak of the tip, onto an array of photo

diodes. Aording to Hooke's law, the de�etion is related to a fore. With the

help of the piezo elements, the sample an be sanned under the tip (or vie versa).

A feedbak loop is set to keep the de�etion signal onstant during sanning. Two

signals an now be used for imaging the sample. The urrent applied to the piezo

for ontrolling the tip�sample distane an be onverted diretly into the height

pro�le of the speimen. Another signal whih gives good ontrast is the deviation

from the de�etion setpoint.

In non-ontat AFM, a piezo atuator is used to exite vibrations at the

resonane frequeny of the antilever. The resonane frequeny hanges as a

funtion of the tip�sample distane and an hene be used as a signal for reating

an image of the sample topography. The mode an be of advantage for soft

materials and �lms with weak adhesion, furthermore, the weaker interations with

the substrate inrease the lifetime of the AFM-tip.

2.4. Di�ration of X-rays

In a general X-ray di�ration patterns result from oherent sattering of X-rays.

The interation of X-rays with matter an be separated into two basi proesses.

Radiation is either absorbed, or it is sattered with or without energy loss. We

restrit ourselves to the latter proess, i.e. the elasti sattering of X-rays. The

atomi sattering fator fa is the Fourier transform of the eletron density dis-

tribution around one atom and desribes the angular dependene of sattering.

The sattering intensity from one unit ell or moleule is desribed by the sum

of all individual sattering fators. Turning now to a rystal, desribed by the

onvolution of the 3-dimensional periodi lattie funtion with the eletron density

distribution of one unit ell, Fourier transformation yields the struture fator for

the re�etion h=(hkl)

F
h

=

N
∑

ν

fνe
2πih·rν

(2.3)

12
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where N is the number of atoms per unit ell, fν is the atomi sattering fator

and rν = (xν , yν, zν) represents the oordinates of the ν-th atom. The intensity of

a re�etion is proportional to the square of F
h

.

I ∝ |F
h

|2 (2.4)

In this we an see the famous "phase problem" of X-ray rystallography. Only

the amplitude of the struture fator is measured, but not the phase. There are

some methods that allow to diretly measure the phase, one of them is the XSW

tehnique.

There are several fators that in�uene the measured intensity of a partiular

re�etion: These are the absorption fator A, the Lorentz fator L, the polarization

fator P and the extintion orretion E.

Iobs
h

= ALPE|F
h

|2 (2.5)

In a simple piture, only waves with a phase shift of an integral number of

wavelengths interfere onstrutively. This relation is expressed in Bragg's law.

nλ = 2d
h

sin θ (2.6)

With the help of Bragg's law one an alulate, from the di�ration angle θ, the
orresponding lattie plane distanes d

h

for the re�etion h and therefore, the

lattie parameters of the rystal.

Di�ration is easier to handle in reiproal spae. The spae is spanned by the

three reiproal vetors a*,b*, and *. The reiproal vetor a* is perpendiular

to the (100)-plane and has a length of

1
|a|
. In a similar way we an alulate the

vetors b* and *. All lattie points an be desribed by linear ombinations of

the three vetors.

A geometrial representation of the sattering onditions an be made with

the Ewald onstrution (see Fig. 2.5). The primary beam is desribed as the

vetor k0 and points to the origin of the reiproal lattie. Its length is
1
λ
. Beause

|k0| = | k| = k0, i.e. the wavelength remains unhanged during di�ration (elasti

sattering), all di�rated beams ome to lie on a irle with radius k0 whih passes

through the origin of the reiproal lattie. Bragg's law (Eq. 2.6) is only valid for

beams that ome to lie on this irle. The sattering vetor therefore points to

a reiproal lattie point to satisfy the di�ration ondition. This point then has

the indies (hkl).

For the sattering vetor h we an write

h = ha∗ + kb∗ + l∗

h = k− k0. (2.7)

13
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(000)

h

k0

k

Figure 2.5.: A shemati drawing of the Ewald onstrution in reiproal spae.

The inident wave vetor k0 points to the origin of the reiproal

spae. Bragg's law is valid for all lattie points that ome to lie on

the irle with radius |k0| passing through the origin of reiproal

spae.

The oordinates of a point (hkl) in reiproal spae are measured in reiproal

lattie units (r.l.u.). For a more detailed treatment see e.g. the desription by

Giaovazzo et al.

33

2.4.1. Surfae X-ray di�ration

In the past, X-rays were onsidered unsuitable for surfae studies owing to their

relatively weak interation with matter. The ontribution of the extremely small

fration of surfae atoms ompared to the total number of atoms in a bulk rystal

gives rise to only a sarely detetable ontribution to the overall sattering of

the sample. However, X-rays have developed as an important tool in surfae

struture determination. The weak interation whih limits the intensity gives rise

to the important advantage that multiple and inelasti sattering an frequently

be negleted in the struture determination. This makes struture determination

easier and more straightforward. The development of speial sattering geometries

employing grazing inidene whih, ombined with strong X-ray soures and mod-

ern detetors provide su�ient intensities for measurements with short aquisition

times.

The existene of a surfae modi�es the di�ration pattern from a rystal.

Di�ration theory is usually applied to a perfetly ordered 3-dimensional periodi

arrangements of atoms. However, at the surfae, the periodiity is destroyed and

14
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a*`

a*

c*`

c*

b*`

b*

(a) (b)

b*
b*`

c*

a*`

a*

c*`

Figure 2.6.: Epitaxial growth of the orthorhombi perovskites, LaGaO3 and

NdGaO3, on the ubi SrTiO3 substrate an take plae with (a) the

-axis aligned out-of plane or (b) in-plane.

this gives rise to the so-alled rystal trunation rods (CTR). Bragg re�etions

beome extended along ℓ, produing intensity between Bragg points. Aording to
the exat theoretial desription, the intensity of the CTR, in the middle between

two Bragg points, will be ∼ 10−5
times the intensity of a strong Bragg re�etion.

34

2.4.2. Transformation of oordinates

A major part of this work fouses on perovskite thin �lms grown on SrTiO3(001)

substrates. The di�erent ompounds may have a lower symmetry and di�erent

unit ell dimensions than the substrate (see Table 2.1). The orientation of the

overlayer with respet to the substrate lattie is de�ned by the alignment of the

oxygen sublatties. For the orthorhombi perovskites LaGaO3 and NdGaO3 the

possible alignment of the lattie vetors is shematially shown in Figure 2.6. In

the orthorhombi rystal system the lattie vetors a, b and  are not equivalent.

The simplest ase is for the long -axis parallel to the -axis of the substrate. This

is illustrated in Figure 2.6(a) and is giving rise to a (
√
2×√

2)R45◦ superstruture.
Another possibility is for the -axis to be oriented in-plane, parallel to the SrTiO3

a or b-axis. This leads to the a and b-axis pointing out-of-plane (see Fig. 2.6(b)).

The resulting superstruture is a (2×1) superstruture that, due to substrate

symmetry, it is observed as a two-domain superstruture.

The transformation matrixM is de�ned by the salar produts of the vetors

spanning the substrate and thin �lm oordinate system. The transformation is

15
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performed by solving





a

′

b

′



′



 = M ·





a

b





 . (2.8)

For the transformation of pseudo ubi to orthorhombi oordinates the following

matrix M was applied for the -axis out-of-plane





a

∗′

b

∗′



∗′



 =





1/2 1/2 0
1/2 −1/2 0
0 0 1/2



×





a

∗

b

∗



∗





(2.9)

and for the -axis oriented in-plane





a

∗′

b

∗′



∗′



 =





1/2 1/2 0
0 0 1/2
1/2 −1/2 0



×





a

∗

b

∗



∗



 . (2.10)

The reiproal lattie vetors a*', b*' and *' desribe the orthorhombi ell and

the SrTiO3 lattie vetors are desribed by a*, b* and *.

From Figure 2.6 it beomes lear that, due to the fourfold substrate symmetry,

4 symmetrially equivalent domains of eah orientation an oexist. The additional

superstruture re�etions should be observable in the half integer positions by

SXRD.

2.5. Hard X-ray photoeletron spetrosopy

X-ray photoeletron spetrosopy is an important tool to study the eletroni

struture of moleules and solids and is a widely used surfae analytial tehnique.

Depending on the photon energy one distinguishes: (i) UPS for the ultraviolet

range (5 to 100 eV), (ii) SXPS for the soft X-ray regime (100 to 1000 eV) and (iii)

for higher energies XPS. In reent years the interesting insights revealed by higher

photon energies lead to the term HAXPES for photon energies above 2�3 keV.

The main di�erenes are the inreased binding energy (EB) range and maximum

probing depth. This makes HAXPES partiularly interesting for the study of

buried interfaes. One drawbak is, however, the derease in ount rate due to the

rapidly diminishing photoionization ross setions

35

and the poor energy resolution

(using standard monohromators) at higher photon energies. However, it should

be mentioned that at modern synhrotron soures muh better energy resolution

(down to 50 meV above 6 keV) than with traditional XPS an be ahieved, whih

is another reason for the suess of HAXPES.
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The following introdution into the priniples of the photoemission proess

follows the desriptions by Hüfner

36

and Fadley.

37

2.5.1. General priniples

The sample to be analyzed is irradiated by photons of energy hν. Eletrons are

ejeted by the photoeletri e�et from ore levels and subsequently analyzed by

an eletron spetrometer. The data are then presented as a graph of intensity

versus eletron energy (binding energy). In a �rst approximation, the eletroni

states of a sample are measured in this way.

The atual experimental quantity measured by the spetrometer is the kineti

energy (Ekin) of the eletrons. Its value depends on the photon energy of the X-ray

soure and is therefore not an intrinsi material property. The more relevant

measure is the binding energy EB,

EB = hν − EKin −W (2.11)

where W is the work funtion of the spetrometer. Theoretially, all the parame-

ters mentioned on the right hand side of Eq. 2.11 are known or an be measured

so that EB an be determined preisely.

The exitation proess requires the absorption of a photon of energy hν by

an atom with N eletrons. Generally, the photoeletron is only weakly oupled to

the (N−1) ion. The �nal state an then be separated leading to

ψi(N)
hν−→ ψf(N − 1) + Φf (1)χf(1) (2.12)

where ψi(N) and ψf (N −1) are the wave funtion of the atom/ion prior and after

the ionization proess and Φf (1) and χf (1) are the spatial and spin part of the

photoeletron wave funtion.

The transition probability from the initial state to the �nal state an be

alulated from Fermi's Golden rule within �rst-order perturbation theory

w ∝ 2π

~
|〈ψf | H|ψi〉|2δ(Ef − Ei − ~ν) (2.13)

where Ef
and Ei

are the �nal and initial state energies and H is the perturbation

operator

H =
1

mec
A · p (2.14)

whih desribes the interation of the eletrons with the eletromagneti �eld

A and the generalized momentum operator p = −i~∇. The phase fator of
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single eletromagneti wave A = A0e
−2πik·r

an be expanded in a Taylor series as

e−2πik·r = 1−2πik ·r+πi(k ·r)2− . . . . In the dipole approximation this expression

is simpli�ed under the approximation that e−2πik·r ∼ 1. That means that only the

�rst-order term is onsidered and A = A0. The simpli�ation may give inorret

results and hene higher order terms may be needed.

The onsiderations presented so far make use of a fundamental simpli�ation,

the so-alled sudden approximation. It is assumed that the orbitals of the N−1
�nal state system are the same as in the initial state (ψi(N − 1) = ψf (N − 1)).
This does not generally hold. Intuitively, one would expet that the system after

ejetion of an eletron relaxes in a way to minimize its energy. In a more omplete

approah, one has to sum over all possible exited �nal states

〈ψf |H|ψi〉 = 〈φf
Ekin

|H|φi
k〉
∑

s

cs (2.15)

with

cs = 〈ψf
s,k(N − 1)|H|ψi

R,k(N − 1)〉 (2.16)

with cs being the probability for an eletron in the ground state φ
i
k to be emitted in

the exited state ψf
s,k(N−1). Here k is a running subsript for the di�erent orbitals

in the system. For s = k we observe the prinipal line. Espeially in strongly

orrelated systems, there an be a signi�ant probability for s6=k transitions.

The intensity I an now be written as follows

I ∝
∑

f,i,k

|〈ψf
Ekin

|H|ψi〉|2
∑

s

|cs|2δ(Ef + Es(N − 1)− E0(N)~ν) (2.17)

where E0(N) is the ground state energy. Hene, the photourrent shows main lines

orresponding to the photoionization of the orbitals k, and a number of satellite

features for the exited states s of the orbital k.

For solid samples, another formalism, using the spetral funtion A(k,E ), is

more useful. The spetral funtion is related to the single partile Green funtion

G(k,E ) by

A(k, E) = π−1
Im{G(k, E)}. (2.18)

With this, we �nd a new expression for the photourrent

I ∝
∑

f,i,k

|〈ψf
Ekin

|H|ψi〉|2A(k, E). (2.19)

A more detailed treatment of the theory of photoemission an be found in

Hüfner

36

and Fadley

37

and the referenes therein.

18



2. Materials and Methods 2.5. Hard X-ray photoeletron spetrosopy

The observed photoeletrons are desribed in the sheme nlj with respet to

their quantum numbers. The prinipal quantum number n takes integer values

starting from 1, the orbital angular momentum l is given a letter (0→ s, 1→ p,
2→ d, 3→ f). The quantity j is a vetor addition of the spin and orbit angular

momentum j = |l+ s|. For a p orbital we thus get j of 1/2 for l− s or 3/2 for l+ s.
Similarly, for d-orbitals we an have

3/2 and 5/2.38

2.5.2. Core levels and �nal states

The binding energies of the ore levels provide diret information about the

hemial omposition and bonding in solids. Even more detailed information

on the eletroni properties of the samples an be obtained by studying the �ne

struture of the ore level peaks. Typially, one an observe modi�ations suh

as shifts of the ore level position, additional peaks or peak broadening. In the

following, a few of the most frequently enountered e�ets will be explained. They

an be lassi�ed as either initial state and �nal state e�ets. In the ase of initial

state e�ets, the state on the atom prior to photoemission plays the major role

e.g. the hemial shift observed due to a valene hange. Final-state e�ets our

as a response of the system to the emission proess. Suh e�ets are ore hole

sreening, relaxation of eletron orbitals and/or shake-up satellites.

Chemial shift Already in the �rst photoemission experiments by Kai Siegbahn

and oworkers,

39

it was found that the ore levels in di�erent ompounds exhibit

relative binding energy shifts harateristi for the hemial environment of the

emitting atom or ion. Generally, a redution of the oxidation state of a metalli

atom typially results in a ∼1 eV shift to higher binding energy.

Spin-orbit oupling Orbitals with an angular momentum greater than 0 (i.e.

p, d, f, ...) show splitting due to interations of the eletron spin with the orbital

angular momentum. This leads to the formation of harateristi doublets with

two omponents.

The relative intensity of the omponents depends on the degeneray (relative

population) of the orbital. The degeneray is given by (2j+1), onsequently, for a

3d orbital we get an intensity ratio of (2×3/2+1):(2×5/2+1)=2:3 for the 3d3/2 and
3d5/2 omponents respetively. Similarly for 2p1/2 and 2p3/2 we expet a 1:2 ratio.
These physial onstraints are useful to minimize the number of free parameters

when �tting XPS spetra.

38
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The spaing between the omponents depends on the strength of the spin

orbit oupling. For a given atom, it inreases with dereasing n and j. Thus,

deeper ore levels show a stronger splitting.

Exhange splitting Compounds with unpaired valene eletrons may show ex-

hange splitting. This is the ase, for example, for the 3s ore levels of Mn and

Cr, the 2p3/2 of Co and Ni and the 4s levels of the rare earths.

In the ase of Mn 3s, the two states arise due to 3d-3s exhange interation
after photoionization: (i) a high-spin state at lower EB with the spins of the 3s and
the 3d eletrons parallel and (ii) a low-spin state at a higher EB with anti-parallel

spin alignment. The size of the exhange splitting observed in the Mn 3s ore level
spetra has a linear dependene on the Mn oxidation state.

40,41

This is expressed

in the relationship ∆E = (2S + 1)Jeff
3s−3d, where S is the total spin moment and

J

eff
3s−3d the e�etive exhange integral between Mn 3d and 3s states.

Shake-up and shake-o� satellites Shake-up satellites are a multieletron re-

sponse involving the interation of an emitted ore eletron with eletrons from

outer shell subbands. In a shake-up satellite the emitted eletron exites the

seond eletron to a higher bound state. In a shake-o� satellite, the seond eletron

in emitted to the ontinuum. These interations require an energy transfer to the

seond eletron and thus lead to a satellite struture at the high binding energy

side of the main line. The intensity ontribution to a ore level line an aount

for 20% of the total photoeletron yield. A well known example are the Cu 2p
ore-level shake-up satellites.

Sreening in transition metals Sreening features an be found in many tran-

sition metals and transition metal oxides like the nikelates, uprates and man-

ganates.

42�44

The interest in these features grew reently beause many of them

are only observable by HAXPES. This �nding indiates that the proess leading to

their formation requires a larger exited volume to develop than is usually probed

by XPS.

It was shown by Horriba et al.

42

that the LSMO Mn 2p ore level exhibits

a low binding energy feature −1 eV below the main line. This feature an be

explained by a sreening e�et of the Mn ore hole. In general, the ore hole will

be sreened by eletrons from neighboring atoms. We an write this proess as

2p3dn → 2p3dn+1
L where L denotes a hole in the oxygen 2p orbitals.
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Figure 2.7.: Loal and non-loal sreening of a Cu 2p ore hole. Shown are the

x

2−y2 orbitals of Cu and the σ-bonding p-orbitals of oxygen. Figure
taken from Ref.

43

In many uprates the Cu 2p spetra show multiple peaks that an be explained

in terms of ore hole sreening by the valene eletrons. The sreening is predom-

inantly failitated by the Cu 3d and O 2p orbitals, whih modify the binding

energy of the photoeletrons. Following the work of Mihel van Veenendaal,

43

two

sreening hannels an be distinguished as shown in Figure 2.7. The ore hole

an be sreened by eletrons from the oxygen atoms surrounding the site with

the ore hole, known as a loal sreening proess or the ore hole an be sreened

by eletrons from the ligand atoms surrounding a neighboring CuO4 plaquette,

known as a non-loal sreening. This gives rise to a Zhang-Rie singlet (ZRS) on

a neighboring CuO4 plaquette.

2.5.3. Depth seletive measurements

Photoeletron spetrosopy with high energy X-ray beams provides large probing

depths. The probing depth is de�ned as 3 times the inelasti mean free path

(IMFP) λ and refers to the depth that aounts for 95% of the photoeletron in-

tensity. The intensity an be estimated by integrating the Beer-Lambert equation

from the surfae to a depth d

I = I0 exp
−d

λ sin θ
(2.20)

where λ is the inelasti mean free path of the eletron in the material A, I0 is

the intensity measured on an in�nitely thik sample and θ is the eletron take-o�

angle. The IMFP λ is a material onstant and an be estimated experimentally
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Figure 2.8.: Plot of the mean free path of eletrons in the range of 0 to 15 keV as

estimated from the TPP-2M equation. The mean free path is in the

order of only a few Å for energies of a few 100 eV. At higher energies

the variation as an be reasonably approximated as indiated by the

thik dashed line. The �gure is modi�ed from Tanuma et al.

46

or alulated by a preditive formula (TPP-2M).

45

For typial values of λ (e.g.

2nm at 6 keV), probing depths of above 6 nm are easily aessible. The variation

of the IMFP as a funtion of Ekin is shown in Figure 2.8. A minimum IMFP is

found for kineti energies in the range of 100 eV, for higher energies a reasonable

approximation an be made via λ = E0.78
kin . This estimate is not aurate beause

it does not take elasti sattering events into aount whih is the reason that

the real esape depth an be signi�antly smaller than the IMFP. However, in

this ontext, it is important that elasti sattering is less pronouned at higher

eletron kineti energies.

In many ases, it may be interesting to vary the probing depth during an

experiment to loalize the origin of spei� features in the XPS spetrum. Several

methods ahieve their depth sensitivity by ontrolled removal of material from

the surfae e.g. by ion milling. The downside of these methods is the destrution
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of the speimen and possible introdution of artifats due to disorder due to

ion bombardment, preferential sputtering of di�erent omponents of the sample

and unknown sputtering rates. Nevertheless, there are non-destrutive methods

available.

To ahieve depth sensitivity in photoeletron spetrosopy, the e�etive prob-

ing depth must be hanged. This an be ahieved by variation the take-o� angle

or the exitation energy. If we onsider a thin homogeneous �lm of material A

with a thikness d on a �at substrate of material B. The intensity from A an be

estimated from

IA = I∞A

[

1− exp
−d

λA,A sin θ

]

(2.21)

where I∞A is the intensity for an in�nitely thik overlayer and λA,A is the IMFP

for the eletron from A in A. The derease in the X-ray intensity an be negleted

due to the omparatively small absorption oe�ients.

The intensity, I∞B , of the substrate eletrons arriving at the interfae is

attenuated by the �lm. λB,A is the mean free path of the eletrons from substrate

B in the �lm A.

IB = I∞B exp
−d

λB,A sin θ
(2.22)

There is some onfusion in the de�nition of the angles in XPS although there

exists an international standard, ISO 18115. The angle of emission is measured

with respet to the surfae normal and the take-o� angle is measured with respet

to the surfae plane. This angle is varied by the vth motor of the manipulator in

the main HAXPES hamber.

2.6. X-ray standing waves

The introdution to the basi priniples of the XSW tehnique partially follows

the desriptions given by Woodru�

47

and Zegenhagen.

48

2.6.1. Basi onepts

The XSW tehnique makes use of the interferene of the inoming and re�eted

beam under Bragg or total re�etion onditions. While sanning the inident

beam energy through the re�etion range of the rystal, photoeletron or X-ray

�uoresene spetra are olleted together with the intensity of the re�eted beam.
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The spetra show an intensity modulation related to the rystallographi site of

the emitting atoms.

The standing wave �eld extends into the rystal but also overs the whole

volume above the rystal surfae in whih the two beams overlap. The wave �eld

intensity has a sinusoidal modulation with the periodiity of the sattering planes

(λ = 2d) and the intensity varies between 0 and 4 times that of the inident beam.

Analysis in the framework of dynamial theory of di�ration shows that due to

baksattering events there is a �nite penetration of the beam in the rystal and

hene the angular or energy range in whih the re�etion ours are �nite (Darwin

width). It is known that the wave �eld an be moved through the unit ell by

sanning through the Bragg re�etion by varying either the photon energy or the

angle.

The fundamental equation desribing the experiment de�nes the intensity

variation of the XSW relative to the lattie plane d
h

.

I
h/I0 = |1 +

(

E
h

E0

)

exp(−2πi
z

d
h

))|2 (2.23)

The ratio of the sattered eletromagneti wave amplitude to the amplitude of the

inident eletromagneti wave

EH/E0 is related to the re�etivity, R, via

E
h

E0

=
√

R
h

exp(iν) (2.24)

where iν is a phase fator. Hene, we an write

I
h

= 1 +R
h

+ 2
√

R
h

cos(ν
h

− 2π
z

d
h

). (2.25)

Proesses like photoeletron emission and X-ray �uoresene are exited with

a probability proportional to the eletri �eld intensity Y
h

∝ I
h

. The photoele-

tron or �uoresene yield Yh deteted in a real experiment is exited from N atoms

with distribution due to vibrational, or stati, disorder and/or several sites. We

an write

Y
h

∝ 1 +R
h

+ 2
√

R
h

1

N

N
∑

j=1

cos(ν
h

− 2π
zj
d
h

)

Y
h

∝ 1 +R
h

+ 2
√

R
h

f
h

cos(ν
h

− 2πP
h

) (2.26)

with the oherent position P
h

being the average phase of the N atoms and the

oherent fration f
h

desribing the spread of the atomi distribution perpendiular

to the sattering planes.
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The re�etivity R
h

and phase ν
h

of the XSW �eld an be alulated from the

dynamial theory of di�ration.

49

Consequently, the oherent position PH and

the oherent fration f
h

an be obtained by �tting Eq. 2.26 to the experimental

photoeletron yield urves. These two quantities are the amplitude f
h

and phase

P
h

of one Fourier oe�ient of the elemental atomi distribution funtion ρ(r).

There are fundamental di�erenes between the data measured by XSW and

the X-ray struture fator F
h

(see Eq. 2.3) measured in a di�ration experiment.

The sattering amplitude A(h) of a rystal is de�ned as the sum of the struture

fators for all unit ells partiipating in the sattering proess.

A(h) = F
h

∑

j

exp2πih·Rj
(2.27)

where Rj is a vetor pointing to the j th unit ell.

The f
h

and P
h

values obtained from Eq. 2.26 for an element µ an be related

to the X-ray sattering amplitude by

f
h

= N−1f−1
ν |A(h)| (2.28)

2πP
h

= ϕµ (2.29)

where fν is the atomi form fator. The elemental sattering amplitude Aµ(h) =
|Aµ(h)| exp−ϕµ

and analog the total sattering amplitude is A(h) = |A(h)| exp−ϕ
.

In a X-ray di�ration experiment, we determine the absolute value of the total sat-

tering amplitude of the eletron density A(h) whereas, with XSW, we determine

the element spei� amplitude of the atomi density Aµ(h) and the phase ϕµ.

2.6.2. Site-spei� deonvolution

Site-spei� deomposition of the valene band using XSWs in ombination with

HAXPES o�ers a unique way to gain a deeper understanding of the bonding and

ondution mehanisms in orrelated oxides. It was performed the �rst time on

rutile TiO2
7

and revealed the partial densities of states (p-DOS) for Ti and O. In

a previous study, the valene band for a lightly annealed SrTiO3 single rystal

9

was deomposed into the partial ontributions from Sr, Ti and O.

The high spatial sensitivity of the XSW tehnique in onjuntion with PES

arises from the fat that the photoabsorption happens virtually at the enter of the

atom, whih is understood within the framework of the dipole approximation (DA).

The DA is essentially valid even for HAXPES of valene or ondution eletrons,

whih was onviningly demonstrated by the site-spei� photoemission of opper
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Figure 2.9.: The wave funtions of the photoeletron �nal state |〈ψf | and initial

state |ψi〉 are skethed shematially together with the rystal

potential V(r). Strong interations our only in the region where

V(r) has a large gradient, namely lose to the atomi ore. Figure

taken from Thieÿ.

51

ondution band eletrons.

50

The volume in whih photoeletron emission an

e�etively our is limited to a small region around the atomi ores in whih the

overlap integral of the spatially dependent funtions 〈ψf |, |ψi〉 and V(r) is non-zero.
This an be seen from the shematially sketh in Figure 2.9 whih shows the

rystal potential V(r) reated by the periodi arrangement of atomi ores in the

lattie. Large gradients are observed only in the viinity to the ores. |ψi〉 is the
wave funtion of the initial state of a valene eletron. It overlaps signi�antly with

the rapidly osillating �nal state wave funtion 〈ψf | in the viinity of the atomi

ores while the quasi-free eletron in between the ores does not partiipate in

the photoexitation proess. One an see from this that eletron from the valene

band should be emitted from the same volume in the unit ell. This means that

we annot measure something like a "deloalized" eletron gas.

In photoeletron spetra of valene bands and Fermi levels the relative on-

tributions of the di�erent elements in the sample annot easily be distinguished.

However, by employing some simple onsiderations, the ontributions from di�er-

ent lattie sites an be reovered.

The total photoeletron yield of a valene band an be approximated by

Y (E, hν) =
∑

j

Yj (E, hν) ∝
∑

j

Y Obs
j (E, hν)× Aj (E, hν) (2.30)

Y Obs
j (E, hν) ∝

∑

k

ρjk (E)× σjk (hν)× [1− βjk (hν)] (2.31)
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where E and hν are the binding energy and photon energy. j indexes the di�erent

elements in the unit ell and k the di�erent subshells of eah element. Here,

Yj is the XSW-modulated partial yield and Y

Obs
j is the o�-Bragg partial yield

of element j. ρ, σ and β are the (angular-momentum resolved) partial density of

states, photo-ionization ross setion and dipole parameter, respetively. Aj is the

XSW �eld intensity experiened by element j (when element j oupies multiple

positions, Aj represents the XSW intensity averaged over all positions).

In the analysis, we take advantage of the fat that Aj is proportional to a

ore level yield of element j, whih an be measured experimentally. However,

sine the proportionality fator varies from element to element, the measured ore

level yields must be normalized (to their o�-Bragg yields) before one an apply

Eq. 2.30.

Without the help of theoretial lp-DOS, XSWs may allow one to separate the

data into the (o�-Bragg) partial yields of the individual elements using Eq. 2.30.

If there are N elements in the unit ell and the VB XSW measurement ontains

M photon-energy steps around a Bragg re�etion, Eq. 2.30 represents a system of

M linear equations of N unknowns Y

Obs
j for any �xed binding energy E:

Y (E, hν1) = Y Obs
1 (E)A1 (hν1) + Y Obs

2 (E)A2 (hν1) + . . .+ Y Obs
N (E)AN (hν1)

Y (E, hν2) = Y Obs
1 (E)A1 (hν2) + Y Obs

2 (E)A2 (hν2) + . . .+ Y Obs
N (E)AN (hν2)

. . .

Y (E, hνM ) = Y Obs
1 (E)A1 (hνM ) + Y Obs

2 (E)A2 (hνM ) + . . .+ Y Obs
N (E)AN (hνM )

(2.32)

Y

Obs
j an be onsidered as onstant over the narrow photon energy range of the

XSW sans. The N unknowns Y

Obs
j may be solved if N ≤ M.

The site-spei� partial yield annot be diretly translated into individual

partial DOS beause the exat site-spei� ross setions near EF are normally

unknown.

2.6.3. Real spae imaging

In ontrast to standard X-ray di�ration measurements, in XSW measurements

the amplitude and the phase of the Fourier oe�ients are determined for eah

re�etion. Consequently, the phase problem does not apply to XSW. This means

that if a su�ient number of Fourier omponents are known, the atomi distribu-
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Figure 2.10.: (a) Shemati of a rystalline overlayer (blue irles) with a lattie

onstant 5% smaller than the substrate (green irles) in -diretion.

(b) The atoms in the overlayer have a linear displaement with

respet to the substrate lattie as funtion of their distane from

the interfae (IF). In the real spae images the overlayer positions

() are folded bak into the substrate unit ell and, hene, an average

position (d) is measured.

tion funtion, ρ(r), an be reonstruted by solving

ρ(r) =
1

Vuc

(

1 + 2
∑

f
h

cos [2π(P
h

− h · r)]
)

(2.33)

where Vuc is the unit ell volume and r the real spae oordinates (x,y,z).

In the XSW tehnique it is important to understand how the strutural

information from di�erent sites is ombined. The largest distanes that an be

probed are de�ned by the lattie onstants of the substrate. Thus, real spae

images ontain the atomi density of the probed volume folded bak into the unit

ell of the substrate. Figure 2.10(a) shows a shemati of several monolayers (MLs)

of a rystalline material with a 5% mismath of the out-of-plane lattie onstant

ompared to that of the substrate. In this ase, the atoms in the overlayer have a

linearly inreasing displaement as a funtion of their distane from the interfae

(IF) as shown in Figure 2.10(b). In the real spae image, all positions in the

overlayer are folded bak into the substrate unit ell as indiated in Figure 2.10().
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Therefore, the measured position is the average of all overlayer positions (see

Fig. 2.10(d)).

The XPS lines from di�erent sites may overlap and a deonvolution of the

individual omponents may not be possible. The measured XSW struture fator

an ontain ontributions from two sites. This situation may our for oxide thin

�lms grown on oxide substrates. In this ase, the measured Fourier omponents

(f
h

, P
h

) an be deomposed into a sum of the ontributions from �lm (A) and

substrate (B) using the standing wave struture fators in their omplex form

G
h

= f
h

exp (2πiP
h

) in the following way

G
hexp = G

h,A × c+G
h,B × (1− c) (2.34)

where G
h,exp is the experimentally measured struture fator, G

h,A and G
h,B

are the struture fators from the �lm and the substrate and c is the relative

ontribution from the �lm to the measured photoeletron yield. The substrate

ontribution to the signal an be subtrated to obtain the orreted Fourier

oe�ients.

The main advantages of the XSW real spae imaging tehnique is that the

atomi density distribution is reovered without any assumptions. This means

that there are no �tting or modeling steps involved, as it is neessary in most

di�ration based tehniques. The reason for this arises from the element spei�ity

of the XSW tehnique. Moreover, the element spei� measurements have another

advantage, namely the high sensitivity to all elements independent of their atomi

number Z. This allows one to analyze dilute systems or ompounds where the

onstituting atoms have very similar Z.

The third attrative feature is the high spatial resolution ahieved in XSW

measurements. The error bar on the extrated atomi positions is de�ned by the

smallest lattie spaing used for the imaging. Commonly, the error of a XSW

measurement is in the range of 1-2%, whih gives for the imaging presented here,

a preision in the order of 0.02Å.

Model re�nement

A model re�nement using the experimentally measured Fourier omponents an

be used to obtain additional information about the overlayer struture. The

strutural model an be re�ned by minimizing

S =
∑

h

|G
h,model −G

h,exp|2 (2.35)

in a grid searh. Gh,model and G

h,exp are the model-alulated and XSW-measured

Fourier omponents, respetively. Only the atomi position z along the -axis
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was varied in a systemati way. As a result the strutural model with the best

agreement an be identi�ed.

The ontribution I(n) of a plane of atoms at depth d(n) in the �lm is

attenuated by the overlying atomi planes

I(n) =

(

1− e
−d(n)

λ
h

cos θ
h

)

− I (n− 1) (2.36)

where λ
h

is the inelasti mean free path alulated from the TPP-2M equation

45

and θ
h

is the emission angle and n is an integer number ounting the layers starting

from the surfae. In this way, the attenuation of the signal from deeper layers by

the overlying atomi layers an be taken into aount.
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3. Experimental

In this hapter, the harateristis of the insertion devie beamline 32 (ID32)

at the ESRF and the available experimental failities are are desribed. The

experimental station had two experimental huthes (EH) dediated to the study

of surfaes and interfaes. EH1 was equipped with a six-irle di�ratometer,

mainly used for SXRD, or XSW, measurements under �uoresene detetion.

A PHOIBOS 225 HV analyzer (SPECS, Berlin, Germany) was installed on a

UHV hamber in EH2 for HAXPES and XSW experiments. The beamline had

a dediated surfae haraterization laboratory (SCL) available whih provided

sample preparation and in-situ haraterization methods.

A detailed desription of the experimental setup at ID32 was published by

Zegenhagen et al.

52

From Deember 2011 the ID32 beamline was no longer

aessible for external users and after a �nal period of in-house experiments the

beamline was dismantled during the summer shutdown in 2012.

53

3.1. ID32 beamline

Highly relativisti eletrons, with a kineti energy of 6GeV, irulate in the

ESRF storage ring. In order to keep them on a irular trajetory, bending

magnets are installed in periodi distanes. The interjaent straight setions

ontain an arrangement of multipole magnets for refousing, radio frequeny

avities to ompensate for the energy loss of the beam, and insertion devies to

extrat horizontally polarized photon beams of high brilliane. The ID32 beamline

was installed on a 5m straight setion and equipped with three undulators overing

a photon energy range of 1.4�30 keV, providing a maximum photon �ux of ∼
1015ph s

−1
mm

−2
at 2.5 keV (0.1% bandwidth, 30m soure distane, 200mA ring

urrent).

52

Several optial elements were in plae to provide a monohromati and, if

needed, foused beam with a well-de�ned ross setion. Along the beam path a

system of slits, beam position and intensity sensors were used to tailor the dimen-
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sions and monitor the photon �ux in the beam. The main optial omponents will

be explained brie�y.

The �rst optial element was a liquid nitrogen ooled Si (1 1 1) double rystal

monohromator (DCM) with an energy resolution ∆E/E = 1.3 × 10−4
. Further

downstream a remotely ontrolled fousing system (`transfoator`) had been in-

stalled reently whih allowed di�erent pakages of ompound re�etive lenses

to be introdued in the beam. It was possible to ombine di�erent pakages to

produe a highly foused photon beam (20× 300µm) at 121 disrete energies.

A �at mirror with stripes of SiO2, Ni and Pd oatings was installed in the

seond optial huth, whih served as a low-pass �lter, to redue the intensity of

higher harmoni radiation transmitted by the DCM. This mirror was used during

di�ration experiments in EH1.

Two high-preision post-monohromators were available equipped with

Si(111), (220), and (311) hannel-ut rystals. The high energy resolution re-

quired for HAXPES and XSW experiments was ahieved by utilizing higher index

re�etions.

3.1.1. Di�ratometer � Experimental huth 1

The �rst huth housed a six-irle kappa di�ratometer. A variety of experi-

ments were possible using this di�ratometer. Eletrohemial reations at the

solid liquid (eletrolyte) interfae were investigated by performing SXRD measure-

ments in the eletrohemial environment provided by various eletrohemial ells.

Di�ration experiments ould be easily ombined with XSW measurements under

�uoresene detetion by mounting an energy dispersive solid-state detetor (e.g.

the VORTEX detetor) lose to the sample. An automati �lter system prevented

saturation of the NaI sintillation detetor. A UHV baby hamber was used to

transport samples from the SCL to the beamline and it was mounted diretly on

the di�ratometer for studies under UHV onditions.

For the SXRD measurements presented here the samples were mounted in an

eletrohemial ell under a mylar foil with �owing N2. By using this ell it was

possible to avoid sample modi�ation due to O3-formation indued by the high

intensity of the photon beam.

The photon beam was set to an energy of 17.7 keV with an inident angle of

0.3◦. The typial beam size was 0.06×0.5mm whih orresponds to the full width

half maximum of the foused beam.
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Figure 3.1.: Photograph of the PHOIBOS 225 HV analyzer as it was installed on

ID32 together with a shemati of the inident polarized X-ray beam

and the �ight path of the eletrons in the analyzer.

3.1.2. HAXPES endstation � Experimental huth 2

HAXPES measurements were performed in EH2. For these experiments, a �ight

tube was installed in EH1 and pumped to high vauum to avoid the redution

of intensity due to air sattering and to provide a windowless onnetion to the

storage ring. The drain urrent from a thin metal foil at the entrane of EH2 was

used to monitor the intensity of the inident beam. A PHOIBOS 225 HV analyzer

(SPECS, Berlin, Germany) apable of analyzing eletrons with kineti energies

≤ 15 keV was mounted on a UHV analysis hamber (base pressure ≤ 10−9
mbar).

A photograph of the experimental equipment in the huth is shown in Figure 3.1

together with a simpli�ed sketh of the inoming X-ray beam and the �ight path

of the emitted eletrons in the hemispherial mirror analyzer. The analyzer was

oriented in the polarization diretion of the photon beam to avoid multipole e�ets

in the photoemission spetra, whih an strongly in�uene the oherent frations

obtained in XSW measurements. The eletrons were deteted by a delay line

detetor whih provided a high ount rate apability and a low bakground noise

level. A re�etive sreen was installed in baksattering geometry to monitor

the intensity of the re�eted beam by measuring the drain urrent. The sample
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Figure 3.2.: Photograph of the high-preision kappa manipulator before

installation in the HAXPES hamber. Several enoded piezo stepper

motors are used to ensure reproduible sample positioning. The

various di�erent rotations provided by the manipulator are indiated.

Courtesy of Julien Duvernay.

manipulator provided 3 translational movements (vertial, and horizontal both

along and perpendiular to the beam) and polar and azimuthal rotations. It was

onneted to a liquid He ryostat via a opper braid for ontrolled ooling to

temperatures down to about 40K.

For the quantitative analysis of the XPS spetra, a Shirley bakground fun-

tion was used for bakground orretion and a multi-peak deonvolution proedure

using ombined Gaussian and Lorentzian funtion was used to extrat the exat

peak positions and intensities. The overall instrumental resolution was determined

by �tting the Fermi edge of a Au referene sample. Energy alibration was

performed by measuring the Au 4f7/2 ore level peak during eah experimental

run.

The new in-house developed kappa manipulator was installed and tested in

the HAXPES main hamber during this period of time. A photograph of the

manipulator is shown in Figure 3.2. This ustom-built manipulator was designed
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to provide the preision required for XSW measurements on tilted re�etions and

on high-quality samples like silion.

The preparation hamber provided failities for low-energy eletron di�ration

(LEED) measurements, sample heating, and thin �lm deposition with thikness

monitoring using a variety of evaporators.

3.2. Surfae haraterization laboratory

A wide range of UHV-based surfae preparation and haraterization tools were

available in the SCL in two separate UHV systems.

The larger UHV system onsisted of a entral R2P2 transfer hamber with

eight side hambers, eah o�ering di�erent surfae preparation and harateri-

zation tehniques. Sample transfer was ahieved using the entral transfer arm.

Two side hambers were dediated to sample annealing. One was equipped with a

resistive heater that ould operate at temperatures up to 900◦C and a sputter gun

for Ar-ion bombardment. The seond hamber had an eletron-beam bombard-

ment heater whih enabled temperatures above 1300◦C to be reahed routinely. A

ombined LEED and Auger eletron spetrosopy system was used to hek surfae

leanliness and order. An Omiron miro-STM system was installed for surfae

haraterization. To minimize vibrations during STM measurements all of the

mehanial pumps were turned o� and the system was lifted on air-pressurized

damping pillars. Two other sample preparation failities were available. One

hamber was used for pulsed laser deposition. A piture of the interior of the

PLD deposition hamber is shown in Figure 2.4 in Setion 2.2. The Compex

205 KrF Eximer UV laser (Lambda Physis, Santiago, Chile) was operated at a

wavelength λ=248 nm with pulse length of 25 ns and an energy of 240mJ per pulse

for thin �lm deposition. The beam was re�eted into the UHV deposition hamber

through a quartz window and foused by a lens down to about 5×2mm on the

target surfae providing a power density of 80MW/m

2
. A 0.5mm thik platinum

wire was hosen for the resistive heater to permit annealing at high oxygen partial

pressures.

A smaller hamber was available with an Omiron STM with a tripod sanner,

a LEED system and di�erent evaporation ells for thin �lm deposition, but this

hamber was not used for the experiments desribed in this thesis.
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4. Condutive interfaes between

SrTiO3 and polar oxides

The ondutive heterointerfaes formed between polar perovskite �lms of LaAlO3,

LaGaO3 and NdGaO3 and (0 0 1) surfaes of SrTiO3 are the fous of this hapter.

The basi properties and the sienti� questions onerning these systems are

presented in the introdution (Setion 4.1). In the following Setion 4.2 the

deposition of �lms in the SCL at the ESRF and in Naples, Italy will be outlined.

The haraterization by SXRD, HAXPES and XSW of �lms grown in Naples is the

subjet of Setion 4.3. XSW imaging results of 2 ML and 5 ML thik LaAlO3 �lms

presented in Setion 4.4 reveal distortions in the overlayer. The last Setion 4.5

fouses on the valene band region. The gap states were studied with site-spei�

valene band spetrosopy in omparison with oxygen-de�ient SrTiO3−δ and 2%

Nb-doped SrTiO3 single rystals.

4.1. Introdution

Ohtomo and Hwang

4

were the �rst to observe that a highly mobile 2-dimensional

eletron gas (2DEG) an form at the LaAlO3/SrTiO3 interfae, despite the fat

that the onstituent materials are both band insulators. This 2DEG sparked

signi�ant sienti� interest whih, in the following years, revealed some typial

harateristis for this system. (i) The formation of a 2DEG is only observed on

TiO2-terminated SrTiO3 substrates and (ii) only for LaAlO3 overlayer thiknesses

above 4 ML.

54

The ondutivity drops slowly for higher overages.

55

(iii) Depend-

ing on the preparation onditions, the observed arrier densities di�er signi�antly

and are in most ases muh smaller than the 1/2 e− per surfae unit ell (=
3×1014 m−2

) theoretially predited for a purely eletroni reonstrution.

56

(iv)

Interfaes appear to be atomially sharp in STEM studies and show no apparent

signs of intermixing.

57

In the following, we will onsider more losely the interfae formed between

these two strutures. For this it is onvenient to visualize the strutures as staks

of alternating AO and BO2 planes along [001℄. Owing to the di�erenes in the
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Figure 4.1.: Strutural models of ideal LaAlO3/SrTiO3 interfaes with two

di�erent interfae on�gurations. Depending on the termination of

the SrTiO3 surfae one observes a TiO2/LaO or a SrO/AlO2 interfae.

The perovskite staking sequene is preserved in both ases.

valenes of the onstituting atoms, the LaO planes will formally arry a harge

while the SrTiO3 planes stay formally neutral. Figure 4.1 shows that at the ideal

interfae the perovskite staking sequene is preserved. Two di�erent interfaes

result depending on the termination of the SrTiO3. On TiO2 terminated substrates

growth will start with a LaO layer and on a SrO terminated substrate the �rst

layer will be AlO2. The formal valene states an be assigned as La

+3
, Al

+3
,

O

−2
, Sr

+2
and Ti

+4
. Only Ti has aessible mixed-valene harater, allowing for

redution towards Ti

+3
.

The `A' and `B' atoms donate harge to the 3 oxygen anions per unit ell.

In the ase of SrTiO3, a formal harge transfer of one eletron from Sr and two

eletrons from Ti results in harge neutral SrO and TiO2 planes. For LaAlO3,

the valene of Al and La are both 3+, and the alternating layers will arry a

formal harge (LaO)

+
and (AlO2)

−
. In the bulk rystal, the overall harge is

kept neutral, but at the interfae of an ideal LaAlO3 rystal, a polar disontinuity

arises. Thus, the repeated addition of LaAlO3 layers on top of SrTiO3 leads to a

inreasing dipole and a divergene of the interfae energy as shown shematially

in Figure 4.2(b). This behavior was oined the "polar atastrophe" and an be

seen as the interfae variant of the divergent surfae energy for unreonstruted

polar surfaes desribed by Tasker.

58

Polar surfaes are known to reonstrut,
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Figure 4.2.: The polar disontinuity at (a) a TiO2/LaO interfaes is aused by

the polar nature of the LaAlO3 overlayer. (b) It an be seen that for

the unreonstruted interfae the alternating harges σ give rise to a

hange in the eletri �eld E. This results in a diverging eletrostati

potential V. () A possible reonstrution involves the transfer of

1/2 eletron per interfae unit ell, resulting in a suppression of the

potential build-up.

form faets or large surfae unit ells due to vaany ordering.

59

For the interfae,

substantial reonstrutions and roughening ould be expeted. However, as an

alternative to atomi reonstrutions, eletroni reonstrutions an provide a

solution to this problem.

It was suggested that when the potential build-up aross the LaAlO3 overlayer

reahes the value of the e�etive band gap, eletrons are transferred from O

2p orbitals at the top of the valene band at the LaAlO3 surfae to the Ti 3d
ondution band. This should lead to the aumulation of 1/2e− per unit ell

at the interfae for ompensation

4

and should yield onvergent potentials (see

Figure 4.2()). The extra half eletron reates a n-type (LaO)

+
/(TiO2)

0
and a

p-type (AlO2)
−
/(SrO)

0
interfae. However, there is no ondutivity observed for

the p-type interfae as there are no atoms with available mixed valene states.

This interfae an, however, be ompensated by the introdution of vaanies

60

and interfae reonstrution/roughening.

61

As intriguing as this model may be, there is sienti� evidene against it.

For example for a thikness below the ritial limit for ondutivity the potential

would be expeted to be unompensated. This should give rise to a potential
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build-up of 0.6 to 0.9V/ML.,

62,63

however, suh a potential has not yet been ob-

served.

64�66

Thus, several slightly more omplex mehanisms have been proposed

suh as interdi�usion or intermixing at the interfae,

67

formation of a ondutive

intermediate phase, strain-indued lattie distortions,

68,69

intrinsi doping with

eletrons

70

and the formation of oxygen vaanies.

61,71

Although the term "2-dimensional eletron gas" is used frequently, the on-

dutive interfae atually has a �nite thikness. Basleti et al.

72

studied ross se-

tions of di�erently prepared interfaes with onduting-tip atomi fore mirosopy

(CT-AFM). The experiments prove that the ondutivity is learly related to the

SrTiO3 side of the interfae and the thikness of the ondutive layer was found to

be less then 7 nm. The true dimensions are surely smaller due to onvolution with

the tip. Estimates via the sheet arrier density yield a thikness of 1 nm (∼ 2�3

SrTiO3 unit ells). This observation is on�rmed by IR-ellipsometry measurements

by Dubroka et al.

73

They found the 2DEG to be onentrated in the SrTiO3

substrate with a full width at half maximum of 2 nm. Angle-dependent HAXPES

measurements of the Ti 2p ore level were performed by Sing et al.

74

The Ti 2p
ore levels of ondutive titanates exhibit a shoulder on the low binding energy

side. Under the assumption that every Ti

3+
dopes the SrTiO3 with one eletron,

the Ti

3+
/Ti

4+
ratio is a measure of the arrier density. Depending on the sample

preparation onditions they obtained thiknesses between 0.4 nm and 30 nm and

sheet arrier densities between 3×1013 m−2
and 2× 1014 m−2

.

Until now, the formation of suh a 2DEG ould be shown for polar oxide

overlayers other than LaAlO3 suh as LaGaO3
29,75

and NdGaO3 (f. Table 4.1),

but only using SrTiO3 as the substrate. Hene the e�et seems to be intrinsially

related to SrTiO3. The ritial overlayer thikness for ondutivity was found to be

idential for those �lms. This is not straightforward sine the dieletri onstants

and hene the expeted potential build up are most likely not idential. However,

reent results by Reinle-Shmitt et al.

76

show that the ritial thikness inreases

linearly with the dereases of the harge density in the layers of the polar material.

In their ase the variation of the harge density was ahieved by depositing �lms

of a series of solid solutions of the polar and a non-polar materials LaAlO3 and

SrTiO3.

The potential build-up is strongly in�uened by subtle strutural hanges in

the overlayer. It was shown by DFT alulations that polar distortions an help

to redue the potential build-up with inreasing �lm thikness

68,77,78

sine they

redue the e�etive harge of the individual layers. Lattie distortions are therefore

of ruial importane to explain the 2DEG in terms of the polar atastrophe model.

Experimental evidene was found by di�ration as well as mirosopi tehniques.

Vonk et al.

79

performed a SXRD study at elevated temperatures. Their results

show that the �lms grow undistorted at deposition temperature. Upon ooling the

ation distanes at the interfaes inrease to more then 4Å while the oxygen atoms
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move towards the interfae. At the same time, in the SrTiO3 substrate, the TiO6/2

otahedra ontrat along their prinipal axis and the Ti is displaed o�-enter.

SXRD studies by Pauli et al.

69

indiate that the polar distortions derease for

thiker LaAlO3 overlayers. On the other hand, an analysis by diret methods in

the same group

67

was interpreted as a sign for intermixing. High-resolution TEM

was employed to obtain real-spae images showing an expansion of the LaAlO3

unit ell at the interfae

80

and a bukling of metal oxide planes.

57

The Jahn-Teller

like distortion of the TiO6/2 otahedra was on�rmed by linear dihroism in X-ray

absorption spetrosopy

81

to result in the expeted energy splitting of the Ti 3d
out-o�-plane and in-plane orbitals. Nevertheless, distortions alone do not provide

a straightforward explanation for the ondutive layer.

X-ray di�ration measurements are ompliated by the low eletron density

of oxygen (8 eletrons) and Al (13 eletrons) in omparison to the heavier Ti

(22 eletrons) and La atoms (57 eletrons) whih makes di�ration intrinsially

insensitive to the positions of oxygen and aluminum. This is exempli�ed by a

series of simulated (11ℓ) CTRs for a 5 ML thik LaAlO3 �lm on SrTiO3(001) in

Figure 4.3. In the onseutive simulation steps, the oxygen ontent was lowered

systematially, ultimately resulting in oxygen-free LaAl. Cation positions were

kept in their ideal perovskite-like positions. The small variations between the

di�erent simulations are very hard to detet and demonstrate the low sensitivity

to oxygen.

One aim of the study presented here is to eluidate the distortions expeted

for these interfaes by use of the XSW imaging tehnique (see Setion 4.4). Fourier

oe�ients of the atomi density distribution are measured for all elements of the

�lm and model-free real spae images are obtained by inverse Fourier transforma-

tion. A omparison of an insulating 2 ML thik and a ondutive 5 ML thik

LaAlO3 �lm will be disussed in Setion 4.4.

Another important aspet are oxygen vaanies in the SrTiO3 substrate,
82,83

whih are known to be reated in bulk SrTiO3 by annealing in a reduing at-

mosphere. In the ase of the LaAlO3/SrTiO3 interfae, these vaanies may be

produed in various ways suh as (i) annealing at low oxygen pressures during de-

position, (ii) bombardment by energeti partiles reated in the PLD proess, (iii)

oxygen uptake by the LaAlO3 �lm and (iv) other proesses like �eld-e�et indued

vaanies

84

in the potential of the LaAlO3 overlayer. The �rst ontribution an be

redued by deposition at high oxygen pressures while the seond ontribution an

not be avoided e�etively. A detailed study of the PLD proess with an ultra-fast

amera revealed that the plasma has su�ient energy to break Ti-O bonds.

29

Theoretial density funtional alulations indiate that the formation of oxygen

vaanies may be favored by the polarity of the LaAlO3 overlayers.
60
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Figure 4.3.: Simulations of the (01ℓ) CTR of SrTiO3 with a 5 ML LaAlO3 overlayer

(blak). In the onseutive CTR simulations one oxygen was removed

per unit ell without hanging the ation positions leading to LaAlO2

(red), LaAlO (green) and LaAl (blue).

A ondutive interfae is formed for amorphous LaAlO3 overlayers. Due to the

lak of rystalline order in an amorphous layer there will be no potential build-up.

This observation of ondutivity was understood as the result of oxygen uptake

in the slightly oxygen-de�ient LaAlO3 �lm after the deposition proess. Similar

proesses annot easily be exluded for the rystalline interfae.

85

Many groups try

to minimize the ontributions by oxygen vaanies in a post annealing step at high

oxygen pressure (∼ 1mbar). Bare SrTiO3 substrates do not show vaanies after

being exposed to LaAlO3 deposition onditions. To summarize, ontributions by

oxygen vaanies annot be exluded with ertainty. Nevertheless, a mehanism

based solely on vaany formation is not able to give a straight forward explanation

of harateristi features of the 2DEG suh as the ritial thikness. The question

whether vaanies arise as a response to the potential or if they are one of the

auses for the 2DEG formation remains unsolved.
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Table 4.1.: Overview of the growth onditions used by various groups as reported in the literature. Besides LaAlO3, �lms of

LaGaO3, LaTiO3, LaVO3, NdGaO3 and KTiO3 have been grown reently.

material �uene rep. rate pressure temperature itation

(Jm

−2

) (Hz) (mbar) (

◦

C)

LaAlO3 1 2 1.33×10−3

�1.33 ×10−5

800 Ohtomo

4

. . . . . . wide range 850 Brinkman

86

1.6 . . . 1×10−4

� 1.33 ×10−5

815 Siemons

87

1 10 5×10−2

770 Willmott

67

. . . . . . 4×10−4
850 Vonk

79

0.6 1 1.66×10−4
800 Reyren

88

. . . . . . 5×10−5

770 Reyren

70

. . . . . . 1.33×10−3

and 1.33×10−5

800 Kalabukhov

71

3 5 1.33×10−6

750 Nakagawa

61

3 . . . 1×10−4

800 Savoia

89

LaGaO3 1.5�2.5 2 1×10−2

�1 ×10−4

800 Perna

75

LaTiO3 3 4 1.33×10−5

750 Ohtomo

90

LaVO3 2.5 4 1.33×10−8

�1.33 ×10−2

500�900 Hotta

91

2.5 4 1.33×10−6

600 Hotta

92

NdGaO3 1.5�2.5 2 1×10−2

�1 ×10−4

800 Di Uio

93

KTiO3 1.5 1/10 1×10−4

750 Kalabukhov

94

4
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4.1. Introdution 4. Condutive interfaes � LaAlO3/SrTiO3

The fat that the 2DEG (i) is only found in the SrTiO3 and does not extend

into the overlayer and (ii) the interfae an also be formed with other overlayer

materials demands for a more detailed study of SrTiO3 alone. In this light, it is

important to realize that SrTiO3 an be made n-type onduting by doping, e.g.

with La, Nb, or oxygen vaanies.

Unlike a typial band semiondutor, whih undergoes a rigid band shift upon

doping, eletron-doped SrTiO3 has extended states in the band gap.

95�99

The

behavior upon doping may be best explained by the Haldane-Anderson impurity

model.

100,101

However, until now, �rst-priniple alulations that omprehensively

desribe the eletron doping behavior of SrTiO3 are still laking. Oxygen-de�ient

SrTiO3 was investigated within the Hubbard model by Sarma et al.

97

In a later

publiation,

102

Shanthi and Sarma used a LMTO-ASA approah arguing that

orrelation e�ets should not be relevant beause of the low eletron onentration.

Their study suggests that at low oxygen vaany onentration the Fermi level

moves up into the ondution band in a fashion resembling a rigid band shift,

whereas loalized states with substantial Ti 3d harater appear in the band gap

at higher onentrations as a result of oxygen vaany lustering. This lustering

is expeted to result in distortions in the Ti 3d bands notieable as a small hump

lose to the Fermi level.

A resonant XPS study of PLD grown 5% Nb:SrTiO3
103

showed that the Fermi

level has mainly Ti 3d harater the O 2p derived density of states was found to

be more dominant at higher energies EB ≥ 1.5 eV. Additionally, they report the

presene of a weak Ti-derived in-gap state that resembles qualitatively the feature

desribed for oxygen-de�ient SrTiO3.

Reent soft X-ray ARPES measurements

104,105

on weakly doped (weak anneal-

ing, Nb-doping) SrTiO3 rystals showed the formation of surfae bands. These

surfae bands were proposed to play a role at the LaAlO3/SrTiO3 interfaes. In

the ase of the Nb-doping a pronouned sensitivity to the inoming photon beam

indiated photoindued arriers. A similar behavior was observed by eletrial

measurements under X-ray light by Sing et al.

74

for the LaAlO3/SrTiO3 interfaes.

Further information about the ondutive interfae an be obtained by a

ombination of HAXPES with XSW. The ombination of these tehniques provides

a large information depth and additionally allows the position in the unit ell of

SrTiO3 from where the photoeletrons originate to be identi�ed. This site-spei�

PES analysis was reently used to analyze the VB of SrTiO3
9

and to unravel

orrelation e�ets in the valene band of V2O3.
8

It is instrutive to ompare the eletron �doped� n-type interfae with doped

n-type bulk SrTiO3 obtained by the substitution of Ti with Nb and by reating

oxygen vaanies. The doping mehanisms for Nb:SrTiO3 and SrTiO3−δ are
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4. Condutive interfaes � LaAlO3/SrTiO3 4.2. Sample preparation

signi�antly di�erent. In the ase of Nb:SrTiO3 a Ti

4+
ion is replaed by Nb

5+

leading to a doping by 1 e

−
per Nb-atom. The doped eletron is hene assoiated

with the Nb loated at the Ti site and the next Ti atom is a seond nearest

neighbor. Eah oxygen vaany formally dopes 2 e

−
and is a diret neighbor

to 2 Ti atoms. From this simple piture we would expet di�erenes in the

eletroni struture and hene the photoemission spetra for these two systems.

Nb:SrTiO3 would be expeted to be loser to the senario for intrinsi eletron

doping. The XSW method may be able to ath a �ngerprint for the di�erent

origins of ondutivity and thereby shed more light on the origin of ondutivity

at the LaAlO3/SrTiO3 interfae. Setion 4.5 presents a study where we determine,

without any assumptions, whih part of the photoeletron yield, observed in the

band gap of SrTiO3, originates from the Ti sites. We investigate an SrTiO3 sample

with �ve MLs of LaAlO3 in omparison with oxygen-de�ient SrTiO3 (SrTiO3−δ)

and Nb doped SrTiO3 (Nb:SrTiO3) samples and, therefore, an dedue a mixed

origin from �eld-indued oxygen vaanies and intrinsi doping.

To onlude, a thorough XSW and XPS/HAXPES analysis may help elu-

idate details of the atomi and eletroni struture at the interfae. Samples

of high strutural perfetion are needed for these experiments. The �rst part

of this hapter presents the deposition proess for these �lms and their har-

aterization by SXRD as well as atomi fore mirosopy. The seond setion

(see Setion 4.4) presents an XSW imaging investigation of the distortions in

an insulating 2 ML and a ondutive 5 ML thik heterostruture. The last

part of this hapter (see Setion 4.5) fouses on a omparative valene band

study of Nb-doped SrTiO3 (Nb:SrTiO3), oxygen-de�ient SrTiO3 (SrTiO3−δ) and

a ondutive LaAlO3/SrTiO3 interfae. The experimental approah ombines

HAXPES with the XSW tehnique to haraterize and better understand the

di�erenes between these samples and use this knowledge to draw onlusions

about the LaAlO3/SrTiO3 2DEG.

4.2. Sample preparation

Sample preparation and the preliminary haraterization of the perovskite �lms

on SrTiO3 are desribed in this setion. LaAlO3 thin �lms were prepared by PLD

in the SCL of the ID32 beam line and haraterized by AFM and XRD. Despite

the high quality of the epitaxial �lms grown at the ESRF no interfae ondutivity

ould be ahieved on a routine basis. The reason for this remains unlear.

Films with state of the art eletrial properties were provided by our ollabora-

tors from CNR-SPIN (Naples, Italy) and shipped to the ESRF. The �lm deposition

proedure used in their lab will be outlined brie�y. NdGaO3 and LaGaO3 thin
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4.2. Sample preparation 4. Condutive interfaes � LaAlO3/SrTiO3

Figure 4.4.: (a) AFM mirograph of a BHF ethed SrTiO3 surfae after

rerystallisation. The line marks the position of (b) a line pro�le with

sharp steps of unit ell height. Figure () shows a 3D perspetive view

of the surfae.

�lms were grown on SrTiO3 in addition. All of the �lms were haraterized by

SXRD and HAXPES (see Setion 4.3) to ensure su�ient quality for XSW imaging

experiments (see Setion 4.4) and valene band studies (see Setion 4.5).

4.2.1. SrTiO3 surfae preparation

Samples were grown on the Ti terminated (001) surfae of edge oriented SrTiO3

single rystal substrates. A proedure to obtain perfet single terminated SrTiO3

surfaes was desribed by Kawasaki et al.

106

The proess makes use of the di�erent

solubility of the TiO2 and SrO planes in bu�ered hydro�uori aid (BHF). Surfaes

prepared this way exhibit deep eth pits but are single terminated. Koster et

al.

107

reported a signi�ant redution of surfae roughness by hydroxylation of

the SrO sites by soaking in analyti grade demineralized water ultrasonially for

10min prior to ething in BHF for 30 s. Remnants of the previous treatments

are removed in a �nal rinsing step and subsequent annealing at 950

◦
C for 1 h in

1 bar moleular oxygen �ow failitates rerystallization.

Ohnishi

108

reported some re�nements to this method. Annealing the sub-

strate at temperatures above 300

◦
C leads to the reemergene of SrO on the

surfae and above 400

◦
C the Sr surfae overage saturates.

108

A re-ething of

the substrate for 20 s in BHF or 10min in water was shown to dissolve the SrO
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thereby produing substrates that will be single terminated up to the LaAlO3

deposition temperature of ∼ 800 ◦
C.

Kareev

109

reported the reation of oxygen defets in the substrate from BHF

ething ompared to ething with a HCL-HNO3 mixture. Substrates prepared in

this route were soaked in deionized water at 70

◦
C for 20 to 25min followed by

ething for 30 s in HCL-HNO3 (HCl:HNO3 = 3:1) both in the ultrasoni bath. The

ething step was followed by 30min of annealing at 1000

◦
C under atmospheri

onditions.

Aording to Erdmann,

110,111

at least 7 di�erent surfae reonstrutions an

be distinguished by LEED. These reonstrutions our as a funtion of the

annealing temperature and serve as an indiator for the overage by SrO or TiO2.

Hene, in theory, a ontrolled annealing step should be able to reate a TiO2

terminated surfae without any hemial treatment. However, this route has not

been onsidered in the published literature.

For the samples presented in the following, we followed the route desribed by

Koster et al.

107

SrTiO3(001) single rystal substrates were soaked ultrasonially

in demineralized water for 10min and ethed in BHF for 30 s. The demineralized

water was produed by a Millipore Elix system (R=10 � 15MΩ/m and pH 6 �

7), and the BHF solution was from Merk (NaH4F:HF = 87.5:12.5 with pH 5.5).
For the rerystallization, the samples were plaed in a quartz glass tube under

ontrolled O2 �ow and heated to 950

◦
C for a minimum of 1 h in a mu�e furnae.

An AFM mirograph of a SrTiO3 surfae prepared in this way is presented

in Figure 4.4. The image shows a surfae with four terraes. The step edges are

learly de�ned and have a height of ∼ 3.9Å. This on�rms that single terminated

surfaes an be prepared by the preparation onditions desribed above.

4.2.2. Preparation of oxygen-de�ient and Nb-doped SrTiO3

For the valene band deonvolution presented in Setion 4.5 a 2% Nb-doped

SrTiO3 (Nb:SrTiO3) and SrTiO3−δ samples were measured for omparison to a

5 ML LaAlO3 �lm.

The Nb:SrTiO3 rystals (CrysTe, Berlin, Germany) were leaned with ethanol

and then annealed for 1 h in 1 bar oxygen �ow at 850

◦
C to quenh any oxygen

vaanies. An undoped SrTiO3 single rystal was rendered oxygen de�ient by

annealing for 2.5 h at 1050

◦
C in UHV (< 5×10−9

mbar). The SrTiO3−δ showed a

lear (

√
13 ×

√
13)R33.7 ◦

LEED pattern as shown in Figure 4.5. This pattern is
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(10)

(01)

Figure 4.5.: Negative photograph of the LEED sreen of a high-temperature

annealed oxygen-de�ient SrTiO3 (001) surfae. The image was

obtained at room temperature with an eletron energy of 129 eV. The

SrTiO3 unit ell is indiated by its lattie vetors. The lattie vetors

of the (

√
13 ×

√
13)R33.7 ◦

superstruture are indiated around the

(10) re�etion.

typial for oxygen redued samples annealed to temperatures above 1050

◦
C with

a nearly perfetly TiO2 terminated surfae .

112

These samples were transferred in air to the ultra-high vauum (UHV) HAX-

PES endstation at ID32 within minutes and loaded into the UHV hamber. Pho-

toeletron spetra on�rmed that the samples were free of ontaminants.

4.2.3. Films grown at the ESRF

LaAlO3 thin �lms were deposited in the PLD hamber in the surfae harater-

ization laboratory of ID32. Substrates were annealed at deposition temperature

and exposed to the oxygen atmosphere for several minutes prior to deposition.

Deposition temperatures (TDep) of 750
◦
C to 820

◦
C and an oxygen atmosphere of

5×10−5
mbar were hosen in aordane with the literature (see Table 4.1). One

laser pulse was found to be equivalent to ∼ 0.7Å LaAlO3 by alibration with

re�etivity measurements. The target substrate distane was set to 5 m. Some

�lms were subjeted to a tempering step at deposition temperature for up to

15min. After deposition, the �lms were ooled in the deposition atmosphere to
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room temperature. LaAlO3 single rystals and sintered polyrystalline LaAlO3

pellets (Kurt J. Lesker Company, Pittsburgh, USA) were used as targets.

The e�et of ooling time and an annealing step at deposition temperature

were studied systematially in SXRD and AFM experiments. Three samples with

a nominal thikness of 8 ML are presented in the following. The �rst sample is

representative for LaAlO3 ooled freely from TDep=820

◦
to room temperature

(RT). This results in exponential ooling urves with very high ooling rates

( 15

◦
C/min) when the heater in turned o�. The seond sample was ooled in

a ontrolled manner at an intermediate rate (10

◦
C/min) while a third sample,

representative for samples held at TDep for ∼10min to failitate rystallization,

was subjeted to a slower ooling rate(5

◦
C/min).

An AFM image for the sample that was allowed to ool freely from TDep

is presented in Figure 4.6(a). The 7µm×7µm image shows a stepped sample

topography with an irregular step width. The step edges appear rough. A line

pro�le along the red line is shown in Figure 4.6(b) and reveals steps with a 1�2 ML

height. Additionally, areas of errati topography (marked with arrows) aumulate

lose to step edges. Reiproal spae maps (Fig. 4.6()) in the hk-plane at ℓ = 0.15
were measured for this sample. Powder rings at distanes 1,

√
2,

√
3 and 2 are

learly visible. They orrespond to the (001), (110), (111) and (002) lattie planes.

For these fast ooling rates the �lms are not ompletely ordered. AFM images

reveal rough step edges and areas with an uneven morphology. The in-plane

reiproal spae maps reveal the formation of powder rings and hene on�rm that

parts of the �lm are poorly oriented. The relatively high intensity of the out-of-

plane (111) powder ring shows that the disorder is not onstrained to misalignment

in the ab-plane.

Figure 4.7(a) shows a 2.3µm×2.3µm AFM image of the sample, held at

elevated temperatures for a longer period and subjeted to a slow ooling. The

AFM mirograph shows a strutured topography with two predominant diretions.

Many step edges form 90

◦
angles. The san diretion is at 45

◦
to the rystallo-

graphi axes. Sine the surfae steps predominantly span angles of 45

◦
with the

san diretion it is lear that most edges follow the ubi [001℄ and [010℄ diretions.

The average diretion of the terraes deviates from the rystallographi orientation

and appears to be de�ned by the misut diretion of the substrate or a gradient in

the �lm thikness. Terraes are several hundred nm wide. A line san (Fig. 4.7(b))

reveals step heights of up to 3 nm (∼ 8 ML).

The pronouned step bunhing of up to 8 ML indiates signi�ant surfae

di�usion at the growth temperature sine the bare substrate exhibits mostly 0.4 nm
steps. The faes of the ubi form {001} appear to be energetially most favorable.
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Figure 4.6.: Charaterization of a 8 ML LaAlO3 �lm allowed to ool freely from

TDep to room temperature. (a) AFM image showing irregular steps

and areas with disordered material (arrows). The red line marks the

position of (b) a line pro�le with sharp steps. () 2d-san in the

hk-plane reveals powder rings.

It ould not be distinguished whether the bunhing is driven by surfae energy

minimization or to ompensate for strain indued by the lattie mismath.

In omparison, the sample ooled to room temperature at an intermediate

rate (10

◦
C/min) shows a very homogeneous surfae topography in a 1µm×1µm

AFM mirograph (Fig 4.7()). The terrae width is redued to a few tens of nm.

Step edges are very smooth and their orientation appears to be dominated by the

misut diretion. In the line pro�le shown in Figure 4.7(d) the average step height

of ∼ 0.4 nm orresponds losely to the unit ell size of LaAlO3. Note, that there

is a disloation visible in the enter of the AFM mirograph.

The unit ell (or integer multiple) step heights in all three samples points to

a single terminated LaAlO3 surfae. From arguments of harge balane, assuming

perfet TiO2 termination of the SrTiO3 substrates, we an onlude that the

LaAlO3 �lms are AlO2 terminated. From the homogeneous terrae width and the

unit ell step height we an onlude that the best growth onditions are ahieved

for intermediate ooling rates.
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Figure 4.7.: AFM images and pro�les of ∼8 ML thik LaAlO3 �lms deposited at

820

◦
C. The ubi axes are 45

◦
to the sanning diretion. (a) tempered

for 10min, ooling time 2 h with orresponding pro�le (b) showing

several nm steps. () 1 h ooling time and no tempering. The line

pro�le (d) reveals ∼ 0.4 nm unit ell steps.

4.2.4. Films grown in CNR-SPIN

Films were prepared by PLD on TiO2-terminated SrTiO3(001) substrates held at

a temperature of 800◦ in 3× 10−3
mbar moleular oxygen and a ooling rate of (2

to 3)

◦
C/min. It was found that samples grown at higher pressures (10−1

mbar)

did not show signi�ant di�erenes, whereas at 0.1mbar the interfaes were not

onduting. Furthermore, the substrate surfae quality in�uened the eletrial

properties. In addition to the LaAlO3 �lms, thin �lms for LaGaO3 and NdGaO3

were prepared as well. Eletrial haraterization of all these samples showed a

lear jump in the ondutivity at a ritial �lm thikness of 4 ML. More details

on the growth onditions and the results of the eletrial haraterization are

desribed in the literature.

29,75,89

The strutural and eletrial properties of these samples were signi�antly

better than those of the best samples prepared at the ESRF. This is partially

due to the sophistiated growth monitoring by means of RHEED in the PLD

system in Naples. A di�erential pumping system protets the sensitive �lament
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Figure 4.8.: RHEED investigations during PLD growth of a LaGaO3 �lm on

SrTiO3. (a) The photograph on the left shows the harateristi

RHEED pattern of the lean SrTiO3(001) surfae prior to deposition.

(b) The right photograph shows an image of the RHEED sreen

during/after LaGaO3 deposition. () The variations in the speular

re�etivity are learly visible up to the end of the deposition proess

after 500 s. For better visibility the low-intensity part is zoomed in

the inset.

of the RHEED eletron gun allowing the growth proess to be observed in-situ

even at elevated oxygen partial pressures. An example of a RHEED data set

is shown in Figure 4.8. The olor photographs were taken from the RHEED

sreen of the lean SrTiO3 surfae (left) prior to deposition and during deposition

(right). The speular re�etion as well as �rst-order Bragg re�etions are visible

in these photographs. The intensity of these re�etions is reorded as a funtion

of deposition time and shows harateristi intensity �utuations as a funtion

of surfae roughness during �lm deposition. Assuming layer-by-layer growth, the

number of osillations is a diret measure of number of deposited MLs. Further-

more, the width of the re�etions is a indiator of the strutural quality of the

deposited overlayer. Clear RHEED osillations were observed for all of the samples

investigated.

4.3. Charaterization of the perovskite �lms

Perovskite thin �lms were studied by SXRD in EH1 at ID32. Additionally, HAX-

PES measurements were performed in EH2 of ID32. The �lms had a nominal

thikness of 6 and 12 ML LaAlO3, LaGaO3 and NdGaO3.
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Figure 4.9.: Angle-integrated CTR sans for a nominally 12 ML thik LaAlO3 �lm

grown in Naples, Italy.

4.3.1. Surfae X-ray di�ration measurements on LaAlO3,

LaGaO3 and NdGa03 �lms

Crystal trunation rods (CTRs) were measured by angular sans in Θ as a funtion

of ℓ. Superstruture rods were measured by ℓ-sans. Due to the ubi symmetry

of the substrate three groups of CTRs are expeted to give physially idential

results: (i) all rods with h and k even (e.g. (24ℓ)) (ii) all rods with h and k
odd (e.g. (13ℓ)) and (iii) all CTRs with mixed h and k (e.g. (12ℓ)). Di�erenes
within these groups arise only due to hanges in the measurement geometry. All

re�etions are indexed with respet to the ubi SrTiO3 substrate.

Integer rods

Sans along the integer CTRs for nominally 12 ML thik �lms are shown in

Figure 4.9 for LaAlO3 and Figure 4.10(a) and (b) for 12 ML LaGaO3 and NdGaO3
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respetively. The CTRs show typial osillations orresponding to a thikness of

∼ 10 ML for LaAlO3 and LaGaO3 and ∼ 13 ML for NdGaO3. The pronouned

osillations up to high ℓ on�rm the epitaxial, pseudomorphi growth of a highly

oherent oxide overlayer and an abrupt interfae.

The average position of the LaAlO3 (hk3) peak at ℓ = 3.144 r.l.u. orresponds
to an average mismath of 4.7% or a out-of-plane lattie onstant of 3.73Å. For
LaGaO3 the peaks of the substrate and overlayer oinide nearly perfetly giving

strong evidene for nearly perfet agreement of the ubi SrTiO3 and pseudo-ubi

LaGaO3 lattie onstants. From the average position of the NdGaO3 (hk3) peak
at ℓ = 3.052 r.l.u. follows an average mismath of 1.75% or an out-of-plane

lattie onstant of 3.83Å. The values found for the out-of-plane lattie onstants

are smaller than the values found in bulk samples (see Table 2.1).

Superstruture re�etions are visible on the CTRs of NdGaO3 and are indi-

ated by arrows in Figure 4.10(b). Further measurements at half-integer positions

were performed to eluidate their nature.

Superstrutures of LaGaO3 and NdGaO3

The measurements on the NdGaO3 �lms revealed the presene of superstruture

re�etions on the integer rods. Figure 4.10(b) shows the (1 1 ℓ) trunation rod

with superstruture re�etions at half-integer positions marked by the arrows.

The additional re�etions indiate a doubling of the out-of-plane lattie onstant.

This is onsistent with a �lm growing with a (
√
2×√

2)R45 ◦
superstruture.

Figure 4.11 illustrates that further re�etions are expeted for rods with h and

k both half-integer. As an example, the (1/2 1/2 ℓ), (11/2 1/2 ℓ) rods are shown in

Figure 4.12(a-d). Peaks are visible at the expeted positions.

Additional peaks are also observed on the (0 1/2 ℓ) rods. A representative

in-plane san of a NdGaO3 sample in k along (2 k 0.05) is shown in Figure 4.10().

Several re�etions appear along this line san. The re�etions at half-integer

positions annot be explained by a (
√
2×√

2)R45 ◦
superstruture. They indiate

a doubling of the in-plane lattie onstant and hene point to the -axis being

aligned in the surfae with one of the SrTiO3 in-plane axes a and b. The observed

re�etions orrespond to a (2×1) double-domain superstruture. (see Fig. 4.11)

This leads to the onlusion that two �lm growth orientations are ompeting. The

omparable intensity in symmetrially equivalent re�etions indiates that there is

no preferene for either orientation. From the in-plane width of the superstruture

re�etions we an estimate a domain size of ∼170Å.
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Figure 4.10.: ℓ-san along the (1 1 ℓ) rods of nominally 12 ML thik �lms (a)

LaGaO3 and (b) NdGaO3 show pronouned thikness osillations.

For the NdGaO3 �lm superstruture re�etions at half-integer ℓ
values are marked with arrows. An in-plane san () for the

NdGaO3 �lm along (2 k 0.05) shows symmetrial peaks at integer

and half-integer positions.
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Figure 4.11.: The epitaxial relations of the orthorhombi �lms to the ubi SrTiO3

substrate.

In the LaGaO3 samples we ould not �nd any evidene for the (
√
2×√

2)R45 ◦

superstruture. This was on�rmed by the absene of the superstruture peaks

on the ℓ-sans at integer h and k in Figure 4.10 (a) and other re�etions that

are unique to this superstruture, like (1/2 1/2 1) (see Fig. 4.12(a)). The LaGaO3

�lms grow in a pure (2×1) double domain struture. Sharp spikes in the spetra

were found to belong to powder rings. Similar features an sometimes be found

for LaAlO3 �lms (see also Fig. 4.6()) and have been assigned to poorly oriented

grains on the surfae.

To summarize, the distribution of the superstruture spots annot be ex-

plained by one simple model. For NdGaO3 a ombination of two di�erent epitaxial

relationships for the orthorhombi overlayer is neessary to explain all of the

observed re�etions. For the thiker �lm, the NdGaO3 superstruture re�etions

shift to lower ℓ-values and the peak widths derease. Similar to the substrate rods,

osillations are found for the superstruture rods. These three observations are

evident from Figure 4.12(f)) showing the (01/2ℓ) superstruture rod for the 6 ML

and 12 ML thik NdGaO3 �lms in omparison.

For both LaGaO3 and NdGaO3 the osillations on the superstruture rods

were found to math those on the integer rods and orrespond to the thikness

of the �lms. Therefore, both superstrutures are present over the whole �lm

thikness.

The width of the peaks give an additional estimate of the �lm thikness. For

the 6 ML NdGaO3 �lm the average width is 0.102 r.l.u. ±0.0124 r.l.u., for the
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Figure 4.12.: San in ℓ along the superstruture rods for two di�erent �lm

thiknesses (open symbols: 6 ML, losed symbols: 12 ML) (a-) for

LaGaO3 and (d-f) for NdGaO3.
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Figure 4.13.: Projetions of mesh sans in the hk-plane around the (11ℓ) CTR at

ℓ = 0.15 r.l.u. for a 5 ML LaAlO3 �lm and ℓ = 0.5 r.l.u. for a 6 ML

NdGaO3 �lm.

12 ML NdGaO3 �lm the average width is redued to 0.0757 r.l.u. ±0.0045 r.l.u..

From these values we alulate thiknesses of 38.28Å(∼ 9.8UC) and 51.5Å(∼
13.2UC) respetively. The real thiknesses are overestimated, espeially for the

thinner �lm, indiating other ontributions to peak broadening are present suh

as mosaiity and strain.

A detailed strutural analysis of the di�erent oxide �lms would have been

interesting. However, due to the multidomain struture the time for the aquisition

of a reasonable data set would have exeeded the amount of available beam time.

Satellite peaks

Double peaks are visible in angular sans through the CTRs. Reiproal spae

maps (RSMs) were measured around the (11ℓ) re�etions at ℓ = 0.15 r.l.u. and

0.5 r.l.u. in the hk-plane. All RSMs appear to be strethed in the hk-diretion.
The strething is due to the instrument resolution funtion whih, in this geometry,

is mainly de�ned by the in-plane detetor slits. For better omparison projetions

of the RSMs are shown in Figure 4.13(a) and (b) for LaAlO3 and NdGaO3.

Detailed analysis around the (11ℓ) Bragg re�etion revealed a �ne struture in
the tails of the Bragg re�etions. Additional intensity is distributed symmetrially

around the in-plane Bragg peak at (1 1 0.15) of the LaAlO3 �lm as well as at higher

ℓ at a onstant distane of ∼ 0.002 r.l.u.; for NdGaO3 (1 1

1/2) the splitting is

0.0013 r.l.u. i.e. slightly smaller. This orresponds to a periodi modulation in the

�lm or the substrate with a periodiity of ∼ 300 nm and ∼ 200 nm for LaAlO3

and NdGaO3 respetively.
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Figure 4.14.: Comparison of HAXPES survey spetra for 5 ML thik LaAlO3

(blak, top) and LaGaO3 (red, bottom) �lms for the binding energy

range from 660 eV to −5 eV measured with a beam energy of 2.75 keV.
The spetra are o�set to improve the visibility of the peaks.

The satellite peak an arise from (i) a periodi disloation network

113

in the

overlayer or (ii) periodi distortions in the SrTiO3 substrate.
114

Boshker et al.

114

observed similar features on 8�19 nm thik LaAlO3 �lms. They argue that in their

LaAlO3 samples the disloation density neessary to explain the observed satellites

does not agree with the in-plane mismath they observed in their samples.

In the ase of NdGaO3, the intensity at and around the (1 1

1/2) re�etion
originates mainly from the NdGaO3 �lm. Contributions from the SrTiO3 an be

exluded. The satellites have to originate from a periodi disloation network in

the NdGaO3 �lm. We are inlined to argue that the satellites in the LaAlO3 �lm

also originate from disloation networks in the overlayer.

4.3.2. Charaterization by hard X-ray photoeletron

spetrosopy

HAXPES spetra were reorded from the LaAlO3, NdGaO3 and LaGaO3 thin �lm

samples. Survey spetra from 6760 eV to −5 eV binding energy are presented in

Figure 4.14 for 5 ML thik LaAlO3 and LaGaO3 �lms. The individual ore levels

are marked by arrows and the orresponding orbitals are indiated. The spetra

show all of the expeted ore level lines from the �lm and the substrate and a

weak arbon ontamination probably due to the exposure to air. The substrate

peaks are still very well visible.
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Figure 4.15.: (a) O 1s ore level spetra show a high binding energy shoulder with

a pronouned angle dependene indiative of OH-groups adsorbed on

the LaAlO3 surfae. (b) Ti 2p spetra from LaGaO3 in omparison

to a LaAlO3 �lm.

In partiular the O 1s and Ti 2p ore levels show additional features and in

the valene band region a signature of the 2DEG is expeted lose to EF . In fat,

data from both the 5 ML and the 12 ML thik LaAlO3 �lms reveal the presene

of a lear Fermi level and a weak feature ∼ 1.3 eV below EF . Equivalent results

were also found for LaGaO3 �lms grown on SrTiO3. A detailed disussion will be

presented in Setion 4.5.

Despite the good di�ration data measured for the NdGaO3 �lms, HAXPES

measurements remained very hallenging due to harging problems that result

in shifts of the ore level positions. This suggests, that ondutivity was not

preserved during the transport to the ESRF. Nevertheless, ore level spetra for

O 1s and Ti 2p were measured also on one NdGaO3 �lm.
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Figure 4.16.: Angle dependent Ti 2p spetra for (a) LaAlO3 and () LaGaO3 thin

�lms. (b) shows best �t results of Eq. 4.1 to the

I(3+)/I(4+) ratio. The

95% on�dene band is shaded in light blue and ontains the error

bars estimated from multiple measurements

O 1s ore levels

A series of O 1s ore level spetra for di�erent take-o� angles is shown in Fig-

ure 4.15(a). The spetra are exhibit 2 omponents. The main line is found at

a binding energy of 530.5 eV and the seond omponent has a ∼ 2.3 eV higher

binding energy. The high-energy omponent has a pronouned angle dependene

suggesting that this ontribution originates from the surfae. In agreement with

observations on other metal oxide surfaes (see also Chapter 6 for similar features

on a0.65Sr0.35MnO3 �lms) and the LaAlO3/SrTiO3 samples,

115

the additional fea-

ture is assigned to surfae bound hydroxyl groups.

1

Ti 2p ore levels

For all samples, independent of the doping mehanism, Ti 2p ore levels exhibit a
shoulder assoiated with Ti

3+
was found at ∼ 2.3 eV lower binding energy of the

Ti

4+
main line.

1

Samples exposed to air for the same amount of time seem to show a more pronouned

hydroxide peak for thiker �lms (e.g. the 2 ML and 5 ML �lms used for the XSW imaging).

OH-adsorption might be enhaned for thiker samples due to a higher remaining surfae

potential. Additionally, hydroxyl groups may adsorb more readily due to the positive harge

aumulated on the surfae

57

due to oxygen vaanies.
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Figure 4.15(b) shows Ti 2p spetra for nominally 2 ML and 5 ML thik

LaAlO3 �lms measured at a beam energy of 3.2 keV. The resulting probing depth
3λ at normal emission is ∼ 140Å. The spetra show one strong peak originating

from the Ti 2p3/2 line at a binding energy (EB) of 459.5 eV and for the 5 ML �lm

a shoulder is visible on the low binding energy side of the Ti 2p3/2 main peak. The

shoulder is attributed to a redution in valene state, i.e. Ti

4+ → Ti

3+
due to the

eletron doping at the LaAlO3/SrTiO3 interfae.

Thik LaGaO3 �lms show a similar shoulder as shown in Figure 4.16().

NdGaO3 �lms did not show any shoulder on the Ti 2p ore level. The absene

of the shoulder in the NdGaO3 sample agrees with the observation of harging

e�ets on this sample.

Ti 2p ore levels were studied as a funtion of the emission angle (Fig. 4.16(a)

and ()). The angle dependent measurements show an enhanement of the Ti

3+

feature for the surfae sensitive geometries. A detailed analysis of angle dependent

Ti 2p spetra was presented by Sing and oworkers.

74

The ratio of the main peak

to the shoulder

I(3+)/I(4+) is desribed by

I(3+)

I(4+)
=

p [1− exp (−d/λ cos θ)]
1− p [1− exp (−d/λ cos θ)] (4.1)

where p is the fration of Ti

3+
ions per unit ell and d is the thikness of the

onduting layer. Hene, the ratio p and thikness d an be obtained by �tting

the equation against the experimentally obtained

I(3+)/I(4+) ratios. Under the

assumption, that eah eletron at the interfae ause the redution of a Ti atom

to Ti

3+
, the sheet arrier onentration is obtained by multiplying p and d. As

a matter of fat this is not totally true, beause eletrons trapped at vaanies

will ontribute to the Ti

3+
states, but are too tightly bound to partiipate in the

ondution proess.

102

This should lead to an overestimate of the sheet arrier

density.

For the 5 ML LaAlO3 sample a thikness of∼ 5 ML for the 2DEG (Fig. 4.16(b))

and a sheet arrier density of 1.715×1014 m−2
is estimated. These values are in

very good agreement with the results obtained from LaAlO3 �lms by various meth-

ods

72,74

and are in exellent agreement with the eletrial haraterization of suh

samples.

89

The LaGaO3 �lm also shows an angular dependene (see Fig. 4.16())

but it is muh less pronouned. This indiates that the thikness of the ondutive

layer exeeds the probing depth. The hosen preparation onditions were the same

as for LaAlO3 �lms and did not allow bulk oxygen vaany formation. It an be

onluded that the ondutive layer is on�ned to the interfaial region, however,

extending to a depth exeeding the mean free path of the photoeletrons.

These measurements on�rm (i) that only samples above the ritial thikness

show signi�ant harge arriers, (ii) the harge arriers are on�ned to the interfae
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Figure 4.17.: Ti 2p ore level spetra for (a) Nb:SrTiO3 (open irles) and

SrTiO3−δ and (b) a series of Ti 2p ore level spetra for SrTiO3

annealed at inreasing temperatures.

region and (iii) annot be explained by vaanies distributed in the bulk of the

SrTiO3 substrate.

Figure 4.17(a) shows the Ti 2p spetra of the SrTiO3 samples studied by

XSW valene band deomposition in Setion 4.5. The ratio of the main peak to

the shoulder

I(3+)/I(4+) provides a measure of the harge arriers. For Nb:SrTiO3

we obtain a ratio of 0.048±0.01 and for SrTiO3−δ 0.318 ± 0.01. The average

Ti

3+
/Ti

4+
ratio within the ≈ 2 nm interfae region is 0.053 ± 0.002 and thus is

omparable to the arrier density whih we measured on the Nb:SrTiO3 sample.

In Figure 4.17(b) we present a series of Ti 2p spetra for SrTiO3 samples

subjeted to di�erent annealing temperatures (800

◦
C, 850

◦
C and 1000

◦
C) for

∼ 30min at pressures below 10

−8
mbar. This annealing treatment reates oxygen

vaanies in SrTiO3 bulk struture. A shoulder on the low binding energy side

of the Ti 2p3/2 main peak develops as a funtion of annealing temperature. For

omparison a 0.2 atm. % Nb-doped sample is shown as well. With inreasing

annealing temperature we observed that the samples beame darker in olor,

onsistent with the optial band gap beoming smaller.
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4.3.3. Conlusions

Epitaxial �lms of LaAlO3, LaGaO3 and NdGaO3 grow with high rystalline or-

der on SrTiO3. For the orthorhombi LaGaO3 �lms, epitaxy ours with the

pseudo-ubi -axis out-of-plane resulting in a (
√
2×

√
2)R45 ◦

superstruture. In

NdGaO3 the -axis an be oriented in-plane, resulting in a (2× 1) double-domain

like superstruture with the a and b-axis pointing 45

◦
away from the surfae. The

�lms show a larger  lattie onstant for thinner �lms. Furthermore, we observed

satellite strutures around the �lm Bragg peaks indiating that a disloation

network assists in aommodating in-plane strain.

HAXPES measurements showed a hydroxide related high binding energy

shoulder on the O 1s ore levels for all samples. The low binding energy Ti 2p
shoulder gives evidene of the �lling of the interfaial Ti 3d bands. Analysis of the
angle-dependent behavior shows that the shoulder originates from the interfae

region. The 2DEG thikness was found to be 5UC, with a sheet arrier density

of 1.7× 1014 m−2
, as obtained by �ts to the angle-dependent data. These results

agree very well with the literature

72�74

and transport measurements on samples

grown under idential onditions.

89

For LaGaO3, the ondutive layer appears to

be muh thiker, but remains loalized at the interfae. NdGaO3 �lms are not

very stable under atmospheri onditions and show harging e�ets in XPS and

the Ti 2p shoulder was not observed on these samples.

4.4. XSW-imaging of distortions in LaAlO3

Strutural details of LaAlO3 �lms on SrTiO3 were revealed using the XSW imaging

tehnique. Model-free real spae images were reonstruted, showing signi�ant

distortions in the LaAlO3 overlayer. Subsequent model re�nement yielded the

lattie distortions along the interfae with high preision and also revealed the

OH adsorption site on the surfae of the �lms. This investigation demonstrates

that it is possible to determine the element-spei� lattie distortions in metal

oxide thin �lms with high resolution.

This setion is foused on LaAlO3 thin �lms below (2 ML) and above (5 ML)

the ritial thikness for ondutivity. In addition, preliminary measurements on

LaGaO3 �lms are presented. The �rst part presents the analysis of the XSW

modulated ore level photoeletron yield for the �ve elements present in the �lm

and the substrate. For eah re�etion and element the amplitude and phase of

the Fourier oe�ient of the elemental atomi distribution funtion is extrated.

In the seond part, 3-dimensional real spae images of the atomi distribution are
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reonstruted by diret Fourier inversion for eah of the elements in the LaAlO3

�lms. These images reveal signi�ant atomi displaements and bukling of the

ation-oxygen planes for both samples. The third part demonstrates how the

individual positions of all of the oxygen and ation sites an be obtained with the

help of a model re�nement. The re�ned model was tested against SXRD data

obtained from the same samples.

4.4.1. Extration of Fourier omponents

The XSW modulated ore level photoeletron yield was reorded for the La 3d,
Al 1s, O 1s, Sr 3s and Ti 2p ore levels for seven di�erent Bragg re�etions. The

irles in Figure 4.19 show the raw data for the 2 ML and 5 ML thik LaAlO3

�lms. The di�erenes in the yield urves for the ations in the �lm (La,Al) and the

substrate (Sr,Ti) indiate deviations from the substrate positions for the elements

in the �lm. Signi�ant di�erenes are apparent between the 2 ML and 5 ML thik

samples. For the LaGaO3 �lms the La 3d, O 1s, Ti 2p and Ga 3s ore levels were
studied for the SrTiO3 (111) re�etion. The irles in Figure 4.18 show the raw

data for 6 ML and 12 ML LaGaO3 �lms.

In the further analysis, for eah re�etion the amplitude, fH , and phase, PH ,

of one Fourier oe�ient of the elemental atomi distribution funtion ρ(r) were
obtained by �tting Eq. 2.26 to the experimental photoeletron yield urves. The

best �t results are plotted as lines in Figure 4.18 and Figure 4.19. The �tted

values for fH and PH are summarized in Tables 4.2 and 4.3 for the LaAlO3 �lms

and in Table 4.4 for LaGaO3. It should be noted that the values are lose to

those measured for the substrate ation on the same rystallographi site. The

positions lie mostly below the SrTiO3 position and also the oherent fration is

redued. The similar oherent frations indiate a similar degree of order with

respet to the SrTiO3 lattie. The high oherent frations give further evidene

of high oherene and good epitaxy.
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Figure 4.18.: XSW measurements of the La 3d (green) and O 1s ore levels (dark:
main peak; light: side peak) for the 6 ML (open symbols) and 12 ML

(losed symbols) LaGaO3 �lms using a SrTiO3(111) re�etion in bak

sattering geometry (hν=2.75 keV). The urves for La are o�set by

0.4 in y for better visibility.
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Figure 4.19.: Results from XSW measurements on a 2 ML and a 5 ML thik LaAlO3 �lm. Data (irles) and best �ts (lines)

are shown for all elements in the �lm and substrate for the (111), (002), (112, (121),(113) and (103) re�etions

of SrTiO3.
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Table 4.2.: Best �t results for the XSW results of a 2 ML LaAlO3 �lm. The orresponding �ts and data are shown in

Figure 4.19.

Al 1s La 3d O 1s Ti 2p Sr 3s

(hkl) fH PH fH PH fH PH fH PH fH PH

(111) 0.92 0.57 0.68 0.95 0.66 0.94 0.90 0.53 0.90 0.99

(002) 0.42 0.93 0.73 0.03 0.64 1.00 1.08 0.01 0.82 0.99

(112) 0.21 0.88 0.66 0.02 0.25 0.53 0.99 1.00 0.96 0.99

(121) 0.34 0.83 0.56 0.94 0.39 0.62 1.05 0.99 · · · · · ·

(202) 0.54 0.96 0.61 0.01 0.45 0.02 0.94 0.99 1.01 0.00

(113) 0.50 0.43 0.63 0.01 0.88 0.02 1.10 0.50 0.82 0.02

(103) 0.36 0.93 0.70 0.05 0.41 0.47 1.02 0.02 0.92 0.01

Table 4.3.: Best �t results for the XSW results of a 5 ML LaAlO3 �lm. The orresponding �ts and data are shown in

Figure 4.19.

Al 1s La 3d O 1s main O 1s side Ti 2p Sr 3s

(hkl) fH PH fH PH fH PH fH PH fH PH fH PH

(111) 0.38 0.44 0.77 0.9 0.86 0.93 0.32 0.87 1.13 0.49 0.79 0.99

(002) 0.27 0.63 0.37 0.73 0.26 0.73 0.086 0.34 · · · · · · · · · · · ·

(112) 0.45 0.75 0.56 0.8 0.15 0.45 0.09 0.41 0.99 0.99 0.96 0.99

(121) 0.56 0.80 0.65 0.89 0.42 0.64 0.7 0.73 · · · · · · · · · · · ·

(202) 0.54 0.76 0.57 0.80 0.53 0.86 0.31 0.84 0.95 0.99 0.89 0.98

(103) 0.43 0.57 0.30 0.67 0.21 0.40 0.085 0.48 · · · · · · · · · · · ·

6
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Table 4.4.: Best �t results for the XSW data for 6 ML and 12 ML thik LaGaO3

�lms for the SrTiO3 (111)-re�etion. The orresponding data and �ts

are given in Figure 4.18.

6 ML 12 ML

PH fH PH fH

La 4p 0.994 0.89 0.971 0.65
O 1s-1 0.995 0.89 0.971 0.661
O 1s-2 1.011 0.41 0.954 0.366
Ti 2p 0.502 0.97 0.505 0.96
Ga 3s 0.485 0.86 · · · · · ·

Removal of the oxygen ontribution from the substrate

The O 1s spetra ontain ontributions from oxygen in the �lm and oxygen in the

SrTiO3 substrate. The position derived from the XSW data an be orreted for

this fator to obtain the true position of the oxygen atoms in the �lm.

The Fourier omponents (fH , PH) for oxygen an be deomposed into a sum

of the ontributions from the �lm and the substrate using Eq. 2.34. The relative

ontributions from the �lm and the substrate I
LaAlO3

and I
SrTiO3

were estimated

from Eqs. 2.21 and 2.22.

For the perovskite �lms the mean free path varies only slightly for the dif-

ferent materials. Setting λ
SrTiO3 = λ

LaAlO3 = λA and I∞
LaAlO3

= I∞
SrTiO3

redues

Eqs. 2.21 and 2.22 to

I
SrTiO3

= exp−d/(λA∗sin θ)
(4.2)

I
LaAlO3 = 1− exp−d/(λA∗sin θ). (4.3)

The take-o� angle, the mean free path λ, and I

LaAlO3/ISrTiO3 ratio are summarized

for all of the relevant re�etions (hkl) in Table 4.5.

In the following only the substrate-orreted Fourier oe�ients will be em-

ployed.

4.4.2. Results from 5 ML and 12 ML thik LaGaO3

The (111) re�etion is tilted with respet to the surfae, thus information on

the oherene in both in-plane and out-of-plane diretion are aessible in this

geometry. Nevertheless, the XRD results presented above showed that the �lms
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Table 4.5.: Experimental parameters for eah re�etion (hkl) the photon energy

hν, the take-o� angle θ, the inelasti mean free path λ, and the

substrate/�lm ratio are given.

(hkl) hν θ λ ratio 5 ML ratio 2 ML

(1 1 1) 2.75 45 41.5 0.490 0.678
(0 0 2) 3.17 6 46.6 0.014 0.096
(1 1 2) 3.89 35.26 55 0.278 0.848
(1 2 1) 3.89 65.9 55 0.660 0.797
(2 0 2) 4.49 45.0 61.9 0.620 0.771
(1 0 3) 5.02 18.43 67.9 0.378 0.588
(1 1 3) 5.27 16.43 70.6 0.351 0.565

are uniformly strained in-plane. Consequently, no in-plane displaements are

expeted and the oherent position an be diretly translated to a position along

the -axis.

For distanes larger than the XSWs periodiity, the oherent position does

not give a unique answer. Strutural information is averaged over the entire �lm

thikness. Assuming a linear displaement with distane from the interfae, we

an estimated the mismath to the sites of the extended SrTiO3 lattie. The

oherent position of 0.97 found in the 12 ML �lm orresponds to approximately

0.48% mismath per ML. For the 6 ML �lm the position of 0.994 orresponds

to a mismath of ∼ 0.4%. The smaller mismath for the thinner �lm indiates

a possible expansion of the unit ell loser to the interfae due to the build-up

of eletrostati harge. A similar behavior was observed by di�ration for the

NdGaO3 �lms and in the imaging results of the LaAlO3 �lms presented in the

following.

Although the orthorhombi LaGaO3 struture exhibits distortions between

the GaO6/2 otahedra, the otahedra themselves remain nearly undisturbed (bond

angle 90.3 ◦
and 89.7 ◦

). Therefore, the oxygen distribution around the ation sites

an be approximated to be symmetri with respet to the (111) lattie planes.

Thus, oherent positions are expeted to be idential for the lanthanum A-site and

oxygen. In omparison, the multiple oxygen sites with respet to the SrTiO3(111)

lattie planes are expeted to redue the oherent fration. The XSW results show

idential oherent positions and frations for O and La. At �rst sight, this would

indiate undistorted otahedra. But, there are signi�ant ontributions from the

SrTiO3 substrate to the signal.

For a quantitative approah, the ontribution from bulk oxygen was estimated

by omparing the ore-level intensities from the LaGaO3 �lm with measurements

on Nb-doped SrTiO3. The bulk ontribution was found to be ≈45% of the total
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O1s signal and the measured Fourier omponents for oxygen were deomposed

into the ontributions from the �lm and the substrate.

The orreted values are fH=0.424 and PH=0.914. The average O position

is hene about 0.22Å below the lanthanum position indiating distortion of the

LaO planes.

4.4.3. 3-dimensional real spae images of LaAlO3 �lms

Contrary to standard X-ray di�ration measurements, in the XSW tehnique the

amplitude and phase of the Fourier oe�ients of the atomi distribution funtion

for eah re�etion are determined. Consequently, XSWs present an elegant way

around the phase problem in X-ray rystallography. This means that, if a su�ient

number of Fourier omponents are known, the atomi distribution funtion an

be diretly reonstruted by using Eq. 2.33. In this way model-free 3-dimensional

images of the LaAlO3 overlayers were obtained.

The SXRD measurements presented before in Setion 4 on�rmed a pseu-

domorphi growth of the LaAlO3 overlayers for all �lm thiknesses. In this

ase the �lm will follow the substrate symmetry. The loss of periodiity at the

surfae redues the bulk symmetry Pm3m to P4mm for the SrTiO3 (001) surfae.

Applying this symmetry to the measured data gives 29 and 25 Fourier omponents

of the atomi distribution funtion for eah element for the 2 ML and 5 ML thik

�lms, respetively.

From these data sets, model-free 3-dimensional real spae images of the

atomi distribution funtion were reonstruted for all of the elements in the

samples. Figure 4.20 shows 3-dimensional views of the atomi distribution fun-

tion and Figure 4.21 a set of ontour plots ut along prominent planes in the

struture. The images reveal signi�ant atomi displaements with respet to the

position in the SrTiO3 substrate. The omparison for 2 ML (non-onduting)

and 5 ML thik (onduting) samples show a signi�ant inrease of the overall

atomi displaements with inreasing �lm thikness. The enter of the areas with

maximum intensity are summarized in Table 4.6 and represent the average of all

ation sites oupied throughout the �lm with respet to the substrate lattie.

Positions are desribed with respet to the extended SrTiO3 lattie.
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Figure 4.20.: Diret XSW images as alulated from the raw data for the 2 ML

and 5 ML �lms. Artifats due to missing Fourier omponents are

apparent in these raw images. The blak boxes indiate the unit ell

of the extended SrTiO3 substrate.
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2 ML 5 ML(a)

2 ML 5 ML(b)

Figure 4.21.: Contour plots for 2 ML and 5 ML �lms for (a) the ations and (b)

the oxygen. For oxygen, the plots were alulated from the raw data,

the substrate orreted data and the OH-feature. The planes were

hosen parallel to the -axis and perpendiular to the b-axis. For

La, the plane oinides with the ell orners, for oxygen and Al with

the enter of the unit ell.

Distortions and bukling

For both �lms we observe signi�ant displaements of all atoms, as summarized

in Table 4.6. We an distinguish between the oxygen atoms OAl and OLa in the

AlO2-planes and the LaO plane and the respetive bukling ∆AlO2 and ∆LaO in

these layers. The results are shown in Figure 4.22.

For the 2 ML thik �lm we detet an outwards movement of the La atoms by

0.079Å while the OLa shows a −0.048Å downwards shift giving rise to ∆LaO of

0.127Å. In the AlO2-plane the average Al position shifts −0.1Å and the OAl by

−0.225Å towards the interfae giving rise to ∆AlO2 of 0.122Å.

For the thiker �lm all positions are shifted towards the interfae. Displae-

ments in the AlO2 plane are more pronouned; Al shows a shift of −0.538Å, the
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Figure 4.22.: Distortions in the LaAlO3 �lms in a ball-stik model for (a) the 2 ML

and (b) the 5 ML thik �lm. Positions as extrated from the real

spae imaging. The bukling ∆LaO and ∆AlO2 are shown as well as

the average distane of the AlO2 and LaAlO3-planes. The blak lines

indiate the unit ell of the extended SrTiO3 substrate.

OAl of −0.656Å resulting in ∆AlO2 of 0.119Å. The La is shifted by −0.405Å and

the OLa by −0.194Å. The average bukling in the LaO plane amounts to 0.04Å.

The distortions in the LaAlO3 �lm are expeted to redue the potential build-

up due to a redution of the harge density of the individual layers. Figure 4.23

shows a shemati drawing of the potential build-up in the LaAlO3 �lm. The e�et

of bukling is skethed by the blue arrows that show the redued harge density

per layer. The �gure on the right shows the resulting redution in the potential

build-up.

The measurements of the positions of the AlO2 and LaO planes reveal larger

relative displaements for the AlO2-plane. This results in variations in the inter-

planar distanes. It an be seen from Figure 4.22 that the AlO2-plane has a shorter

distane to the LaO plane on the interfae side than to the plane on the surfae
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Figure 4.23.: Distortions lead to a redution of the eletrostati potential build-

up in two ways; (i) distortions in the metal oxide planes lead to a

redution of the harge density (blue) (ii) modulation in the distanes

of the LaO and AlO2 planes (green lines).

side. Under the assumption that the gradient of the potential is unhanged by

this strutural modi�ation, the redued distane will give rise to a smaller overall

potential build-up as illustrated in Figure 4.23 by the green lines.

The distortions are most ertainly an expression of the polar nature of LaAlO3

and the resulting potential. Interestingly though, in our measurements we did not

see any e�et of ore-level peak broadening or peak shifts as a funtion of �lm

thikness, indiating a full ompensation of the eletrostati potential. Thus, for

the thiker �lm a larger displaement would be expeted, whih was not observed.

This indiates that a partial ompensation has been failitated by the distortions

and, for the thiker �lm, there is another ompensation mehanism involved. This

observation agrees qualitatively with the SXRD results presented by Pauli et al.

69

Variation of unit ell volume

The average of the positions extrated for all atoms in the 2 ML thik �lm are

about 0.07Å below the SrTiO3 positions. This orresponds to a LaAlO3  lattie
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Table 4.6.: Average ation positions as measured in the real spae images obtained

by diret transformation. ∆z is the displaement from the positions in

the extended SrTiO3 lattie.

2 ML 5 ML

z ∆ z (Å) z ∆ z (Å)

Al 0.4736 −0.103 0.3623 −0.538
OAl 0.4423 −0.225 0.3319 −0.656

∆AlO2 0.0313 0.122 0.0304 0.1187

La 1.0202 +0.079 0.8963 −0.405
OLa 0.9877 0.048 0.8866 −0.443

∆LaO 0.0325 0.1269 0.0097 0.038

OH · · · · · · 0.7883 −0.827

onstant 

LaAlO3 of 3.83Å. This value is only slightly larger than the LaAlO3

bulk lattie onstant of 3.821Å. Strutural haraterization on�rmed the perfet

in-plane strained growth of the �lms and hene a

LaAlO3
= b

LaAlO3
= a

SrTiO3
. The

data indiate an inrease of the LaAlO3 unit ell volume. This is ounter intuitive

sine one would expet a derease in 

LaAlO3 to keep the unit ell volume lose to

the bulk values.

In the 5 ML �lm, the average atomi downwards displaement is ∼ 0.51Å.
Assuming a linear inrease of the atomi displaement as a funtion of distane

from the interfae and an equal oupation of all sites, we estimate a downwards

shift of 0.2Å/ML, whih translates to an out-of-plane mismath of 5% or a 

LaAlO3

of 3.7Å. The LaAlO3  lattie onstant for the 5 ML thik �lm is hene ontrated.

This estimate agrees very well with SXRD measurements of a 12 ML thik LaAlO3

�lm. From the average position of the LaAlO3 (hk3) peak at ℓ = 3.144 a mismath

of 4.7% or a 

LaAlO3 of 3.73Å was estimated. This ontration leads to volume

onservation as a response to the in-plane tensile strain.

Contribution to the O 1s signal by adsorbed OH-groups

As previously mentioned the O 1s spetra ontain an additional omponent on the

high binding energy (EB) side due to surfae-bound OH-groups. Where possible,

the two ontributions were separated by a two omponent �t. The 2 ML thik �lm

showed only a small side omponent, espeially for measurements at high photon

energies and large take-o� angles, and it was not possible to obtain a omplete
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Figure 4.24.: Overview of the XSW data sets. The open symbols show the

experimental data and lines represent the best �t to PH (red) and

fH(blue) in the model re�nement.

data set. For the 5 ML �lm the modulated photoeletron yield for the oxygen was

analyzed separately for the 2 omponents. The resulting yield urves and the best

�ts are shown in Figure 4.19. Cuts through the real spae images of oxygen along

the faes of the SrTiO3 unit ell in Figure 4.21 show some weight at the position

(0, 0, 0.79) in referene to SrTiO3. This position annot be due to oxygen in the

sublattie of a perovskite �lm and further support OH-groups.

Ideally, the LaAlO3 surfae is AlO2 terminated. In the re�nement step

presented below, we identify the Al position in the top layer to be at z ∼ 0.25.
This indiates that the oxygen of the OH-group is sitting about 2Å above the

AlO2-plane and has 4 nearest Al neighbors.

Images alulated from the "substrate-orreted" Fourier omponents for the

5 ML �lm, show intensity at the position identi�ed for OH, although the hydroxyl

ontribution was removed. In the real spae images for the 2 ML �lm, a relatively

high intensity is identi�ed around (0, 0, 0.87) although no lear side omponents

were identi�ed. Hene, the peak �t with two Voigt funtions is not adequate to

desribe the situation. The OH-groups do not simply ontribute a single peak

with a learly de�ned EB.
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Figure 4.25.: Vertial positions normalized by the SrTiO3 lattie parameter for (a)

La atoms and (b) Al atoms of the 5 ML thik �lm as obtained from

the model re�nement. () The bukling of the ation�oxygen planes.

The x-axis represents the distane from the TiO2/LaO interfae in

monolayers.

4.4.4. XSW model re�nement

This setion presents the results obtained by a model re�nement using the experi-

mentally measured Fourier oe�ients. This analysis step allows individual ation

sites and artifats introdued in the images due to missing Fourier omponents

to be identi�ed. XSW probes the entire thikness of the �lm and as a result

information is averaged and individual ation sites annot be readily extrated. In

order to derive a strutural model, a model re�nement was performed (Eq. 2.35).

The ontribution from the atomi sites at di�erent depths was estimated from

Eq. 2.36. In the re�nement, only the z-position in the unit ell was varied. For

the 5 ML �lms, free parameters were redued by oupling the atomi positions in

a linear way depending on the distane from the interfae. The displaements in

the di�erent layers an be oupled in other ways (e.g. exponential, quadrati, or

ubi), however, no signi�antly better agreement was found.
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Strutural model

The best �ts to the measured fH and PH values are plotted in Figure 4.24, whih

shows very good agreement between the model alulations and the experimental

data. The derived strutural data are shown in Figure 4.25. The top two panels

show the position for the ations La and Al and the respetive oxygen atoms,

relative to the extended SrTiO3 lattie. The lower panel shows the bukling ∆z

alulated from the di�erene between the ation and oxygen positions. Positive

values of the bukling indiate a relative movement of the oxygen atoms towards

the interfae.

The atomi positions are distributed around the average positions extrated

from the diret images and show an inrease of the displaement with inreasing

distane from the interfae. The Al atoms show a stronger spread in position. The

re�nement indiates a derease in the bukling with inreasing distane from the

interfae.

The positions obtained in this re�nement proess an be tested against SXRD

data from the same sample. CTRs were simulated using the struture obtained

from the model re�nement. A roughness fator in the β-model

34

of 0.25 was

assumed. The omparison is shown exemplary for the (2 1 ℓ) CTR in Figure 4.26

for the 5 ML sample. The omparison shows a good agreement and the number

and position of the interferene fringes are orretly reprodued. The interferene

fringes in the simulated CTR are more pronouned. This may be explained

by thikness variations in the real samples that were not aounted for in the

XSW-derived model, sine the XSW results are relatively insensitive to surfae

roughness, in ontrast to the SXRD data.

Removal of artifats

Real spae images obtained by Fourier inversion may ontain artifats. These

artifats arise from the �nite number of Fourier omponents in the alulation.

Espeially, at high symmetry points in the struture additional intensity is found.

A priori, it annot be identi�ed whether this intensity is real and orresponds to

the position of an atom or not. Nevertheless, we an learly identify artifats

after the re�nement step. Figure 4.27 shows for the 5 ML thik �lm the atomi

density of La along the ell edge (00z) with red irles and along the enter of

the ell at (

1
2
1
2
z) with blak squares. As expeted, high intensity is observed in

the orners of the unit ell, orresponding to the La-site. In addition a weaker

peak, lose to the body entered position, is observed. The ontinuous lines show

the density alulated from the model found in the re�nement. There is a nearly
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Figure 4.26.: Simulated (21ℓ) CTR for a 5 ML LaAlO3 �lm using the positions

obtained from the XSW model re�nement (red line) ompared to

SXRD data aquired from the same sample.

perfet agreement between the model and the measured data. The peak found at

1
2
1
2
0.4 is niely reprodued by the model ontaining no La atoms along

1
2
1
2
z. The

additional intensity is aused by missing Fourier omponents and does not ontain

any useful strutural information.

4.4.5. Conlusion

Diret images show signi�ant distortions in thin �lms of LaAlO3 grown on

SrTiO3(001). The distortions are more pronouned in samples below the ritial

thikness for ondutivity. Furthermore, we found evidene for a volume expansion

of thin LaAlO3 �lms. Additionally, indiations of lattie distortions in the metal

oxide planes of LaGaO3 were presented.

The ombination of the lattie distortion and larger displaements towards

the interfae of the AlO2 planes redue the potential build-up in the LaAlO3

overlayer.

Analysis of the O 1s ore level spetra allowed us to separate the O 1s main

line originating from the lattie (SrTiO3 and LaAlO3) and the a peak attributed to

OH-groups at the surfae. By means of XSWs, the adsorption site of OH-groups

was identi�ed above the Al-site. It was not possible to separate the oxygen signal

from the LaAlO3 �lm and the adsorbed OH-groups ompletely.
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Figure 4.27.: La atomi density densities ρa along a unit ell edge in 00z (red

irles) and along

1
2
1
2
z (blak squares) as measured and simulated

(line) for the 5 ML thik �lm.

In a subsequent re�nement step the individual atomi positions of all of the

atoms in the �lm were identi�ed. The strutural model was onsistent with the

SXRD data.

4.5. Site-spei� spetrosopy of the 2DEG

The gap states of (2%) Nb:SrTiO3, SrTiO3−δ and n-type LaAlO3/SrTiO3 inter-

faes were studied by HAXPES in ombination with XSW. In all three ases,

photoeletron yield was observed homogeneously in the whole band gap. By em-

ploying X-ray standing wave exitation it was possible to separate the partial yields

from the Ti and Sr/O lattie sites. For Nb:SrTiO3 the spetral yield originates

preferentially from the Ti site. For SrTiO3−δ the yield is not site-spei� exept

for an in-gap state, asribed to oxygen vaany lustering, whih is assoiated

with the Ti site. For the LaAlO3/SrTiO3 sample additional Ti assoiated yield is

observed at the Fermi level, indiating the �lling of the Ti d-band.

This setion presents the site-spei� deonvolution of gap states in SrTiO3.

In the �rst part the experimental details are outlined. The seond part presents

the data measured from the three samples and, in the following, the results of

the deonvolution proedure are disussed. Finally, a number of onlusions are

drawn from these measurements.

The material presented in this setion is largely based on a paper whih has

been submitted for publiation in Physial Review Letters.
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Figure 4.28.: XSW photoexitation of a SrTiO3 rystal. (a) Sketh of the ubi

perovskite SrTiO3 (STO) unit ell with the (111) lattie planes (b)

An XSW energy san employing the (111) re�etion (energy sale

is in eV). Upper panel: Ti 2p, Sr 3d and O 1s photoeletron yield.

Lower panel: SrTiO3 re�etivity urve. The exitation energy is Eγ

and EBragg orresponds to the Bragg energy (2.75 keV). At Eγ −
EBragg = 0.2 eV the XSW maxima are on the Ti site and Ti 2p
emission is maximal. At Eγ −EBragg = 0.6eV the XSW maxima are

on the Sr,O sites and the Sr 3d and O 1s emission is maximal.

4.5.1. Experimental details

For the measurements the Si(111) double rystal monohromator was slightly

detuned to redue higher energy harmonis. In this way the photoeletron yield

above the Fermi edge was redued to a few ounts per seond. Any photo-

emission signal above EF an only be due to high-energy photons arising from

an inadequate suppression of higher harmoni radiation in the beamline. Further

detuning of the monohromator rystals would have led to a loss in intensity. The

remaining radiation only ontributes a onstant bakground over the san area

beause no ore levels exited by photons from the 3

rd

harmoni (8.25 keV) fall
in the gap region. In addition, a ontribution to the standing wave e�et by

the SrTiO3(333) bak re�etion an be exluded beause the re�etion would be

signi�antly sharper. Consequently, the bakground signal ould be subtrated

before the spetral deomposition. Measurements of the Ag Fermi level gave an

overall energy resolution of ∼350meV.

82



4. Condutive interfaes � LaAlO3/SrTiO3 4.5. Site-spei� spetrosopy

We employed the XSW produed by the SrTiO3(111) re�etion sine in

the [111℄ diretion the Ti atoms and the Sr,O atoms oupy di�erent planes

(Fig. 4.28(a)). In this way the maxima of the XSW an be positioned suh

that photoeletrons are exited from either the Ti or the Sr,O sites. This is

demonstrated in Figure 4.28(b) whih shows the photoeletron yield from the

strontium, titanium, and oxygen ore levels of SrTiO3 with XSW exitation.

4.5.2. Site-spei� yield lose to the Fermi edge

Spetra measured lose to the Fermi level for SrTiO3−δ and Nb:SrTiO3 are shown

in Figure 4.29. The XSW maxima were tuned to the Ti-site of the SrTiO3

struture. For both samples, photoeletrons originating from states within the

whole SrTiO3 band gap region are observed. The spetra for Nb:SrTiO3 and

SrTiO3−δ are qualitatively similar. For the SrTiO3−δ sample an in-gap state is

learly visible ≈ 1.3 eV below the Fermi edge. The experimental data were �tted

(see Fig. 4.29) with a exponential deay funtion to aount for the slope of the

valene band, a Fermi edge funtion (step funtion onvolved with a Gaussian)

and, in the ase of the O-de�ient samples, a Gaussian funtion to aount for

the in-gap state. The experimental width of the Fermi edge is omparable to the

energy resolution for both samples.

In the following the site-spei� ontributions to the spetral yield are ob-

tained by a deonvolution proedure.

4.5.3. Deonvolution of gap states

With the help of Eq. 2.32 the spetra an be deonvolved as desribed in detail in

Setion 2.6.2. This proedure allows the site-spei� partial yields orresponding

to the Ti and Sr,O sites to be retrieved. The partial yields are proportional

to the partial DOS (p-DOS). However, the site-spei� partial yield annot be

diretly translated into p-DOS values beause the site-spei� ross setions are

unknown. However, onlusions an be drawn from omparing results for the

di�erent samples. Furthermore, XSW measurements of the SrTiO3 valene band

by Thiess et al.

9

allow estimating that on onverting photoeletron yield to p-DOS

the Ti 3d to O 2p ratio inreases by a fator of about 1.5.

Figure 4.30 shows the XSW HAXPES results for the two doped samples for

whih we reorded three spetra eah (Fig. 4.30(a) and 4.30(b)): One without

XSW e�et (open irles), one with the maxima on the Ti planes (blues squares)

and one with the XSW maxima on the Sr,O planes (red triangles). The lines show
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Figure 4.29.: Photoeletron spetra measured lose to EF with the XSW maxima

tuned to the Ti-sites. A Fermi funtion and an exponential deay

funtion were �tted to the data. For the SrTiO3−δ sample a Gaussian

funtion was used to �t the in-gap state. The best �t urve is drawn

in red.

the result of the �ts as desribed above. The insets show a lose-up of the −0.4 eV
to +0.4 eV binding energy region.

The results of the deonvolution are presented in Figure 4.30() and Fig-

ure 4.30(d) for the Nb:SrTiO3 and the SrTiO3−δ samples.

SrTiO3 doped with Nb

In the ase of Nb:SrTiO3, the yield in the band gap reats to the position of

the XSW within the SrTiO3 unit ell and the spetra look remarkably di�erent

depending on whether the XSW maxima oinide with the Ti or the Sr,O planes.

For the Nb:SrTiO3 sample, the deonvolved spetra in Figure 4.30() reveal

that, lose to EF , the emission of the shallow arriers originates mostly from the

Ti/Nb site. The �nding that the DOS near EF is derived mostly from Ti/Nb

agrees well with the resonant XPS study of PLD grown Nb:SrTiO3 by Ishida et

al.,

103

where the states at the Fermi level were found to have predominantly a Ti

3d harater. The states appear to be mainly deloalized, with some preferene

for the Ti site in the SrTiO3 unit ell.
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Figure 4.30.: Photoeletron spetra lose to EF under XSW exitation for the

Nb:SrTiO3 (a,) and the SrTiO3−δ (b,d) samples. Upper panels

(a,b) bakground subtrated raw spetra (symbols) and �tted urves

for XSW maxima at the Ti sites (red/dark grey) and Sr,O sites

(blue/light grey) and without XSW exitation (white). The spetra

are vertially shifted for larity. Insets in (a) and (b) show a zoom

lose to EF . The lower panels ( and d) show the yield deomposed

in the ontributions from the Ti (red/dark grey) and Sr,O sites

(blue/light grey).

SrTiO3 doped by oxygen vaanies

For the SrTiO3−δ sample the DOS over the same EB range shows a pronouned

e�et on the in-gap state (Fig. 4.30(b)). The modulation lose to EF is muh less

pronouned than in the Nb:SrTiO3 ase.

Looking at the deonvolved partial yields, it an be seen that there is a

signi�antly larger ontribution from the O/Sr site than in the Nb:SrTiO3 sample.

Figure 4.30(d) shows learly that the in-gap state is mostly loalized at the Ti sites.

However, the analysis also suggests that the SrTiO3−δ sample has a signi�ant

ontribution from O 2p states in the ondution band below EF , muh greater

than predited by alulations.

97,116
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Figure 4.31.: HAXPES spetra lose to the Fermi level under XSW exitation for

a 5 ML thik LaAlO3 �lm on SrTiO3. Red triangles, XSW maxima

at the Ti sites; blue squares, maxima at the Sr,O sites. The inset

shows deonvolved partial yields. The dashed line is the urve from

the SrTiO3−δ sample shown in Figure 4.30(d).

LaAlO3/SrTiO3 heterointerfae

Figure 4.31 shows HAXPES spetra reorded with the XSW maxima tuned to

the Ti site and the SrO3 plane for a LaAlO3/SrTiO3 interfae. The photoeletron

yield shows a strong response to the XSW. As it is the ase for the doped SrTiO3

substrates, density of states is found in the band gap up to the EF , giving diret

proof of harge arriers at the interfae. In partiular, when the XSW maxima are

at the Ti site, the Fermi edge an be learly identi�ed and a weak in-gap state at

EB ≈ 1.3 eV beomes visible. The site-spei� yields obtained by deonvolution

are shown in the inset of Figure 4.31 and exhibit similarities to those of both the

SrTiO3−δ and the Nb:SrTiO3 samples.
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It is evident from Figure 4.31 that the substantial density of states at the

Fermi level is assoiated mainly with the Ti site. This is a lear indiation of

partially �lled Ti 3d states rossing the Fermi level and is in agreement with an

intrinsi eletroni reonstrution senario, suh as �eld doping. In suh a ase,

the eletrons at the bottom of the ondution band are expeted to oupy the

t2g orbitals, predominantly the 3dxy state.
62,68,117

The strong Ti 3d harater near
EF resembles the Nb:SrTiO3 ase (f. Fig. 4.30()).

On the other hand, the weak in-gap state deteted at EB ≈ 1.3 eV resembles in

terms of binding energy and site-spei�ity the in-gap state of the SrTiO3−δ sample

suggesting the presene of oxygen vaanies at the LaAlO3/SrTiO3 interfae.

4.5.4. Conlusions

The arrier density observed for the LaAlO3/SrTiO3 sample has two ontributions.

A large fration appears to result from intrinsi eletron doping from the polar

LaAlO3 layer, whereas the remaining part originates from oxygen vaanies, all

ourring within a 2 nm (5u) interfaial region in the SrTiO3. Cation intermixing

at the interfae was found to be insigni�ant,

57

allowing us to rule it out as a

major ontributor to the arrier density near EF . As to the e�ets of the deteted

oxygen vaanies in the SrTiO3, the donated eletrons oupying the in-gap state

at 1.3 eV are expeted to be trapped and do not ontribute to the ondutivity.

102

Furthermore, lose to EF the yield and thus the DOS of the LaAlO3/SrTiO3

interfae (Fig. 4.31 inset) exhibits muh less O/Sr harater than for the SrTiO3−δ

ase (Fig. 4.30(d)). Thus, we are inlined to argue that in the LaAlO3/SrTiO3

sample the oxygen vaanies in the SrTiO3 do not play a dominant role in the

overall arrier density of the 2DEG.

Nevertheless, the vaanies must be stabilized by the partiular properties of

the LaAlO3/SrTiO3 system, in agreement with the idea of a harge ompensation

mehanism,

60

sine oxygen vaanies are not stable in SrTiO3 under the hosen

growth onditions.

71

Oxygen vaanies reated by �eld e�ets have also been

reported in the ontext of the development of novel MIM devies.

84

The oxygen

uptake by the LaAlO3 overlayer was suggested due to the ondutive interfaes

of SrTiO3 with amorphous LaAlO3.
85

With inreasing vaany onentration

the eletrons are trapped at the in-gap states and no longer ontribute to the

ondutivity.

102

This sets a natural limit to the ondutivity ahievable while

maintaining the same 2DEG thikness.

In summary, by ombining HAXPES and XSW we obtained site-spei�

photoeletron spetra near the Fermi level from the bulk of eletron-doped SrTiO3

rystals and from the LaAlO3/SrTiO3 buried interfae. We identi�ed the Ti 3d-
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band �lling at the LaAlO3/SrTiO3 interfae as predited by the polar atastrophe

but a notieable arrier onentration seemingly originates from oxygen vaanies

in the interfae region. This �nding suggests that more than one mehanism is at

work to ompensate the eletri �eld arising from the polar LaAlO3. This explains

the absene of signi�ant band bending in the LaAlO3 layer.
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4.6. Summary

High quality thin �lms of the polar oxides LaAlO3 and LaGaO3 were grown on

Ti-terminated SrTiO3(001) surfaes. At the interfae a ondutive layer is formed

as a response to a diverging potential build-up as the polar overlayer thikness

is inreased. Previous studies showed that this interfaial ondutivity is only

observed for overlayer thikness above 4 ML of LaAlO3. In the results presented

in here, a low binding energy feature was observed in the Ti 2p ore levels for both
types of samples. Its presene indiates a redution of the Ti valene in agreement

with the idea of interfaial doping. Angle-dependent measurements on�rm that

the feature originates from the interfae and furthermore, it was only observed for

samples below the ritial thikness.

In HAXPES measurements weak signatures of harge arriers �lling the band

gap up to EF were observed. Comparison of the site-spei� partial photoeletron

yield of the interfae for oxygen-de�ient and Nb-doped SrTiO3 samples showed

strong similarities. The pronouned Ti harater lose to EF is similar to the

Nb:SrTiO3 sample and indiates that the Ti 3d states ross EF giving further

evidene for an intrinsi doping senario. However, a feature resembling the in-gap

state observed in the SrTiO3−δ sample was identi�ed in the interfae sample. In

Nb:SrTiO3, with a omparable harge arrier density, this in-gap feature was not

observed. Hene, it an be interpreted as a unique �ngerprint for an oxygen

vaany related density of states. In agreement with the missing Ti 2p shoulder,
thinner samples, grown under similar onditions did not show any intensity in the

band gap within the experimental resolution. The formation of oxygen vaanies

as a result of the growth onditions an hene be exluded. Thus, the eletron gas

onsists of two ontributions, one fration results from intrinsi eletron doping

from the polar LaAlO3 layer, the remaining part originates from oxygen vaanies

indued by the polar overlayer, all ourring within a 2 nm (5u) interfaial region

in the SrTiO3.

By means of XSW imaging the polar distortions were imaged for a 2 ML and a

5 ML thik LaAlO3 �lm. The results show that polar distortions and a modulation

of the inter-planar spaing ours in both samples. Indiations for polar distortions

were also observed for LaGaO3 �lms. These distortions are more pronouned

for the thinner sample. Distortions were reported as a possible mehanism for

suppression of the potential build-up. Thus, the weaker distortions in the thiker

sample indiate that the potential build-up is partially ompensation by another

mehanism. In agreement with the site-spei� valene band spetrosopy, one

mehanism may be the formation of oxygen vaanies at the interfae. There are

only a few mehanisms that an explain the ritial thikness in ombination with

vaany formation. One e�et is the reation of vaanies due to a �eld-e�et.
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O 1s ore levels show a hydroxide related high binding energy shoulder on

all �lms. Analysis of the O 1s ore level spetra permit separating the O 1s
main line originating from the lattie and the peak attributed to OH-groups on

the surfae. The high XSW oherent frations indiate an ordered adsorption

mehanism. Using the XSW imaging tehnique, the adsorption site of OH-groups

was identi�ed to be ∼2Å above the Al-site.

Furthermore, it was shown that high quality epitaxial �lms of the orthorhom-

bi ompounds LaGaO3 and NdGaO3 form superstrutures on SrTiO3(001) sur-

faes. For LaGaO3 �lms, epitaxy ours with the pseudo-ubi -axis out-of-plane

resulting in a (
√
2 ×

√
2)R45 ◦

superstruture. In NdGaO3 the -axis an be

in-plane oriented in addition, resulting in a (2× 1) double domain like superstru-

ture with the a and b axes pointing 45

◦
away from the surfae. Moreover, we

observed satellite strutures around the �lm Bragg peaks that give indiations for

a disloation network to aommodate the in-plane strain.

The LaGaO3 �lms show several of the harateristi features displayed by

LaAlO3. The ritial thikness for ondutivity and sheet arrier densities are

omparable. Both samples exhibited a shoulder in the Ti 2p spetra and there is

evidene for distortions in the LaGaO3 overlayer. These results support similar

mehanisms for the formation of the ondutive interfae as in the ase of LaAlO3.
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5. Superlatties of CaCuO2 with

SrTiO3

This hapter presents HAXPES measurements on arti�ial superonduting (SC)

superlatties (SLs) based on insulating CaCuO2 and SrTiO3 bloks. The mea-

surements provide evidene that the eletrostati potential build-up that arises

due to the polar nature of CaCuO2, is suppressed by oxygen redistribution in the

alkaline earth interfae planes. Under the measured band alignment onditions

a diret harge transfer an be exluded. The proposed interfae geometry leads

to a zero average eletri �eld in the CaCuO2 blok but results in a positive �eld

in the SrTiO3 blok. This remaining potential may explain the observed shifts of

the SrTiO3 ore levels. The oxygen ontent in the reonstruted interfaes an

be inreased under strongly oxidizing growth onditions resulting in hole doping

of the uprate blok and the appearane of high temperature superondutivity

(HTS).

Setion 5.1 gives an introdution to the sienti� bakground of omplex metal

oxide superlatties, in partiular the ase of CaCuO2/SrTiO3, and lays out the

motivation for this work. Setion 5.2 outlines the experimental onditions during

the measurements and presents the hosen SC and non-SC SL samples. In the

following, Setion 5.3, HAXPES results are presented. SrTiO3 ore level spetra

show a shift to lower binding energy (EB) in the superlattie samples, whih is

more pronouned for superonduting samples. The band alignment, estimated

from the positions of the ore level peaks with respet to the valene band, rules

out a diret harge transfer between CaCuO2 and SrTiO3. Metal ore levels show

additional omponents due to oxygen redistribution and additional oxygen uptake.

The hapter loses with a onluding summary in Setion 5.4.

Parts of the data presented in this hapter have been submitted for publia-

tion in Physial Review Letters and are urrently under review.

10
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5.1. Introdution 5. Superlatties of CaCuO2 with SrTiO3

5.1. Introdution

Novel metalli, magneti and superonduting 2D phases

118

an be found at the

reonstruted interfae between omplex TMOs. Partiularly interesting is the

ase of uprate interfaes where harge redistribution involving CuO2 planes may

give rise to HTS. Standard HTS ompounds like YBCO ontain planes with Cu in

a fourfold planar network known as an in�nite layer (IL) struture. The IL bloks

are separated by a perovskite-like blok whih ats as a harge reservoir (CR).

When the CR is harge unbalaned by ation substitution or oxygen vaanies,

harge arriers (eletrons, holes) are exhanged between the two strutural units,

ultimately, giving rise to superondutivity in the CuO2 planes.

This general priniple an be used as a blueprint for the onstrution of

arti�ial heterostruture superlatties by means of thin �lm deposition tehniques.

Two di�erent ompounds are deposited alternately where one may at as the IL

and the other as a CR-blok. This possibility has stimulated signi�ant researh as

it may help not only in revealing the origin of HTS but may also yield new HTS

systems and with the possibility of �ne tuning the superondutive properties.

CaCuO2 is a promising andidate for this kind of strutures sine it has an IL

struture where the CuO2 planes are separated by bare Ca atoms.

Superondutivity has been reported in heterostrutures made by a ombina-

tion of CaCuO2 and BaCuO2 (BCO)
25,26

where BCO ats as the CR-blok. The

BCO struture is slightly more omplex, inluding extra apial oxygen ions. A

maximum TC as high as 80 K was reported for heterostrutures with 3 CaCuO2

layers.

119

Superondutivity with a TC of about 50 K has also been reported

120

in

bilayers of the insulator La2CuO4 (LCO) and the metal La1.55Sr0,45CuO4 (LSCO)

after exposure to an ozone atmosphere. The superondutivity was found to

be on�ned to a 1 to 2 unit ell thik

121

interfae layer. More reently, su-

perondutivity was found in CaCuO2/SrTiO3
27

and CaCuO2/La0.65Sr0.35O3 het-

erostrutures.

28

Analogous to LCO/LSCO a TC of about 40K was obtained for

heterostrutures with 3 CuO2 planes when the superlatties were grown under

strongly oxidizing onditions.

The CaCuO2/SrTiO3 interfae shows some similarities to the LaAlO3/SrTiO3

interfae

4

presented in Chapter 4. In the ase of LaAlO3/SrTiO3, a polar dis-

ontinuity arises at the non-polar/polar interfae giving rise to an eletrostati

potential, whih diverges with inreasing �lm thikness. Several mehanisms

have been proposed for the suppression of this so alled �polar atastrophe".

The most popular being: Compositional roughening of the interfae,

61

eletroni

reonstrution,

122

elemental interdi�usion

83

and bukling at the interfae

69

among

others. Hwang et al.

122

showed that, depending on the termination of the

SrTiO3 substrate, two non-equivalent interfaes are formed, eah having a di�erent
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5. Superlatties of CaCuO2 with SrTiO3 5.1. Introdution

suppression mehanism. For TiO2 terminated SrTiO3 they propose a purely

eletroni reonstrution whih involves the transfer of half an eletron per unit

ell to the TiO2 interfaial plane. The resulting interfae is onduting. For SrO

terminated SrTiO3 a purely atomi reonstrution is proposed, in whih half an

oxygen atom is removed from the SrO plane per unit ell. In this ase the resulting

interfaes are insulating.

Figure 5.1(a) shows a trunated strutural model of an ideal CaCuO2/SrTiO3

heterointerfae. Along [001℄ SrTiO3 onsist of formally neutral SrO and TiO2

layers. The CaCuO2 layers are strongly polar, with Ca and CuO2 layers being

alternately harged ± 2e (where e is the eletron harge). In this ase, the polar

disontinuity is twie as large as for LaAlO3/SrTiO3 and will result in a rapidly

diverging eletrostati potential (see Fig. 5.1(b)). Several examples for the sup-

pression of a built-in potential are reported in the literature based on an atomi

rearrangement at the interfae, as in the ase of the GaAs/Ge interfae

123

and the

LaAlO3/SrTiO3 interfae.
61,67

In the present ase, a possible mehanism for the suppression of the inter-

faial eletrostati potential is based on a purely ioni mehanism, involving the

redistribution of oxygen atoms between the non-equivalent -CuO2-Ca/TiO2-SrO-

and -Ca-CuO2/SrO-TiO2- interfaes. This is illustrated on the right-hand side of

Figure 5.1(). In the initial report by Di Castro et al.

27

the interfaial eletroni

reonstrution in CaCuO2/SrTiO3 superlatties was disussed. X-ray absorption

measurements at the Cu L-edge on�rmed the hole doping of the Cu 3d bands.

However, the origin of the interfaial harge redistribution was not explained.

In this hapter, HAXPES was used to identify the suppression mehanism

of the diverging eletrostati potential. Oxygen redistribution at the interfaes

reates multiple omponents in the ore level spetra of the interfaial ations due

to variations in the oxygen oordination. Furthermore, band-o�sets were deter-

mined resulting from the interfaial dipole. This allows the origin of the doping

of the CuO2 planes and, in turn, the superondutivity in CaCuO2/SrTiO3 SLs

to be identi�ed. The results demonstrate that redistribution of interfaial oxygen,

indued by the interfaial polarity, plays a fundamental role in the hole doping of

the IL blok, opening a new route to design superonduting heterostrutures.
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5. Superlatties of CaCuO2 with SrTiO3 5.2. Experimental details

5.2. Experimental details

Following the proedure desribed by Di Castro et al.,

27

CaCuO2/SrTiO3 SLs

made by 3 bloks of CaCuO2 and 2 bloks of SrTiO3 were grown on NdO2

terminated NdGaO3(110) substrates by PLD. Two di�erent kinds of SLs were

studied: (i) non-SC samples grown in a weakly oxidizing atmosphere (oxygen

pressure lower than 0.1mbar) and (ii) SC samples with zero resistane temperature

TC ∼ 40K grown in a highly oxidizing atmosphere (oxygen and 12% ozone at

a pressure of about 1mbar) that were rapidly quenhed to room temperature at

high oxygen pressure (about 1 bar). As referene, a bare SrTiO3 substrate and a

10 nm thik CaCuO2 �lm, grown on NdGaO3 under onditions idential to those

of the SC SL were measured. To avoid harging problems, the SrTiO3 substrate

was rendered slightly oxygen de�ient by vauum annealing.

Room temperature HAXPES measurements were performed at ID32. The

eletron emission angle was varied from 15

◦
to 70

◦
to vary the probing depth.

Di�erent exitation energies between 2.8 keV and 5.95 keV were used. The overall

instrumental resolution was determined by measurements of the Au Fermi level

to be better than 400meV. The best resolution was ahieved at 5.895 keV using

the Si (333) post-monohromators.

5.3. Hard X-ray photoeletron spetrosopy

This part presents the HAXPES measurements on the SC CaCuO2/SrTiO3 super-

latties. Owing to the polar nature of the CaCuO2 interlayers a diverging eletro-

stati potential is expeted at the interfaes. The measurements provide evidene

for the redistribution of oxygen between the two non-equivalent interfaes resulting

in a ompensation of the eletrostati potential. Furthermore, the uptake of

additional oxygen at the interfaes ould be veri�ed by the appearane of new ore

level omponents on the Ca 2p, Sr 3d and Ti 2p ore levels and the suppression of

the non-loal sreening hannel in the Cu 2p ore levels.

5.3.1. Core level shifts

In Figure 5.2(a) photoeletron spetra for the energy range from -5 eV to 47 eV are

shown for the metalli SC (blue) and an insulating non-SC (red) SL. In addition,

spetra from the CaCuO2 referene (blak) and a SrTiO3 (STO) substrate (green)

are shown for omparison. The spetra from the superlatties ontain the spetral
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Figure 5.2.: (a) Core level spetra from 47 eV to -5 eV EB and (b) valene band

spetra of the SC SL, the non-SC SL, the CaCuO2 (CCO) �lm grown

in the same onditions as the SC SL and the SrTiO3 (STO) substrate.

Measurements were performed at 2.8 keV exitation energy with an

emission angle of 70

◦
.

features of a ombination from the pure CaCuO2 (CCO) and the SrTiO3 spetra,

as expeted. However, for the superlatties, a rigid shift of the Sr and Ti ore

levels by about 2 eV toward lower EB is observed, while the positions of the Ca

and Cu ore levels is almost unhanged.

A possible explanation may be found in the proposed interfae geometry. In

the CaCuO2/SrTiO3 superlattie, the two interfaes -CuO2-Ca/TiO2-SrO- and

-Ca-CuO2/SrO-TiO2- (Fig. 5.3 top) are not equivalent. From the ation stoi-

hiometry the stable ompounds CaTiO3 and SrCuO2 an form at the interfae.

At the -CuO2-Ca/TiO2-SrO- interfae the Ca-plane belongs to the IL struture.

However, by inluding an additional oxygen atom at the interfae, CaTiO3 an

form, giving the possibility of a Ca-CuO2-CaO/TiO2-SrO- interfae. Similarly, at

the -Ca-CuO2/SrO-TiO2- interfae the SrO-plane formally belongs to the SrTiO3

blok. A stable interfae with a redued oxygen ontent an be expeted sine

SrCuO2 also exists in the IL struture. Therefore, both the Ca- and Sr-interfae

planes may aommodate a variable ontent of oxygen ions: CuO2-CaOx-TiO2
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5. Superlatties of CaCuO2 with SrTiO3 5.3. HAXPES

and CuO2-SrOy-TiO2 (Fig. 5.3 bottom). In the ase that x=y=0.5 the built-in

potential is suppressed (see Fig. 5.1 ()). However, even though the average eletri

�eld is zero and the potential gradient has been eliminated, this geometry produes

a positive shift δ in the average potential of the CaCuO2 blok. Suh a shift an be

estimated to be of the order of 1 eV, half of the value of the eletrostati potential

inrease per unit ell, expeted in the ase of an unquenhed eletri �eld. The

diretion of the shift is orretly desribed by this model, however, the measured

shift of ∼2 eV is underestimated. The e�ets of larger shifts in the SC SL are

not suessfully desribed in this model. Hene, there may be other mehanisms

involved.

5.3.2. Band alignment

The band alignment between CaCuO2 and SrTiO3 an be alulated from the

data shown in Figure 5.2(a) and the valene band maxima from Figure 5.2(b).

A reliable estimate of the valene band o�set (VBO) an be obtained by the

proedure reported in referenes.

124,125

The VB maximum (VBM) with respet to

the Fermi edge EF in SrTiO3 and CaCuO2 referene samples is ombined with the

EB of Sr 3d, Cu 3s, Ti 3s and Ca 3s ore levels, and with their relative positions

in the SL samples. The average value of the VBO is 1.4 eV ± 0.3 eV for the SC

sample. Sine the band gap of SrTiO3 is 3.3 eV
13

and that of CaCuO2 is 1.5 eV,
the ondution band o�set (CBO) is −0.4 eV (Fig. 5.4). The position of the VBM

is obtained by linear extrapolation of the leading edge of the VB spetra shown

in Figure 5.2(b). From this we an dedue the alignment onditions as illustrated

in Figure 5.4. A diret harge transfer between the CB and VB of CaCuO2 and

SrTiO3 an be exluded. Band doping, ultimately giving rise to superondutivity,

must have a di�erent origin.

5.3.3. Additional omponents in the metal ore levels

Ti 2p3/2, Sr 3d and Ca 2p ore levels

Figure 5.5 gives an overview of Ti 2p3/2 and Sr 3d ore levels. The spetra ontain
multiple peaks whih were deonvolved using a �tting proedure. The resulting

peak positions and peak widths are summarized in Table 5.1.

The Ti 2p3/2 ore levels ould be �tted suessfully with 2 omponents. The

SrTiO3 referene shows one strong peak entered at 459.5 eV and a weak shoulder

at 2 eV lower EB. The shoulder is related to Ti in a redued valene state due to
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Figure 5.3.: Strutural model for the trunated interfae as shown in Figure 5.1.

without reonstrution (top) and with a possible reonstrution

(bottom) involving two oxygen atoms moving from the SrO layer to

the Ca plane. This leads to a variable oxygen oordination of the

metal atoms at the interfae.
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the oxygen vaanies reated during vauum annealing. The superlattie samples

show broader photoemission lines that an be deonvolved into 2 omponents with

a splitting of 0.86 eV and 1.12 eV, for the non-SC and SC samples, respetively.

The width of the omponents is 1.17 eV for non-SC and the annealed SrTiO3. For

the SC sample the width inreases to 1.24 eV.

The Sr 3d ore level spetra were deonvolved into 3 doublets. For the �lm

samples the spin-orbit splitting was set to 1.7 eV as obtained from the SrTiO3

substrate and the FWHM for all of the omponents was oupled. For the annealed

SrTiO3 sample, the individual omponents were found to have a width of 1.02 eV
whih inreased to 1.48 eV for the non-SC sample and 1.57 eV for the SC sample. In

addition, Sr 3d spetra, measured with a more surfae sensitive geometry (take-o�

angle 15

◦
), are shown for omparison. The overall width as well as the width of

the individual omponents shows no signi�ant broadening with respet to the

measurements at 70

◦
, while the intensity of the high binding energy omponents

inreased.

The Ca 2p ore levels are omposed from three doublets (see Fig. 5.6). In the

�tting proedure, the spin-orbit splitting was �xed at 3.5 eV and the intensity ratio

to 1:2. In the non-SC sample the omponents are shifted by 1.1 eV and 2.2 eV, in
the SC sample the shift is 1.18 eV and 2.5 eV. The widths of the omponents are

1.26 eV and 1.38 eV, respetively.

To summarize, all SL spetra are made up from multiple omponents. The

spetra have a strong low EB omponent and up to two omponents at higher

EB, eah shifted by about 1�2 eV. The strong low EB peak shows a shift to lower

EB with respet to the referene sample. For the SC sample, this shift is more

pronouned and the high EB omponents gain in intensity.

As disussed in the introdution, at an ideal atomially abrupt interfae

between CaCuO2 and SrTiO3, the polar nature of the CaCuO2 layers results

in a strongly diverging eletrostati potential (f. Fig. 5.1). The huge potential

di�erenes in eah atomi plane should result in a severe broadening or even

distinguishable omponents in the ore level peaks as observed above.

However, as shown for Sr 3d in Figure 5.5(b), the peak width was found to be
independent of the emission angle. The measurements at shallow emission angle

probe mainly the top layers of the SL sample while at 70

◦
the probing depth

is about 3.6 times larger. The fat that no signi�ant broadening of the ore

level lines for the larger probing depth was found, learly shows that the built-in

eletrostati potential has been suppressed. The multiple peaks in the ore level

spetra must therefore be of a di�erent origin.
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Table 5.1.: Summary of the results from the deonvolution of the Sr 3d, Ti 2p and
Ca 2p spetra of the SL samples and the SrTiO3 referene sample. The

binding energy and energy widths of all of the omponents are given.

∆E is the energy shift of the higher EB omponent with respet to

the main line. For the ore levels with a spin-orbit splitting only the

position of the stronger omponent is given.

SC

Component width (eV)

1 2 3

Sr 3d 70

◦
pos (eV) 131.39 133.09 134.85 1.55

ratio (%) 62.91 33.20 3.88

∆E (eV) · · · 1.743 2.47

Sr 3d 15

◦
pos (eV) 131.78 133.17 135.40 1.60

ratio (%) 53.55 43.44 3.00

∆E (eV) · · · 1.4 2.17

Ti 2p pos (eV) 458.58 457.4 · · · 1.24

ratio (%) 33.76 66.24 · · ·
∆E (eV) · · · 1.11 · · ·

Ca 2p pos (eV) 344.52 345.7 347.02 1.38

ratio (%) 36.90 14.90 10.74

∆E (eV) · · · 1.18 1.32

non-SC

Sr 3d pos (eV) 132.31 133.77 136.57 1.48

ratio (%) 88.1 9.22 2.67

∆E (eV) · · · 1.46 2.8

Ti 2p pos (eV) 458.33 457.57 · · · 1.17

ratio (%) 28.52 71.48 · · ·
∆E (eV) · · · 0.86 · · ·

Ca 2p pos (eV) 344.90 346.00 347.11 1.26

ratio (%) 68.18 24.64 7.19

∆E (eV) · · · 1.10 1.11

SrTiO3

Sr 3d pos (eV) 134.09 134.75 · · · 1.02

ratio (%) 89.3 10.66 · · ·
∆E (eV) · · · 0.66 · · ·

Ti 2p pos (eV) 459.5 457.5 · · · 1.17

ratio (%) 95.3 4.97 · · ·
∆E (eV) · · · 2.0 · · ·
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The signi�ant di�erenes between the non-SC sample and the SC sample

indiate that the peak shapes depend strongly on the oxidation onditions during

growth. This gives further support for the idea that oxygen redistribution plays

a ruial role in reating superondutivity. In the SC sample the relative inten-

sity of the additional high binding energy omponents are inreased due to the

enhaned oxidation.

The model of oxygen redistribution, as desribed above, is supported by the

analysis of the Ca and Sr photoemission peaks. In the perovskite struture, the

Sr

+2
ion has a 12-fold ubo-otahedral oordination with oxygen. Similarly, in the

ideal in�nite layers struture, the Ca

+2
ions have a 8-fold ubi oordination (the 2

oxygen ions in the Cu plane are missing ompared to the perovskite struture). As

a onsequene, both the Sr 3d (in the perovskite struture) and the Ca 2p (in the

IL struture) ore levels give rise to a single well de�ned doublet in the HAXPES

spetra. In the ase where no reonstrution ours in the (CuCaO2)3/(SrTiO3)2

superlattie, the Ca

+2
and Sr

+2
ions should maintain the same oordination as in

the parent ompounds without additional ore level peaks. In fat, both the Sr

3d ore levels (Fig. 5.5) and the Ca 2p levels (Fig. 5.6) show several omponents,

possibly due to di�erent Sr/Ca sites having a di�erent oxygen oordination. We

attribute suh an e�et to the presene of non-equivalent Sr

+2
ions with (12−N)

oxygen oordination and Ca ions with (8+N) oxygen oordination at the interfaes,

with N ranging from 1 to 4. Similarly, the additional high EB peak on the Ti 2p3/2
ore level (Fig. 5.5) is observed in both the SC and non-SC SL samples. It an

be assoiated with interfaial Ti sites. In agreement with this idea, the high EB

omponent of the Ti 2p inreases in the SC �lm. This is interpreted as an inrease

of Ti in otahedral oordination.

The doping mehanism in this senario is almost straightforward: both of the

Ca and Sr-interfaes an aommodate a variable oxygen ontent x. When x is

equal to 0.5 the struture is harge ompensated. If during the deposition at very

high oxygen/ozone pressure exess oxygen is introdued at the hybrid interfaes

harge neutrality is preserved by leaving two holes in the valene band of CaCuO2

for eah extra oxygen ion (see Fig. 5.4()).

Cu 2p sreening features

Further evidene of this senario is given by the Cu 2p ore level. A representative

spetrum, inluding all peaks and satellite strutures, is shown in Figure 5.7.

The Cu 2p photoemission line shows a pronouned spin-orbit splitting into two

omponents with an asymmetrial peak shape. In addition, eah omponent is

aompanied by a shake-up satellite. The following disussion will fous on the

Cu 2p3/2 omponent.
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Figure 5.7.: Overview of the omplete Cu 2p ore level spetrum from the SC SL

sample. The 2p ore level has a large spin-orbit splitting between

the Cu 2p3/2 and Cu 2p1/2 omponents and eah omponent is

aompanied by a pronouned shake-up satellite at higher EB. The

measurements was performed at 2.8 keV exitation energy and an

emission angle of 70

◦
.

Table 5.2.: Binding energies of the omponents in the Cu 2p spetra shown in

Figure 5.8.

SC 5.95 keV

Component pos (eV) width (eV) area (%)

A 932.90 1.41 23.52
B 934.09 1.78 44.18
C 935.66 2.49 32.30

SC 2.8 keV

A 931.83 1.39 21.70
B 933.99 1.81 47.72
C 935.81 2.5 30.58

non-SC

A 932.84 1.78 55.10
B 934.01 1.69 23.41
C 935.46 2.27 21.49
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Figure 5.8.: Comparison between the Cu 2p3/2 spetra of a SC sample at two

di�erent exitation energies, 5.98 keV (top, light blue irles) and

2.8 keV (middle, blue irles) and a Cu 2p3/2 spetrum of a non-SC

sample at an intermediate exitation energy, 3.2 keV (bottom, red

squares). The shaded areas show the deonvolved omponents and

the thik solid lines the best �t urves.
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5.3. HAXPES 5. Superlatties of CaCuO2 with SrTiO3

Figure 5.8 shows the Cu 2p3/2 spetra of a SC sample, with two di�erent

exitation energies (2.8 and 5.95 keV) and a spetrum for the non-SC SL at 3.2 keV.
Measurements with an exitation energy of 3.2 keV result in a mean free path

λ = 34Å , for energies of 2.8 keV λ = 30Å and for 5.95 keV exitation the mean

free path is λ = 65Å. Cu 2p3/2 spetra from both samples were deonvolved

into 3 individual peaks, labeled A, B and C, in the following. The deonvolved

omponents are plotted as shaded urves in Figure 5.8 and the peak positions and

widths are summarized in Table 5.2. The most prominent variation is observed

in the intensity of the features A and B for the SC and non-SC SL samples. The

intensity of feature A drops signi�antly, from 55.1% of the total Cu 2p3/2 intensity
in the non-SC SL sample, to 21.7% in the SC-SL sample. In ontrast, the intensity

of features B and C inreases from 23.4% and 21.5% to 47.7% and 30.6% for the

SC-SL sample. The di�erenes between the measurements at di�erent exitation

energies for the SC SL sample are only minor, Features A and C gain slightly in

intensity at higher energies.

There is a general onsensus that a hole doped in the CuO2 plane of a IL

system moves mainly in the O 2p orbitals forming a Zhang-Rie singlet (ZRS). In

the photoemission �nal state, a hole reated on the Cu-site in the photoemission

proess will be pushed from the ore hole site, owing to the ore hole potential. It

an be expeted that this hole would also move mainly in the O 2p orbitals, leading
to a �nal state with a hole in the O 2p ore orbital on a Cu site. The positive

harge is sreened by valene eletrons, predominantly from Cu 3dx2−y2 and O 2px,y
orbitals.

126

The line shapes are determined by the ontribution of these sreening

proesses to the �nal state. Following the work by van Veenendaal,

43

two features

in the Cu 2p spetra an be identi�ed (see Fig. 5.8). The ore hole site an be

sreened by: (i) eletrons from the oxygen atoms surrounding the ore hole site,

known as a loal sreening proess, giving rise to feature A or (ii) eletrons from

the ligand atoms surrounding a neighboring CuO4 plaquette, leading to feature B,

� non-loal sreening. The latter will give rise to a new ZRS on the neighboring

CuO4 plaquette.

An inrease of the loal sreening at the expense of the non-loal sreening

hannel an be observed by omparing the relative intensity of loal and non-loal

sreening features (A/B) in the SC sample and the non-SC sample. This result is

in agreement with hole doping of the SC sample. ZRS singlets are already present

in the hole doped systems and the non-loal sreening is less e�etive, beause

suh sreening should form a new state with ZRS singlets. As a onsequene, the

non-loal sreening is ompensated by an inreased sreening of the ore hole by

loal eletrons (loal sreening).

In the spetra in Figure 5.8 a third omponent C was identi�ed. A possible

explanation is given by the work of Okada and Kotani.

127

In their alulations,

they observe a omponent at higher EB if out-of-plane orbitals are inluded in
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the loal sreening. The higher relative weight of feature C in the SC sample

an be interpreted, in agreement with these alulations, as an inreased oxygen

onentration at the interfae. The oxygen ions at the interfae are apial to the

opper atoms.

In agreement with previous reports

128

the spetral weight on the high EB side

(feature C) inreased slightly when going to higher exitation energy. However,

the overall di�erenes of the spetra measured at di�erent energies are only mi-

nor, therefore surfae e�ets on the eletroni struture are not relevant at the

exitation energies used here.

5.4. Summary

The experimental results obtained by HAXPES allow us to draw several onlu-

sions:

1. The band alignment was measured for the superlattie samples. Although

there are signi�ant band shifts there is no possibility for a diret harge transfer

between the valene and ondution bands of the two bloks. The harge arriers

giving rise to ondutivity must have a di�erent origin.

2. The potential build-up expeted for an unreonstruted, atomially sharp

superlattie is e�etively suppressed in both the SC and the non-SC samples.

Although the potential build-up is suppressed, the alternating harge of the Ca and

CuO2 layers produes a shift of ∼1 eV for the SrTiO3 ore levels. This eletrostati

potential an partially explain the observed band realignment.

3. The metal ore levels (Ca 2p, Sr 3d, and Ti 2p) show additional omponents.

These omponents give evidene for variations in the oxygen oordination at the

interfae. The spetral weight of these omponents is larger in the SC SL sample

on�rming the uptake of oxygen at the interfae.

4. Cu 2p ore levels show multiple peaks due to di�erent sreening hannels.

The non-loal sreening hannel is suppressed for the SC SLs due to the presene of

Zhang-Rie singlets on the �rst neighbor CuO2 plaquette. A high EB omponent

is observed in all spetra. It an interpreted in terms of sreening by out-of-plane

O 2p orbitals. Its inrease in the SC SL sample give further evidene for oxygen

uptake at the interfae.

5. The oxygen ontent in the reonstruted interfaes may be inreased under

strongly oxidizing growth onditions resulting in hole doping of the uprate blok
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and thus in the appearane of HTS. The present study shows that the presene

of a strong native polar disontinuity at the interfae an be a key ingredient for

the synthesis of novel uprate HTS heterostrutures.
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6. Eletroni properties of

oxygen-de�ient

La0.65Sr0.35MnO3−δ �lms

The modi�ation of the eletroni struture of La0.65Sr0.35MnO3−δ samples upon

oxygen vaany reation (δ ≈ 0, 0.07, 0.12) was studied by HAXPES experiments

at room temperature (300K) and at low temperatures (86K). An oxygen de�-

ieny has a pronouned e�et on the transport properties, e.g. the ondutivity

and the metal�insulator transition temperature (TMI) derease signi�antly. HAX-

PES measurements for oxygen-de�ient samples show that the Mn 3d valene band
states shift to higher binding energies (EB). This results in an overall derease

of the valene band width as a result of the redued harge arrier density. The

well-sreened state at the Mn 2p ore level is present in the as-grown samples but

disappears in La0.65Sr0.35MnO3−δ. This indiates a derease in the hybridization of

the Mn 3d and the doping-indued states. The lak of a lear band gap formation

for oxygen-de�ient La0.65Sr0.35MnO3−δ above TMI, is not ompatible with polaron

formation but rather with a Mott variable-range hopping mehanism, whih is

also supported by the transport data. The large eletron probing depth of hard

X-ray photoeletron spetrosopy is of ruial importane for these investigations

beause modi�ations in the eletroni struture may our in the near surfae

region.

Setion 6.1 gives an introdution to the sienti� bakground of the

La1−xSrxMnO3 system. Experimental details are the subjet of Setion 6.2. The

experimental results are presented in Setion 6.3. First, the strutural quality of

the La0.65Sr0.35MnO3−δ samples was on�rmed by XRD and XRR measurements.

Next transport measurements provided indiations for a variable-range hopping

mehanisms at room temperature. Finally, the HAXPES measurements revealed

a derease in the hybridization of the Mn 3d and the doping-indued states at the

Fermi level, i.e. stronger arrier loalization.

Parts of the work presented in this hapter have been aepted for publiation

in Physial Review B.

11
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6.1. Introdution 6. Eletroni properties of La0.65Sr0.35MnO3−δ

MnO6/2
t2g

eg

(a)  Mn
2+

Mn
4+

Mn
3+

(b)

Figure 6.1.: (a) d -shell of the Mn

2+
Mn

3+
and Mn

4+
is split into a low-energy

t2g and a high-energy eg state due to the ubi rystal �eld. (b) A

Jahn-Teller distortion of the MnO6/2 otahedra results into a further

splitting of the 2g and eg levels in Mn

3+
. Figure adapted from Refs.

6

and.

5

6.1. Introdution

The manganite group investigated here an be regarded as a solid solution with the

general formula R1−x Bx MnO3 where R is a trivalent or divalent rare earth (e.g.:

La, Nd, Pr, Sm) and B an alkaline earth metal (e.g.: Sr, Ca, Ba, Pb). Researh

on this group of materials has revealed phenomena suh as olossal magnetore-

sistane,

18,19

tunneling magnetoresistane e�et

129,130

and half metalliity.

20

The

eletroni properties of the manganite system depend sensitively on the doping

level x and thus they have a rih phase diagram. Undoped (x=0) end members

are antiferromagenti and insulating. However, the doped material shows a TC

and is metalli at low temperatures.

Manganates have the well known perovskite struture with the Mn in otahe-

dral oordination with oxygen. The end members have pure Mn

3+
or Mn

4+
with a

3d4 and 3d3 on�guration as shown in Figure 6.1(a). As desribed in Chapter 2, the
struture is distorted due to steri e�ets and a Jahn-Teller-distortion (Fig. 6.1(b)).

Consequently, the 3d levels are split into a t32g e
1
g and t

3
2g e

2
g states, respetively. The

eletroni states are shown shematially in Figure 6.1(a) for the di�erent valenies

of Mn. When the end ompound LaMnO3 is doped with a divalent element suh

as Sr

2+
, substituting for La

3+
, Mn is transformed into a mixed-valene state and

holes are introdued in the �lled Mn 3d orbitals. Also the interatomi distanes

and angles are modi�ed.

In the LaMnO3-LaSrO3 solid solution the most interesting properties (CMR,

half metalliity) appear only in the doping range 0.17 < x > 0.5.131 Optimally
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6. Eletroni properties of La0.65Sr0.35MnO3−δ 6.1. Introdution

doped La

1-x

Sr

x

MnO

3

with x∼ 0.33 exhibits a spin polarization of 95% and a Curie

temperature Tc for the transition between ferromagneti metal and paramagneti

insulator phases of 370K.

The oinidene of strong hanges in ondutivity as well as magneti prop-

erties has attrated sienti� interest for deades. The diret exhange (DE)

mehanism was formulated in 1951 by Zener

132

and desribes this unexpeted

interplay. The ondution proess is thought to be a spin-oupled movement of

two eletrons. One eletron hops from a Mn

3+
to a neighboring oxygen atom

while simultaneously a seond eletron hops from the oxygen to a neighboring

Mn

4+
. The loalized t2g and the itinerant eg spins show a strong Hund's oupling

whih favors hopping of eletrons with a spin parallel to the loalized spin. The

hopping of the eletrons thus leads to the alignment of the spins and, onsequently,

to a oupled appearane of eletrial ondutivity and ferromagnetism.

Thin �lm samples are of great interest sine UHV deposition tehniques allow

the hemial omposition to be tuned preisely. In addition, strain indued by

the substrate, an often modify the material properties with respet to the bulk.

This an be explained in the DE mehanism sine an inrease (derease) of the

in-plane Mn-O bond length leads to a redution (inrease) of the hopping term

between Mn

3+
-Mn

4+
and thereby redues (inreases) TC .

133

For the manufature

of pratial devies this may be of huge importane.

E�ets like olossal magneto resistane (CMR),

18,19

found in the last deades,

annot be explained easily in the DE model. In the CMR e�et, the resistivity

of doped manganites (e.g. x ∼ 0.3 for La1−xCaxMnO3) is redued by a fator

of 1000

134

when a high magneti �eld is applied. The CMR e�et ours at

relatively high temperatures making manganites potential andidates for devies

that operate at room temperature. The high �elds ∼1Tesla needed to produe

this e�et makes them tehnologially uninteresting for appliations in sensors

or read heads. However, trilayer juntions and polyrystalline materials, where

lower magneti �elds are required to produe the magnetoresistane e�et, are

used suessfully.

129,130

In sandwih strutures with two manganite eletrodes,

separated by a thin insulating SrTiO3 layer, the resistivity hanges by more than

1800% depending on the spin alignment between the two layers. If the spins in

the two layers are aligned parallel a low resistivity is found. If the spins are

aligned anti-parallel the resistivity inreases signi�antly due to sattering by the

magneti domain walls. The spins in one eletrode an be �ipped by an external

�eld.

The tunneling magnetoresistane e�et is exploited in spintronis devies,

where the spin as well as the harge of the eletrons are used to arry information.

The possibility of extrating spin polarized eletrons from manganites makes them
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strong andidates for tehnologial appliations in the ontext of magneti �eld

sensing, read heads and spin injetion.

21

Besides their tehnologial importane, doped manganites are attrating a

onsiderable amount of interest from a theoretial point of view. The eletroni

properties of doped manganites an not be adequately desribed by the lassial

one-eletron band theory

135

sine they show strong eletron orrelation e�ets.

For instane, lightly doped manganite (La

1-x

Sr

x

MnO

3

with x< 0.1) has a partially
�lled 3d-band and therefore would be expeted to be a good ondutor. However,

due to orrelation e�ets,

131

suh a material is found experimentally to be an-

tiferromagneti and insulating. Correlation e�ets an signi�antly modify the

eletroni band-struture. For instane, in LaMnO3/SrMnO3 digital superlatties,

the variation of the loal harge arrier density, tuned by modifying the number of

onduting interfaes, in�uenes the 3z

2
-r

2
eletron band width.

136,137

Although

the band-width modi�ations in SC-manganite materials have been theoretially

predited,

138,139

only few experimental tehniques are able to provide diret evi-

dene of suh profound hanges in the eletroni struture.

The eletroni and magneti properties of La0.65Sr0.35MnO3 are known to reat

sensitively to hemial variations, but also to the oxygen ontent. It was shown

experimentally that the oxygen ontent exhibits strong variations depending on

deposition onditions and post deposition treatments whih an lead to oxygen

defets. The evolution of the harge arrier onentration as a funtion of oxygen

de�ieny an be studied by traking the evolution of the out-of-plane lattie

parameters.

140�143

Here we present a HAXPES study of the eletroni properties of SC mangan-

ite materials where only the harge arrier density is modi�ed. Physial properties

of these materials an be severely e�eted by extrinsi parameters suh as hemial

omposition,

144,145

oxygen ontent

146,147

and substrate-indued strain,

148

making

it di�ult to distinguish between the individual ontributions to the band-width

modi�ation. Our strategy hene fouses on a set of La0.65Sr0.35MnO3−δ samples

in whih only the harge-arrier onentration is varied by slight variations of the

oxygen ontent (δ ≈ 0, 0.07, 0.12).140 The hanges we observe in the valene bands

of the manganite thin �lms therefore exlude all of the other extrinsi e�ets that

may in�uene the physial properties of the samples.

X-ray di�ration on�rmed that the �lms were uniformly strained with re-

spet to the SrTiO3 substrate. The re�etions from the �lms had a onstant

roking urve width for all of the samples giving evidene of unaltered rystalline

quality. The evolution of the harge arrier onentration as a funtion of oxygen

de�ieny an be studied by traking the evolution of the out-of-plane lattie

parameters.

140
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Earlier reports on the e�et of oxygen vaanies made use of SXPS and

UPS. Piozzi et al.

149

published a ombined experimental and theoretial study.

However, the eletroni and magneti properties of manganites reat sensitively to

strutural modi�ations

5,6

and ontamination (i.e. hydroxyl groups, arbon, et.)

at their surfaes. Due to the high energy of the emitted photoeletrons, HAXPES

is partiularly well suited for analyzing the bulk eletroni modi�ations of SC

manganites as a funtion of spei� parameters suh as the harge-arrier density.

Additionally, some features like the �well sreened� feature of the Mn 2p ore level
are only observable by HAXPES below TMI. This state arises from the response

of the Mn 3d valene eletrons to the reation of a Mn 2p ore hole

43,44

and it

is very sensitive to the level of doping by Sr, and hene represents an additional

probe of the ondution eletrons. Strutural perfetion is required for suh a

many eletron response to our and may be quenhed lose to the surfae, and

therefore an only be deteted by means of HAXPES.

42,150

Photoeletron spetra of the Mn 3s ore levels exhibit exhange splitting

whih allows onlusions on the Mn valene state to be made.

40,41

The orrelation

between the Mn 3s splitting and the formal Mn valene (νMn) has been studied

systematially for manganites by X-ray photoeletron spetrosopy.

151,152

Based

on the published data one an estimate the νMn from the Mn 3s splitting. Further-
more, onsidering formal valenies of +3, +2 and −2 for La, Sr and O, respetively,
allows the ondition for harge neutrality to be alulated with δ = (x−νMn+3)/2.

No signi�ant variations in the Mn 3s exhange splitting were found when

the Mn valene was modi�ed via the Sr doping onentration. An explanation for

this may lie in the loalization of the holes in the O 2p orbital.

151

The splitting

should hene be more sensitive to oxygen defets and inrease linearly with the

oxygen vaany onentration. Contrary to this, a soft X-ray study

149

reported an

unphysial derease in the exhange splitting due to the oxygen de�ieny. The

authors attributed this to surfae e�ets. Reliable data an hene only be obtained

from HAXPES measurements.

6.2. Experiment

La0.65Sr0.35MnO3 thin �lms with a thikness of 40 nm were grown epitaxially on

SrTiO3 substrates by MBE

153

by our ollaborators at TASC-INFM, Basovizza

(Trieste), Italy in an atmosphere of ∼ 2.66 × 10−5
mbar of O2+5% ozone. This

allows epitaxial manganite thin �lms with optimal magnetotransport properties to

be grown without the need for post-deposition annealing.

153

Subsequently, vauum

annealing reated di�erent amounts of oxygen vaanies. The three samples

presented in the following are an as-grown optimally doped sample (LSMO-A),
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a slightly underdoped sample (LSMO-B) and a heavily underdoped (LSMO-C)

�lm. The underdoped samples were obtained by a post-annealing treatment at

700

◦
C for di�erent times (see Table 6.1).

Transport measurements were performed by Pasquale Orgiani and Alie Galdi

at CNR-SPIN, Salerno, Italy by the standard four-probe d tehnique using the

Van-der-Pauw on�guration with a pulsed bias and reversed urrent.

154

X-ray re�etivity measurements were performed by Pasquale Orgiani using a

Philips X'Pert-XRD analyti di�ratometer equipped with a four-irle radle. A

Cu Kα1 (λ = 1.5406Å) soure was used at 40 kV and 40mA. The measurements

on�rm that the �lms are fully strained with respet to the SrTiO3 substrate.
140

Photoeletron spetra were olleted at ID32 at the ESRF at exitation

energies of 2.8 keV and 5.95 keV at room temperature and at 84K. At an eletron

emission angle of 66

◦
the probing depths were 15 nm and 27 nm, respetively.

Further surfae preparation steps were unneessary. The instrumental resolution

was determined by measurements of the Au EF to be 200meV at 5.95 keV and

350meV at 2.8 keV. Valene band spetra were normalized to the inoming photon

�ux. Peak positions were extrated by �tting several Voigt funtions after a Shirley

bakground subtration.

6.3. Results and disussion

6.3.1. Strutural haraterization

X-ray di�ration on�rmed that the �lms were fully strained with respet to the

SrTiO3 substrate. The rystalline quality of all samples was on�rmed by the

onstant roking urve width of the �lm re�etions.

For the samples studied here the out-of-plane lattie parameter were 0.384,

0.387 and 0.388 nm for the samples LSMO-A, LSMO-B and LSMO-C, respetively.

The main panel of Figure 6.2 reports XRD data aquired around the speular

(002) Bragg re�etion of the �lm in terms of d-spaing. As learly visible for the

as-grown LSMO-A and the annealed LSMO-B samples, the width of the re�etion

is not a�eted by annealing. In the ase of the sample LSMO-C, a narrower

entrane slit (1/8� ompared to 1/2�) was used in order to inrease resolution in

the proximity of the substrate di�ration peak, thus explaining the lower intensity

of the di�ration peak.
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Table 6.1.: Sample preparation onditions.

Sample Annealing time TMI

LSMO-A 0 min (as-grown) > 500 K

LSMO-B 120 min 345 K

LSMO-C 240 min 270 K

The quality of the �lms is further on�rmed by the low-angle X-ray re�e-

tivity (XRR) measurements (inset of Figure 6.2). For as-grown LSMO-A, (blak

urve) interferene fringes are learly visible up to an angle of 2.5 degrees. Film

thikness and surfae roughness were analyzed using the Philips X'pert epitaxy

pakage. Surfae roughness was estimated to be in the range of a single unit

ell of La0.65Sr0.35MnO3, onsistent with a pure layer-by-layer growth mode of the

manganite �lms. In order to verify if the post-annealing proess a�ets the surfae

roughness of our �lms, a manganite thin �lm was post-annealed twie for 120min

at 700

◦
C. XRR data are shown in red in Figure 6.2 and show that the surfae

roughness does not vary substantially after thermal annealing. The root mean

square (rms) roughness of ∼ 0.7 nm obtained by �ts to the data is less than two

unit ells of La0.65Sr0.35MnO3.

Additionally, FEG-SEM analysis showed smooth surfaes with no evidene

for strutural defets for both as-grown and annealed samples, thus on�rming

the XRR results. Moreover, FEG-SEM probe shows the absene of any foreign

partiles/grains therefore ruling out the formation of spurious amorphous phases

indued by the post-annealing proess.

6.3.2. Transport properties

The resistivity (ρ) was measured as a funtion of temperature for all three sam-

ples and the data are presented in Figure 6.3. The data show a low-resistivity

regime at low temperatures followed by a strong inrease in resistivity. For the

oxygen-de�ient samples LSMO-B and C the resistivity drops after reahing a

maximum at TMI. The resistivity of LSMO-A ontinues to inrease slowly at

higher temperatures.

The as-grown �lm (sample LSMO-A, blak irles) shows the lowest resistivity

of the three samples. At 20K a resistivity of 0.06mΩm is measured and the

maximum resistivity of 3.93mΩm is reahed at 480K. In the temperature range

from 320K to 370K the data show a pronouned inrease in resistivity by more

than a fator 2. Nevertheless, no metal�insulator transition is observed up to the

highest temperature measured.
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Figure 6.2.: XRD data around the (002)-symmetri Bragg re�etion from a series

of vauum annealed La0.65Sr0.35MnO3−δ �lms in terms of d-spaing.

For higher resolution the entrane slit was losed for sample LSMO-C

resulting in lower ount rates. The inset shows low-angle re�etivity

measurements of an as-grown La0.65Sr0.35MnO3 thin �lm (blak

line) together with a La0.65Sr0.35MnO3−δ thin �lm after thermal

post-annealing yles (red line). Data were obtained by a laboratory

X-ray soure � ourtesy of P. Orgiani.

Following the annealing in vauum (i.e. dereased oxygen ontent), the

resistivity of the La0.65Sr0.35MnO3−δ �lms inreases and the TMI moves to lower

temperatures. For sample LSMO-B (green squares), TMI is found at 345K with

a maximum resistivity of 11.21mΩm. For sample LSMO-C (red triangles) TMI

is found at 270K with a maximum resistivity of 591.38mΩm. The HAXPES

measurements were performed at room temperature (RT) and at 86K. Figure 6.3

shows that at RT LSMO-A and LSMO-B are in a metalli state while LSMO-C

is insulating. At 86K, all samples are metalli but show lear di�erenes i∼n
resistivity.

The metalli and insulating behaviors of the ρ(T) urves (blak line in the in-

set of Figure 6.3) were analyzed using the formulas ρ-ρ0 ∝T
α
and ρ ∝ exp(T0/T)

β
,

respetively. The variables ρ0, α, T0 and β were used as free �tting parameters.

In single rystals with a predominant eletron-eletron sattering proess at low

temperatures

19,131,155,156

a value of 2 is typially observed for α. A value of 2.5
is typially assoiated with a single-magnon sattering mehanism, as observed in
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Figure 6.3.: Resistivity urves measured as a funtion of temperature for the

three La0.65Sr0.35MnO3−δ samples. See Table 6.1 for their di�erent

post growth annealing onditions. The two vertial lines at 86K

and 300K mark the temperatures for the HAXPES measurements.

The arrows indiate the metal�insulator transition temperatures. The

inset shows the data in a log-log plot and the best �ts (see text) of

the low-temperature regime for LSMO-A and LSMO-C.

most thin �lms.

157,158

For the optimally doped LSMO-A sample the resistivity

urve sales very well as T α
with α = 2.2, thus giving a better agreement with

an eletron-eletron sattering proess. β provides insight into the basi physial

mehanism of the insulating state. Spei�ally, values of 0.25 and 1 for β are

assoiated with Mott variable-range hopping (VRH)

5,159

and the polaroni ther-

mal ativated

160

regime, respetively. As previously observed in low-disordered

manganite systems,

161

here the VRH model better �ts the experimental data in

the proximity of TMI while at higher temperatures (e.g. 400K) polaron ativation

provides a better explanation, as there the hopping proess may be more limited

by the formation of polaroni quasi-partiles with larger e�etive masses.

At low temperatures around 86K, all of the samples exhibit metalli be-

haviour, nevertheless the most redued sample LSMO-C shows a minimum in the

resistivity urve (f. inset of Fig. 6.3). Suh a behavior an be interpreted as a

loalization phenomenon driven by temperature-dependent quantum orretions

due to Coulomb interations. Indeed, as previously reported,

162,163

quantum inter-

ferene e�ets in�uene the transport properties of SC materials, thus determining

a reentrant metal-to-insulator transition.
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Figure 6.4.: HAXPES survey spetra for the LSMO-A �lm for the EB range from

300 eV to -5 eV measured with a photon energy of 5.95 keV.

6.3.3. Photoeletron spetrosopy

A HAXPES survey san in the EB range -5 eV to 300 eV is shown in Figure 6.4.

The individual ore levels are marked by arrows and the orresponding orbitals are

indiated. The spetra show all the expeted ore level lines from the �lm. The

samples are free from ontaminations exept for a weak arbon ontamination that

an be deteted by the presene of the C 1s ore level, probably due to exposure

to air. The substrate peaks are not visible.

In the following the O 1s, Mn 3s, Mn 2p and the valene band region are

presented and disussed in more detail.

Oxygen ore levels

Comparison of the ore level intensities of Mn 2p and O 1s should reveal the oxygen
de�ieny. However, the O 1s peak is asymmetrial and shows a lear shoulder

(Fig. 6.5). Best agreement was found by �tting with three Voigt funtions. The

main peak (1) is found at 530.5 eV, the �rst side omponent (2) at 531.2 eV and

the seond side omponent (3) at 533.5 eV. The ratio of the three omponents

hanges with annealing time. Component 3 gains in intensity for the samples

LSMO-B and -C. A measurement of LSMO-C at lower energies (more surfae

sensitive) is represented as a line in Figure 6.5 and shows an inrease of omponent

3. Therefore, this feature an be attributed to OH-groups on the surfae. Similar

features are well doumented for many metal oxide surfaes. Feature 2 may be
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Figure 6.5.: La0.65Sr0.35MnO3−δ O 1s ore level spetra measured at 5.95 keV
photon energy. The symbols are the raw data whih were �tted with

three omponents. For omparison the blue line shows a spetrum

measured at 2.8 keV for LSMO-C.

assoiate to oxygen in oxygen-de�ient parts of the sample, however, no lear

dependene on the annealing time was found.

Comparison of the O 1s main omponent with Mn 2p gave oxygen de�ienies
of 8.5% and 13% or a δ of 0.25 and 0.39 for the samples LSMO-B and C

respetively. These values most probably have a relatively large error bar. Ratios

alulated with the total intensity of all oxygen omponents showed an inreased

oxygen ontent with longer annealing time possibly due to stronger OH-adsorption

on the annealed surfaes. To reliably determine the oxygen ontent, we made use

of systemati hanges in the Mn 3s exhange splitting as a funtion of the Mn

valene.

Mn 3s exhange splitting

As disussed in the introdution, the Mn valene an be derived from the exhange

splitting observable in Mn 3s ore level spetra. Two representative spetra for

the LSMO-A and C samples measured at 5.95 keV are shown in Figure 6.6. The

peak positions were extrated by �tting two Voigt funtions after bakground
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Figure 6.6.: Mn 3s ore level spetra for the as-grown (LSMO-A, blak line,

bottom) and most annealed (LSMO-C, blue line, top) in omparison.

Table 6.2.: Results of the Mn 3s ore level analysis.

sample Mn 3s ∆E Mn formal valene

1

5.95 keV 2.8 keV νMn

LSMO-A 5.01 5.18 3.3
LSMO-B 5.08 5.2 3.2
LSMO-C 5.20 · · · 3.1

subtration. The results of the Mn 3s analysis are summarized in Table 6.2. The

3s spetra show a splitting into two omponents, where the larger peak is entered

around 84 eV and the smaller one at 89.5 eV. For LSMO-A the splitting amounts to

5.01 eV and inreases to 5.08 eV and 5.20 eV for LSMO-B and LSMO-C respetively.

For measurements at an exitation energy of 2.8 keV the splittings are larger. The

ratio of the two omponents A and B appears to vary with the oxygen ontent.

The valeny νMn an be estimated from the splitting. From the values in

Table 6.2 the oxygen de�ieny δ is estimated to be ∼ 0.02, 0.07 and 0.12 for

LSMO-A, B and C, respetively. For LSMO-A, the small δ is onsistent with the

transport measurements whih showed the absene of a metal�insulator transition

in the resistivity behavior up to at least 480K and the very low residual resistivity.

These values are similar to those obtained for single rystals,

19

suggesting that
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Figure 6.7.: Mn 2p ore level spetra for the as-grown (LSMO-A, open irles)

and most annealed (LSMO-C, blues triangles) samples. The

measurements were performed at 86K and a photon energy of 5.95 keV.
The shoulder at 639 eV is not observed for LSMO-C.

LSMO-A should be very lose to the optimal doping level of x = 0.35. Urushibara
et al.

19

reported the eletroni phase diagram of single rystals prepared by the

�oating-zone method. They report a Tc of 283 and 342K for x = 0.175 and 0.25.
The Mn

4+
ontents were determined by redox titration to be 17% and 19% (i.e.,

νMn = 3.17 and 3.19), respetively. Compared to the values for LSMO-B and C in

Tables 6.1 and 6.2, TMI appears to orrelate quantitatively to νMn in a onsistent

way, regardless of the oxygen vaany onentration and the sample being a thin

�lm or a bulk rystal.

Mn 2p sreening state

Mn 2p3/2 ore level spetra measured at 86K and 5.95 keV for the LSMO-A and

C samples are presented in Figure 6.7. The Mn 2p main line is found at 641 eV.

For LSMO-A the spetra exhibit a low EB feature, ∼2 eV below the main line

(marked by an arrow in Figure 6.7). This feature is signi�antly more pronouned

at higher photon energies and lower sample temperatures.
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While the less redued sample (LSMO-B) still exhibits a shoulder (not shown)

whih is omparable to that of the as-grown sample, the same feature is ompletely

missing for the most oxygen-depleted sample (LSMO-C). The low EB feature has

been theoretially explained by the sreening of the ore hole on the Mn site by

eg valene eletrons from neighboring atoms.

42�44

In partiular, van Veenendaal

43

demonstrated, using an Hamiltonian model with a larger luster size, that the low

EB feature was related to a non-loal sreening hannel, whih dereased with the

inrease of both the doping-level and the magneti disorder. A dependene on the

orbital ordering was also demonstrated. Using multiluster alulations, Horiba

et al.

42

identi�ed the sreening to originate from a 2p53d5C �nal state where

C represented doping-indued states at the EF and 3d5C resulted from a harge

transfer from C to the Mn 3d state. The sreening feature was found to inrease

proportionally with the hybridization between the Mn 3d and the C states in

agreement with the observed strong dependene on the doping level,

42

ontrary to

the �nding by van Veenendaal. More reently, experimental evidene on the tem-

perature dependene of the low EB feature has been reported

150

to be assoiated

with the ferromagneti order and/or the metalliity of the La1−xSrxMnO3 samples.

For the samples presented here, the strength of the low EB feature orrelates

strongly with the hole doping level determined by the oxygen vaany onentra-

tion. At 86K only LSMO-A and B show the well sreened feature, although all

three samples are in a metalli state. We argue that the LSMO-C sample is on

the verge of a metal-to-insulator transition and the weaker hybridization together

with inreasing eletron loalization redue the e�ieny of the sreening e�ets.

2

Valene band

Spetra of the valene band in the binding energy range from 9.5 eV to -1.5 eV

are shown in Figure 6.8(a). The valene bands of La0.65Sr0.35MnO3−δ show several

shoulders. The di�erent ontributions have been disussed by Piozzi et al.

149

in a ombined experimental and theoretial study. Aordingly, the strongest

ontribution at 5.5 eV is identi�ed as the O 2p band. The shoulder at 3.5 eV is

assigned to the O 2p-Mn 3d hybridized states. The Mn 3d states are visible as

an additional shoulder at ∼2 eV and states lose to the Fermi edge and show a

splitting into Mn 3d t2g and Mn 3d eg orbitals respetively. The t2g states form a

well-de�ned peak whih an be interpreted as a ore level, while the Mn eg states
are rather dispersed.

The positions of the Mn 3d t2g and eg and the O 2p-Mn 3d hybrid show

systemati hanges as a funtion of annealing time, photon energy and tempera-

2

Furthermore, in agreement with van Veenendaal

43

the magneti disorder ould also play a

role in reduing the low EB feature, as well as the inreased orbital ordering expeted in a

strongly redued La0.65Sr0.35MnO3−δ �lm.

147
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Figure 6.8.: Survey sans of the valene band reorded at (a) room temperature

and 2.8 keV and (b) 86K and 5.95 keV. For measurements at 5.95 keV
a Si(333) post-monohromator was used to improve the energy

resolution. The Fermi level of Au is shown in the inset of (b).
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Table 6.3.: Binding energies of the valene band features. LT and RT

indiate measurements performed at 86K and at room temperature,

respetively. The last rows, ∆E

(LSMO-C)-(LSMO-A)

, give the EB di�erene

between the untreated optimally doped sample (LSMO-A) and the

most oxygen-depleted sample (LSMO-C) at RT.

sample hν T EB

(keV) (K) (eV)

eg t2g Mn 3d - O 2p O 2p

2.8 300 0.15 1.65 3.05 5.19
LSMO-A 5.95 86 0.27 1.60 3.28 5.21

5.95 300 0.27 1.67 3.43 5.32

LSMO-B

2.8 300 0.27 1.84 3.22 5.35
5.95 86 0.34 1.75 3.43 5.31

2.8 300 0.53 1.9 3.35 5.57
LSMO-C 5.95 86 0.76 1.99 3.64 5.68

5.95 300 0.97 2.12 3.68 5.64

∆E

(LSMO-C)-(LSMO-A)

2.8 300 0.38 0.25 0.3 0.38
5.95 86 0.49 0.39 0.3 0.47

ture and the EB of the states. For a quantitative omparison, the peak positions

were extrated by a multi-peak �t. The inset of Figure 6.8(a) shows the �t of

the LSMO-A sample for the binding energy range from −1.2 eV to 3 eV. The

extrated peak positions for all of the samples are summarized in Table 6.3. The

relative EB di�erene between the LSMO-A and C samples (∆E

(LSMO-C)-(LSMO-A)

)

is shown in the last rows. In partiular, a trend of shifts to higher EB was found

for: (i) longer annealing times, (ii) higher photon energy (5.95 keV),(iii) higher
temperatures (85K), and (iv) states with lower EB.

Furthermore, there is a lear hange of the energy band widths as a funtion

of arrier onentration. The EB inrease of the eg and t2g states with redued

metalliity while the bottom of the valene band stays either �xed or moves slightly

to lower EB. These shifts result in an overall ontration of the valene band. Suh

an e�et was experimentally inferred by X-ray absorption spetrosopy measure-

ments,

137

but here it is measured diretly. In strongly orrelated systems, the

eletroni bands are not rigid for variations in the number of harge arriers. As a

onsequene, large energy band widths are assoiated with highly metalli samples,

whereas in the less metalli sample (LSMO-C), onsistent with the redution of

the energy band widths, eletron loalization e�ets are more likely.

164,165

124



6. Eletroni properties of La0.65Sr0.35MnO3−δ 6.3. Results and disussion

2.5 2.0 1.5 1.0 0.5 0.0 -0.5

5.95keV
300K

 

 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

EB (eV)

EF

(a)

0.4 0.2 0.0 -0.2

  LSMO-A
  LSMO-C

 

 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

EB (eV)

EF

2.5 2.0 1.5 1.0 0.5 0.0 -0.5

0.5 0.0 -0.5

5.95keV
86K

 

 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

EB (eV)

EF

(b)  LSMO-A
 LSMO-C

 

 

In
te

ns
ity

 (a
rb

. u
ni

ts
)

EB (eV)

EF

Figure 6.9.: High-resolution spetra of Mn 3d eg states at (a) room temperature

and (b) 86K reorded at 5.95 keV. The photon energy of 5.95 keV was

seleted with a Si(333) post-monohromator to improve the energy

resolution. The insets highlight the spetral region lose to EF.
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Details of the t2g and eg states for LSMO-A and LSMO-C are shown in

Figure 6.9(a) and (b) for measurements performed at RT and 86K respetively.

For the LSMO-A sample no signi�ant di�erenes in the eg states are found

between the two temperatures. Compared to LSMO-A at 86K, LSMO-C shows a

pronouned shift of the eg states to a higher EB. Nevertheless, the population of

states up to EF remains weak.

At room temperature the HAXPES data on LSMO-C in Figure 6.9(a) does not

indiate the opening of a notieable gap. This is in agreement with the transport

measurements shown in Figure 6.3. An energy gap an be related to a polaron

formation energy in terms of a thermally ativated insulating state. In manganite

systems, there is a universal linear relationship between the polaron formation

energy and the TMI value.
166

Aording to that linear relationship a TMI value of

about 270K should orrespond to a polaron formation energy of about 120meV.

No evidene of suh gap opening has been observed in the temperature dependene

of the valene band measurements (inset of Fig. 6.8(b)) within the experimental

resolution. This allows us to rule out a polaron formation mehanism behind the

insulating state of manganites lose to TMI.

6.4. Conlusions

The eletroni properties of the strongly orrelated manganite system were ana-

lyzed by means of the HAXPES tehnique and eletroni transport measurements.

Charaterization by XRR showed that La0.65Sr0.35MnO3 �lms grow in a layer-by-

layer growth mode on SrTiO3. The surfae roughness inreases only slightly from

∼1 ML to ∼2 ML after thermal treatment.

The transport measurements show a redution of T

MI

with inreasing vaany

onentration. Fits of the metalli and insulating behaviors give indiations for a

Mott variable-range hopping mehanism.

The Mn valene states were examined via the Mn 3s exhange splitting. The
observed redution of valeny with inreasing oxygen de�ieny gives evidene of

a redution in the hole doping level. Therefore, transport data ould be orrelated

with the hole doping level.

The Mn 2p ore levels show substantial di�erenes in the metalli state

of manganite systems. The well sreened state at the Mn 2p level is redued

signi�antly as a result of the oxygen de�ieny. Its disappearane indiates that

the hybridization of the Mn 3d orbitals with the doping-indued states dereases.
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Furthermore, the evaluation of the valene band spetra gives evidene of the

e�et of the arrier onentration on the binding energies of the Mn 3d eg and

t2g states. The spetra show shifts of the Mn 3d states to higher EB for oxygen-

de�ient samples. This ultimately leads to a redution of the overall width of the

valene band at lower harge densities. Moreover, onsistent with the transport

measurements, the valene band spetra do not show a signi�ant opening of a

band gap for the most oxygen-depleted La0.65Sr0.35MnO3−δ sample above the TMI.

This �nding supports a theoretial model with the insulating state resulting from

Mott variable-range hopping rather than polaron formation.
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7. Summary and Outlook

In this thesis, the origin of ondutivity for a variety of di�erent transition metal

oxides was studied, namely, for �lms of LaAlO3, LaGaO3 and NdGaO3 on SrTiO3

(001), superlatties omposed of CaCuO2 and SrTiO3, and oxygen-de�ient

La0.65Sr0.35MnO3 �lms. The experiments were performed on ID32 at the ESRF,

mainly employing hard X-ray photoeletron spetrosopy and the X-ray standing

waves tehnique. The results provided insights into the unusual origins of the

ondutivity at the interfaes of transition metal oxide samples.

Hard X-ray photoeletron spetrosopy allows the bulk eletroni struture

to be measured, sine the ontributions from surfae e�ets an be minimized.

The large probing depth makes it an ideal tehnique for the study of interfae

properties. The ombination of HAXPES with X-ray standing waves yields unique

spatial information whih make it an ideal tool for investigating ondutivity in

transition metal oxide systems.

Chapter 4 showed that the ondutivity at the LaAlO3/SrTiO3 interfae has

two distint ontributions. The weak signature of harge arriers shows an in-gap

state, a unique �ngerprint assoiated with the oxygen vaany related density of

states, and, at the same time, shows Ti 3d states rossing EF that support an

intrinsi doping senario. The formation of oxygen vaanies as a result of the

growth onditions an be exluded. Thus, two ontributions to the eletron gas

were identi�ed, one fration resulting from intrinsi eletron doping from the polar

LaAlO3 layer, the remaining part originating from oxygen vaanies, indued by

the polar overlayer, all ourring within a 2 nm (5u) interfaial region in the

SrTiO3.

XSW imaging was employed to visualize the distortions in a two and a �ve

monolayers thik LaAlO3 �lm. The analysis indiates polar distortions and a

modulation of the inter-planar spaing, both being more pronouned in the thinner

�lm. Distortions were also observed for the LaGaO3 �lms. The analysis indiates

that the potential build-up is partially ompensated by another mehanism than

the distortion of the LaAlO3 lattie. In agreement with the valene band deompo-

sition, a possible mehanism may be the reation of vaanies due to a �eld-e�et.

129



7. Summary and Outlook

Furthermore, the OH-groups were found to adsorb in an ordered fashion

on the LaAlO3 surfae. The stronger OH-feature for thiker �lms may indiate

a onnetion with the build-up of the eletrial potential with inreasing �lm

thikness.

For the epitaxial overlayers of orthorhombi LaGaO3 and NdGaO3 a ombi-

nation of a (
√
2 ×

√
2)R45 ◦

and a (2 × 1) double domain superstruture were

observed. In LaGaO3 �lms the (
√
2×

√
2)R45 ◦

superstruture is preferred.

In Chapter 4 the feasibility of performing site-spei� measurements of highly

dilute, buried ondution eletrons by making use of the site-spei�ity of the

XSW method was demonstrated. This an be used to gain further insights in

the ondution mehanisms at polar/non-polar interfaes and orrelated eletron

systems in general. The XSW/HAXPES investigations of the 2D eletron gas at

the LaAlO3/SrTiO3 interfae were failitated by the high brightness and �ux of the

synhrotron photon soure and the availability of high-throughput photoeletron

analyzers suh as the PHOIBOS 225 HV. New photoeletron analyzers with even

higher transmission by wide-angle lenses, providing even higher sensitivity, will

signi�antly bene�t the further development of these tehniques.

Chapter 5 presented results from HAXPES measurements on superondut-

ing CaCuO2/SrTiO3 superlatties. In these samples, a eletrostati potential is

expeted to diverge, owing to the polar nature of the CaCuO2 layers. A diret

harge transfer between the SrTiO3 and CaCuO2 ould be exluded from the

measurements of the band alignment. The measurements showed that the build-up

of the eletrostati potential was largely ompensated by a redistribution of oxygen

atoms at the interfaes.

Superonduting CaCuO2/SrTiO3 samples show multiple omponents in metal

ore level spetra providing evidene for a stronger oxidation of the interfaial

plane. Furthermore, Cu 2p spetra show a derease of the non-loal sreening

hannel whih an be interpreted as evidene for an inreased hole doping of the

CaCuO2 bloks.

In Chapter 6, the eletroni properties of the strongly orrelated manganite

system were analyzed as a funtion of oxygen vaany onentration. Charateri-

zation by XRR on�rmed that the La0.65Sr0.35MnO3 �lms grow in a layer-by-layer

growth mode on SrTiO3. No signi�ant hanges in surfae roughness were ob-

served if the samples were oxygen-depleted.

The metal�insulator transition temperature diminishes with inreasing va-

any onentration and �ts to the metalli and insulating harateristi urves

are in support of a Mott variable-range hopping mehanism in the insulating

regime. As further evidene, the evaluation of the Mn 3d eg and t2g states showed
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7. Summary and Outlook

shifts of the Mn 3d states to higher EB in oxygen-de�ient samples. This leads

to an overall ontration of the valene band, indiative of stronger loalization.

Valene band spetra did not show a signi�ant opening of a band gap for the most

oxygen-depleted La0.65Sr0.35MnO3 sample above the TMI. This result supports a

theoretial model with the insulating state resulting from Mott variable-range

hopping rather than polaron formation.

The Mn valene is redued with inreasing oxygen de�ieny in agreement

with a redution of the hole doping level. The analysis of the Mn 2p ore levels

indiates a derease of the hybridization of the Mn 3d orbitals with the doping-

indued states.

Finally, a number of questions arise from the results presented in this thesis

whih deserve to be addressed in further studies.

It should prove to be very interesting to ondut valene band deomposi-

tion studies on other metal oxide systems. For these studies, support from the

theoretial side, to guide the interpretation, would be very useful. For example,

in the La1−xSrxMnO3 system, hanges in the hybridization of the Mn 3d and

O 2p ore levels that were dedued indiretly from the Mn 2p ore level spetra

ould be deteted diretly. Experimentally a µm thik La0.65Sr0.35MnO3 �lm ould

be rendered oxygen-de�ient in-situ in onseutive annealing steps. A systemati

study of the dependene of the doping level and di�erent dopants in SrTiO3 would

provide a better understanding of this material.

Several interesting sienti� questions remain unanswered onerning

CaCuO2/SrTiO3 superlatties.

1. An extensive HAXPES study for a series of samples grown under di�erent

oxygen onditions should be onduted above and well below TC (≪40K) with

speial fous on the Cu 2p ore level and the valene band regions.

2. The appendix presents a preliminary XSW imaging study of a single

CaCuO2/SrTiO3 slab under �uoresene exitation. Fluoresene is, however,

hard to measure. The spetra are dominated by the substrate peaks ausing

problems with detetor saturation. In addition, there is an overlap of emission

lines (Ti, Ca with Nd) and the low-energy lines (e.g. Sr) are strongly attenuated

in air. This ould be overome by measurements with a rystal spetrometer

preferably under UHV onditions, or XSW imaging by means of HAXPES. For

HAXPES measurements, the ondutivity of the substrate must be ensured. The

advantage of the HAXPES measurements would be the possibility of measuring the

oxygen signal diretly. These measurements should provide detailed information

about the lattie distortions.
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7. Summary and Outlook

3. Another interesting question would be loalizing the ondutivity in these

superlatties. Experimentally this ould be ahieved by depositing a thin

SrTiO3/CaCuO2 superlattie slab in the range of �ve repeat units on a highly

re�etive metal multilayer mirror.

1

The measurements would be onduted under

total re�etion onditions. Several possible onlusions ould be drawn from this

experiment: (i) Determination of the interfae roughness and intermixing. (ii)

Loalization of the additional omponents in the ation ore levels and (iii) the

Cu 2p sreening features at the interfae. (iv) The opening of a band gap in the

SrTiO3 bloks.

In onlusion, the experiments presented here highlight some of the exiting

properties of oxide materials and the sensitive interplay of eletroni and atomi

struture. Sine the �rst publiations on LaAlO3/SrTiO3 in 2004, this �eld has

developed into one of the most heavily researhed areas in solid state physis.

More and more polar/non-polar interfaes are being studied nowadays, moving

from single interfaes to more ompliated strutures suh as superlatties and

sandwih strutures and unounted interesting sienti� questions remain to be

answered. With great uriosity we an antiipate the in�uene of oxide based

eletronis on future tehnology.

1

To ensure epitaxy, the deposition of an oxide bu�er layer may be neessary.
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A. CaCuO2/La0.65Sr0.35O3

superlatties

This appendix presents preliminary HAXPES measurements of superonduting

CaCuO2/La0.65Sr0.35O3 superlatties. The samples were grown under the same

growth onditions as the CaCuO2/SrTiO3 superlatties presented in Chapter 5.

Two superlattie samples were studied in this experiment, both onsisting of 3 ML

of CaCuO2 alternating with 4 ML and 14 ML of La0.65Sr0.35O3, respetively. The

samples are referred to as 3×4 and 3×14 in the following. As referene samples,

a bare SrTiO3 substrate, a 10 nm thik CaCuO2 �lm and a 14 ML La0.65Sr0.35O3

�lm both grown on NdGaO3 under onditions idential to those of the SC SL

were measured. To avoid harging problems, the SrTiO3 substrate was rendered

slightly oxygen-de�ient by vauum annealing.

Setion A.1 introdues the Mn 3s spetra and disusses the impliations

on the Mn valene states. In Setion A.2 the Mn 2p ore level spetra are

presented. Setion A.3 shows that harateristi ore level shifts are observed

for the La0.65Sr0.35O3 ore levels depending on the La0.65Sr0.35O3 thikness.

Table A.1.: Fit results of the three omponents in Mn 3s and Cu 3p ore levels.

∆E (2-1) is the exhange splitting and νMn the alulated valene of

the manganese.

Mn 3s Cu 3p

EB (eV) ∆E (2-1) νMn EB (eV)

sample 1 2 3

3x4 83.62 89.16 92.82 5.54 2.8 75.2105
3x14 83.4 88.57 92.72 5.17 3.1 75.3620
14 ML Ref 83.43 88.45 92.81 5.01 3.3 . . .
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Figure A.1.: Mn 3s and Cu 3p ore levels of the 3x4 3x14 superlatties and the

14 ML La0.65Sr0.35O3 referene. A Cu 3p ore level of a CaCuO2 �lm

is shown as a referene as well.

A.1. Mn 3s exhange splitting

Mn 3s spetra show an exhange splitting. Figure A.1 presents photoeletron spe-

tra in the binding energy (EB) range 68 eV to 96 eV for the 2 SLs and the referene

samples. For the SL samples, the spetra show an overlap of the Cu 3p and Mn 3s
ore levels. Individual omponents were extrated in deonvolution proedures for

the Mn 3s peak and the Cu 3p peak. Table A.1 summarizes the positions of the

omponents presented in Figure A.1. The best �t was ahieved using a doublet

for the Cu 3p peak and two doublets for the Mn 3s peak. The exhange splitting
inreases in the multilayer samples with respet to the La0.65Sr0.35O3 referene.

As desribed in Chapter 2 the spin moment of the Mn and hene the Mn valene,

νMn, an be obtained from the value of the splitting.

For the referene sample, this orresponds to a valene νMn of 3.3, very lose

to the value for the ideal doping level. For the 3x14 sample, is inreased to a νMn

of 3.1. For the 3x4 sample, νMn shows a lear derease to about 2.8.
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Figure A.2.: Mn 2p ore levels of the 3x4 3x14 superlatties and the 14 ML

La0.65Sr0.35O3 referene sample measured at 5.95 keV without the post

monohromator. A shoulder is visible on the low EB side at 639 eV,

as indiated by the arrow.

The hange of νMn an be interpreted as a sign for an eletron transfer to

the La0.65Sr0.35O3 layer. For the 3x4 sample, this orresponds to a transfer of 0.5
eletrons per La0.65Sr0.35O3 unit ell. Considering 4ML per La0.65Sr0.35O3 blok

this means that 1.2 e

−
are transferred from the CaCuO2 slab to the La0.65Sr0.35O3

layer. This may indiate a harge transfer from CaCuO2 into the La0.65Sr0.35O3

layers.

The origin of the seond doublet in the Mn 3s spetra is not lear at present.

A.2. Mn 2p sreening state

Figure A.2 shows Mn 2p ore level spetra for the 3x4 SL, 3x14 SL and the 14 ML

La0.65Sr0.35O3 referene. The 'well sreened' state is visible for the La0.65Sr0.35O3

referene, but disappears for the multilayer samples.

Following the disussion in Chapters 2 and 6, the presene of the well-sreened

feature in Mn 2p ore level spetra an be interpreted as a sign for a high arrier

density at EF and of strong hybridization with the Mn 3d states. The disappear-
ane of the sreening feature agrees qualitatively with the observed hanges in the
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Figure A.3.: (a) Ca 2p ore-level spetra for the 3x4 sample show no pronouned

additional omponents. (b) Sr 3d and () La 4d ore-level spetra

from the 3x4 and 3x14 superlatties and the 14 ML La0.65Sr0.35O3

referene onsist of two, or more, doublets.

Mn valene, namely an eletron uptake and hene a derease in the hole doping

onentration.

A.3. Core level shifts

Figure A.3(a) shows Ca 2p ore-level spetra for the 3x4 sample. The spetra

show no pronouned additional omponents.

The La0.65Sr0.35O3 ore levels shift to lower binding energies in the �lms with

thinner La0.65Sr0.35O3 interlayers. This behavior is similar to the shifts observed

in the CaCuO2/SrTiO3 superlatties, but is signi�antly less pronouned. This

e�et an be seen in the La 4d and Sr 3d ore-level spetra in Figure A.3(b) and

(). The peak positions are summarized in Table A.2.

The CaCuO2 ore levels appear to be shifted with respet to the

CaCuO2/SrTiO3 superlatties to ∼1eV higher binding energies.
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Table A.2.: Fit results of the La 4p 4dand Sr 3d ore levels. The binding energy

and ore level shift with respet to the 14 ML referene are listed.

sample La 4p3/2 ∆E La 4d ∆E Sr 3d ∆E

3x4 194.761 0.37 101.383 0.329 132.028 0.458

3x14 194.957 0.174 101.518 0.194 132.116 0.37

14 ML Ref 195.131 0.0 101.712 0.0 132.486 0.0
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B. XSW-imaging of a thin

CaCuO2 �lm

A CaCuO2/SrTiO3 slab grown on NdGaO3 was studied by XSW real spae imag-

ing. The initial goal was to identify possible distortions in the CaCuO2 lattie

and possibly provide evidene for oxygen in the Ca-planes. Sine the sample was

insulating, HAXPES measurements were hampered by harging e�ets. Hene,

XSW experiments using �uoresene detetion in EH1 were performed instead.

The XSW-modulated yield of the Cu Kα and Ca L �uoresene was investigated

for 12 re�etions from the NdGaO3 substrate.

The sample onsisted of a 3ML thik CaCuO2 layer, apped with a 2ML thik

SrTiO3 layer grown on NdO2 terminated NdGaO3(110) surfaes. The sample was

deposited under exatly the same onditions as the superonduting SL. Thus, the

CaCuO2/SrTiO3 overlayer orresponds to one repeat unit of the superonduting

superlatties presented in Chapter 5. The orthorhombi -axis of the substrate

was aligned in-plane.

An exitation energy of 10 keV was seleted using the double-rystal monohro-

mator and the energy bandwidth was further redued by the Si(444) post-mono-

hromator. The XSW-modulated �uoresene yield was studied with a VORTEX

detetor for the Cu Kα and Ca Kα lines on the six-irle di�ratometer installed in

EH1. Eah re�etion (hkl) was aligned individually. The intensity of the di�rated
and the inelastially sattered photons was deteted while sanning the roking

urve of the re�etion in θ.

A �uoresene spetrum of the sample is shown in Figure B.1. The spetrum

is dominated by the strong Nd L lines in the energy range from 4.5 keV to 7.5 keV.

The Cu Kα lines are visible as a single one peak entered lose to 8 keV. The inset

of Figure B shows the spetral range from 2.5 keV to 4.4 keV. The extration of the

Ca �uoresene yield is ompliated by their overlap with the Nd L esape peaks,

Nd L*.

1

The PyMCA program, was used to separate the spetral ontributions

1

When using a Si solid state detetor, the emitted photons an themselves exite �uoresene

in the Si photo diode. These peaks an be found 1.74 keV below the original line in the

spetra.
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Figure B.1.: X-ray �uoresene spetrum from a 2ML thik CaCuO2 �lm on

NdGaO3 measured at an exitation energy of 10 keV. The spetrum

is dominated by the Nd L lines. The Cu KL2 and KL3 lines are found

at 8 keV, the Cu KM3 line at 8.9 keV. The inset shows the spetral

region from 2.5 keV to 4.3 keV. The Ca K lines overlap with the Nd

L* esape peak and the Ar K lines.

from the Ca K, Nd L* and Ar K lines and obtain the �uoresene yield of the Cu

K and Ca K lines for the re�etions listed in Table B.1.

Figure B.2(a) shows a seletion of representative �uoresene yield and re-

�etivity urves. The solid lines show the best �t urves to the data. The

Fourier omponents determined for the measured re�etions (hkl) are presented in
Table B.1. In the seond olumn the indies (hkl)cub respetive to the pseudo-ubi
lattie are given. The Ca signal in the XFS spetra was very weak and did

not provide an adequate signal-to-noise ratio for a reliable analysis for all of the

re�etions.

The data sets were expanded assuming a P4mm symmetry. Formally, the

NdGaO3 (110) surfae has a p2 symmetry, however, sine only displaements

along z are onsidered in the analysis, the generalization is valid.

In Figure B.2(b), a real spae image for Cu is presented. The blak box

represents the extended pseudo-ubi NdGaO3 unit ell. The atomi density of Cu

is marked in red. The positions showing the maximum atomi density are found at

two symmetrially inequivalent sites, slightly above the positions orresponding to

a b lattie. The two positions are found to have equal intensities. The doubling

of the number of atomi sites an be attributed to missing low-order re�etions.
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Table B.1.: Best �t results for the XSW data reorded from a CaCuO2/SrTiO3

slab on a NdGaO3(110) substrate. The orresponding urve �ts are

shown an be found in Figure B.2(a)

Cu Ca

(hkl) (hkl)cub fH PH fH PH

2 2 0 0 0 2 0.239 0.201 . . . . . .

4 4 0 0 0 4 0.421 0.012 . . . . . .

4 2 0 2 2 2 0.145 0.14 0.16 1.05

1 1 2 1 0 1 0.214 0.206 . . . . . .

3 3 2 1 0 3 0.145 0.14 0.16 1.05

5 5 2 1 0 5 0.451 0.07 . . . . . .

3 1 2 1 1 2 0.29 0.23 0.29 0.83

5 3 2 1 1 4 0.127 1.031 0.17 0.88

1 3 2 1 1 2 0.29 0.23 0.29 0.83

5 1 2 1 2 3 0.225 0.279 0.1 0.47

4 2 4 2 1 3 0.37 0.214 0.11 0.28

3 -1 2 1 1 2 0.2 0.175 . . . . . .

Even using the (002) re�etion it is not possible to distinguish between the two

positions beause it also has a short XSW periodiity.

With respet to the extended pseudoubi NdGaO3 lattie (*≈ 3.86Å) the

positions z=0.5356 and z=1.0356 orrespond to an averaged outwards displae-

ment of 0.137Å. The relaxed CaCuO2 -lattie onstant has the value 3.18Å.
167

Thus, the observed Cu positions orrespond to an expansion of the CaCuO2

lattie by an average of 0.817Å. The observed deviation of the Cu position an

be interpreted as a response to the potential build-up, similar to the one observed

in SrTiO3/LaAlO3, and the oxygen uptake in the Ca-planes.

Real spae images alulated for Ca do not show maxima with high intensity.

This is probably due to the low oherent frations obtained in the �ts to the

�uoresene yield (see Table B.1).
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Figure B.2.: (a) XSW modulated �uoresene yield urves (�lled symbols) and the

orresponding re�etivity urves (open symbols) measured at 10 keV.

The Cu yield urves are o�set by 0.5 for better visibility. The solid

lines show the best �t urves to the data. (b) 3D atomi density map

for Cu. The blak lines indiate the pseudo-ubi unit ell of the

NdGaO3 substrate.
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C. Determination of the Nb-site

in Nb:SrTiO3

Nb:SrTiO3 was studied to determine the lattie sites oupied by the Nb-dopant

atoms. Although the Ti-site is the most probable loation, a partial oupation

of other lattie sites, or the formation of lusters of metalli Nb, is also possible.

The transport properties of SrTiO3 would be strongly in�uened by the formation

of Nb-lusters, sine they would not partiipate in the doping proess.

XSW imaging is a suitable tehnique for measurements of this kind. Alterna-

tive lattie sites are revealed diretly in the real spae images and the presene of

Nb-lusters results in diminished oherent frations in the individual XSW sans.

XSWmeasurements were preformed using the HAXPES setup of ID32 in bak-

sattering geometry for the (111), (002), (112), (202), (103) and (222) re�etions

from SrTiO3 by olleting the XSW-modulated photoeletron yield for the Ti

2p and Nb 3d ore levels. The measured data (open symbols) and the best �t

urves (solid lines) are presented in Figure C.1, the �t results are summarized in

Table C.1.

The very similar oherent positions for both Nb and Ti shows that the Nb

atoms only oupy Ti lattie sites. There are some minor disrepanies in the

oherent frations whih may be attributed to non-dipolar e�ets.
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Table C.1.: Best �t results from the XSW data reorded using the Ti 2p and Nb

3d ore levels in 2 at. % Nb-doped SrTiO3. The orresponding �ts

are shown in Figure C.1.

Ti Nb

(hkl) fH PH fH PH

1 1 1 0.823 0.530 1.294 0.534
0 0 2 0.927 0.046 1.125 0.084
1 1 2 0.838 0.004 0.941 0.018
2 0 2 0.829 1.002 0.73 0.004
1 0 3 0.835 0.062 0.826 0.082
2 2 2 1.048 1.020 0.863 1.003
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Figure C.1.: XSW-modulated photoeletron yield urves of Ti 2p (open blak

irles) and Nb 3d (�lled red irles) ore levels and the orresponding

re�etivity urves (squares) for the (111), (002), (112), (202), (103,

and (222) re�etions from SrTiO3. The solid lines show the best �t

urves to the data.
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MBE Moleular beam epitaxy

ML Monoloayer

MOSFET Metal-oxide-semiondutor �eld-e�et transistor

163



Appendix C. Aronyms

PLD Pulsed laser deposition
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SXRD Surfae X-ray di�ration

TMO Transition metal oxide
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XSW X-ray standing wave �eld
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