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Chemistry and fundamental electron correlation in chemically

prepared lanthanide nanoparticles

Abstract

X-ray spectroscopy is a fascinating area of modern physics research that can

probe the most basic and fundamental physical questions while addressing issues

related to modern technology and specifically the materials which enable this

technology. From the other side, nanoscience is a fundamentally exciting and

technologically relevant area of research due to the remarkable changes in fun-

damental electrical, optical and magnetic properties of matter that occur on the

nanometer scale. In this thesis X-ray spectroscopy is the method used to deter-

mine the electronic and geometric structure of chemically prepared lanthanide

orthophosphate nanoparticles.

The local electronic structure and the chemical state of each lanthanide ion

within the host nanoparticle is determined with near edge X-ray absorption spec-

troscopy. Besides, chemical bonding within the phosphate group, its evolution

through the lanthanide series, and its interplay with crystal phase and cluster

morphology is systematically investigated. A missing local order in the crystal

structure accompanied with multiple ion sites in the smaller ∼ 2nm nanoparticles

was revealed.

In addition, thin film preparation of nanoparticles allowed us to investigate

atomic fundamental aspects of lanthanide ions. Thus, many body aspects of

the strong electron-electron interaction at the 4d thresholds of the lanthanides

are investigated with resonant inelastic X-ray scattering spectroscopy. The com-

bined experimental and theoretical studies showed that the strong correlated

physical states alter the spectral distribution of oscillator strength giving rise to

interference effects and concomitant asymmetrical spectral profiles. Breaking of

coherence in some of the radiative decay channels governed by dipole transition

is the reason for the different lineshapes observed in fluorescence yield compared

to electronic yield.



Chemistry and fundamental electron correlation in chemically

prepared lanthanide nanoparticles

Kurzfassung

Spektroskopie mit Röntgenstrahlung ist ein faszinierendes Gebiet der mod-

ernen physikalischen Forschung, das sowohl die elementaren und fundamentalen

physikalischen Fragestellungen als auch Sachverhalte der modernen Technologie

betreffen kann, speziell die dafür notwendigen Materialien. Auf der anderen Seite

ist die Nanowissenschaft wegen der grundlegend anderen elektronischen, optischen

und magnetischen Eigenschaften von Materie auf der Nanometerskala ein hochin-

teressantes und technologisch relevantes Forschungsgebiet. In dieser Dissertation

wird daher Röntgenspektroskopie als eine Methode benutzt, die elektronische

und geometrische Struktur von chemisch präparierten Lanthanidorthophosphat-

Nanoteilchen zu bestimmen.

Die lokale elektronische Struktur und der chemische Zustand jedes Lanthanid-

ions in seinem jeweiligen Nanoteilchen wird mit Röntgen Nahkanten Absorption-

sspektroskopie (Near Edge X-Ray Absorption Spectroscopy) bestimmt. Dabei

werden die chemischen Bindungen innerhalb der Phosphatgruppe, deren En-

twicklung durch die Gruppe der Lanthanide und ihre Wechselwirkungen mit der

kristallinen Phase und der Clustermorphologie systematisch untersucht. Es wurde

eine fehlende lokale Ordnung in der Kristallstruktur aufgedeckt, die mit mehreren

möglichen Gitterplätzen der Ionen im kleinen Nanoteilchen einhergeht.

Zusätzlich erlaubte uns die Präparation von dünnen Filmen aus Nanoteilchen,

fundamentale atomare Eigenschaften von Lanthanidionen zu untersuchen. Viel-

teilcheneffekte der starken Elektron-Elektron-Wechselwirkung an den 4d-Kanten

der Lanthanide wurden mit resonanter inelastischer Röntgenstreuungsspektroskopie

(Resonant Inelastic X-Ray Scattering Spectroscopy) untersucht. Die Kombina-

tion von experimentellen und theoretischen Studien zeigte, dass die stark ko-

rrelierten physikalischen Zustände die spektrale Verteilung der Oszillatorstärke

ändern, so dass Interferenzeffekte und damit einhergehende asymmetrische spek-

trale Profile auftreten. Die Aufhebung der Kohärenz in einigen der strahlenden

Zerfallskanälen, die von Dipolstrahlung bestimmt werden, ist der Grund füür die

verschiedenen beobachteten Linienformen bei Fluoreszenz- und Elektronendetek-

tion.
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Chapter 1

Introduction

A subject of fundamental importance in atomic physics is the study of how

electronic properties are modified by the atomic environment, as in molecules or

in the solid state. At the frontier between atomic physics, molecular physics and

the physics of condensed matter new systems have been found to explore this

frontier. Thus clusters, containing a small or large numbers of molecules, are new

systems whose properties evolve from the free atom limit to that of a solid as a

function of size. Nanoscience is devoted to study and understand the changes in

fundamental properties of these materials in terms of cluster-size effects, cluster-

surface effects and structure effects.

Semiconductor clusters represent a class of heavily studied nanoparticles. In

these systems the quantum confinement of free electrons arising as a result of

small cluster size is associated with an increase of the band gap between the

conduction and valence bands. Thus, the optical transitions across the band gap

can be tuned within the visible range as a function of cluster size. This property

has made these systems fundamentally interesting and technologically relevant

area of research.

Besides the semiconductor clusters, lanthanide insulator clusters are also quite

interesting systems. They have optical transitions in the infrared, visible, and ul-

traviolet spectrum due to the f to f forbidden transitions that occur within the

insulator band gap. In addition, they display very high lattice energies and high

resistance against oxidation and photo corrosion. All these properties make them

attractive for industrial interest as useful components in light-emitting diodes

(LEDs), displays, optoelectronic devices and as long-lived dyes for biological la-

beling. Lanthanide clusters are also of academic interest because they provide the

rare opportunity to systematically investigate how the synthesis and the proper-

ties of a nanomaterial are affected by the ionic radius of its metal ion. In addition,
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1 Introduction

these systems do not manifest size-effects because of their large band gaps, but

they do show surface-effects and structure effects as a function of size and metal

ion. These aspects address for a systematic and detailed study of the geometric

and electronic structure of the lanthanide series of nanoparticles.

In order to deal with monodisperse nanoparticles of narrow size and shape

distribution as well as good crystallinity and solubility, colloidal chemistry is used

as a method of particle synthesization. The size and shape of the nanoparticles

were deduced by a variety of methods; Transmission Electron Microscopy (TEM),

Scanning Electron Microscopy (SEM), Dynamic Light Scattering (DLS) and X-

Ray Diffraction (XRD). In addition, the crystal structure of the nanoparticles

was determined via X-ray powder diffraction.

The method of choice to investigate these systems was not in solution. Very

thin films of nanoparticles consisting of less than one monolayer were prepared

on cleaned, surface polished and passivated silicon substrates. Thin film prepara-

tion made possible the simultaneous use of different spectroscopic methods, like

electron and fluorescence yield, to investigate fundamental electronic properties

of lanthanide clusters. Besides, thin film preparation overwhelmed the difficulties

on electron yield measurements because of charging effects inherent to wide band

gap insulators.

The common approach to investigate the electronic structure of the nanoparti-

cles is the use of X-ray spectroscopic methods. Thus, element specific information

is available from resonant X-ray excitation which allows to create excited states

at selected atomic centers and to even gain selectivity to the local chemical envi-

ronment of an atom. The high brilliance and tunability of synchrotron radiation

sources facilitates these investigations. In this framework, the local electronic

structure and the chemical state of each lanthanide ion in its host nanoparticle

was determined with near edge X-ray absorption spectroscopy (NEXAFS) mea-

sured at the M4,5-edge of lanthanides. Chemical bonding within the phosphate

group, its evolution through the lanthanide series, and its interplay with the

crystal phase and crystal dimension was studied by oxygen K-edge NEXAFS.

Rare earth ions consist a class of highly correlated electron materials. They

are characterized by localized unoccupied valence states that are fully screened

from the outer filled 5p and 6s shells. This makes it possible to investigate

fundamental atomic aspects of lanthanide ions despite the fact that they are

embedded in nanocrystals. An ideal technique to study electron correlation in

lanthanides was chosen resonant inelastic X-ray scattering (RIXS) because it

provides an additional level of the transition selectivity due to element specificity

6



and dipole selection rule. In a model system of lanthanum we have investigated

physical state correlations on the core excited intermediate states and ionic final

states and their influence on the spectral profiles. Theoretical calculations are

used to elucidate the different aspects of electron correlations.

Thus, this thesis has the following structure: Chapter 2 gives the general

framework and briefly summarizes the field of X-ray spectroscopy as a probe of

atom specific electronic structure. The purpose here is to address in a coher-

ent manner all aspects relevant to the work presented in the following chapters

without fully reviewing this vast field. Chapter 3 gives some basic theoretical

aspects of X-ray absorption and resonant scattering as well as the models used in

this work to calculate the measured XAS and RIXS cross sections in lanthanides.

The original work is presented in Chapters 4, 5 and 6, where each chapter is

either published in a peer review journal or in manuscript form. The focus of

chapter 4 lies in the characterization of nanoparticles and in the investigations of

electronic structure as a function of surface-effects (high surface to volume ratio).

In Chapter 5 the electron correlation effects due to the physical state symmetry

mixing and to the large lifetime broadening of the giant resonance are thoroughly

investigated in the simple system model of lanthanum case. Chapter 6 consists

of an overview of RIXS experimental data measured at different lanthanides.

Correlation trend within the series is evoked in the framework of La model.

7



1 Introduction

8



Chapter 2

Soft X-ray spectroscopy probing

atomic core levels

Spectroscopy is defined as the study of interaction between light (photons)

and matter. This interaction often results in the release of an energy carrier, for

instance, a photon, an electron or an ion. Detection of any of these particles pro-

vides the basics of many modern spectroscopic techniques, such as diffraction, res-

onant and non-resonant scattering, photoelectron and Auger spectroscopy. Some

of these techniques have been developed that utilize not only the original visible

(VIS) light, but many other forms of radiation: infrared (IR), ultraviolet (UV),

vacuum ultraviolet (VUV), X-rays and hard X-rays. They differ from each other

due to the kind of excitation that they produce: IR radiation produces rotational-

vibrational excitations, UV/VIS light produces valence band excitations where an

electron is promoted from the valence band to an empty state in the conduction

band as depicted in Fig. 2.1 (a). Whereas, X-rays produce core level excitations

where an electron from a core state is excited to an empty state, depicted in

Fig. 2.1 (b) and (c). The spatial localization of core levels to one specific atom

leads to the essential feature of all core level spectroscopies: probing “local” or

“atom specific” properties in polyatomic systems.

Core level spectroscopies can be distinguished into spectroscopies that involve

the excitation of the core electrons such as X-ray photoionization and X-ray

absorption and the ones that monitor the decay of core hole states such as Auger,

X-ray emission and resonant X-ray scattering. In this chapter I will give an

overview of the core level spectroscopies used in my studies and the experimental

aspects of these techniques.
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2 Soft X-ray spectroscopy probing atomic core levels
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Figure 2.1: Photoionization of valence (a) and core (b) electrons to unbound
final states leading the atom to an ionized final state. In the X-ray absorption (c)
the electron is excited to a resonant bound state and the final state is a neutral

core excited state.

2.1 X-ray photoelectron spectroscopy

In the X-ray photoemission process (Fig. 2.1-b) an electron is excited out into

the continuum. To remove the electron from the atom, the photon energy has to

be well above the core ionization threshold or Ionization Potential (IP). Thus, the

kinetic energy of the outgoing photoelectron is related to the incoming photon

energy hν and the sample work function Φ by

EB = hν − EKin − Φ (2.1)

Here, the binding energy EB reflects the energy of the electronic state from

which the electron has been ejected with respect to the Fermi level [1].

Within the sudden approximation [2], the electron binding energy is equal to

the electron orbital energy (Koopman’s theorem), where all the other orbitals

are frozen during the core ionization process. Because each chemical element has

a specific electronic configuration that is accompanied with a specific pattern of

core level binding energies, it is the fundamental property of X-ray photoemission
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X-ray absorption spectroscopy 2.2

spectroscopy (XPS) to identify the chemical elements in a molecule or a solid [3].

In addition, the detailed core level position of the excited electron depends on

the chemical state and local coordination of the probed atoms (chemical shifts[4])

thus, XPS is used to probe local chemical states of individual atoms embedded

in molecules, nanoparticles, bulk and interfaces. Here, the chemical shift in the

core-level binding energy is used as a local element-specific probe, reflecting the

different chemical environments surrounding the photoionized atom. Therefore,

XPS is also termed as electron spectroscopy for chemical analysis (ESCA) [5–7]

Besides, XPS is sensitive to the charge transfer effects within atoms in a molecule,

caused by the presence of the core hole potential, and thus, it is used to investigate

the final state molecular hybridization of molecules and solids [8].

2.2 X-ray absorption spectroscopy

X-Ray absorption spectroscopy (XAS) provides a method to study the elec-

tronic properties and the local atomic structure of the materials. Due to the

core-hole localization, X-Ray absorption process (Fig. 2.1-c) as a function of pho-

ton energy is a measure of the “atom specific” unoccupied states.

X-ray absorption spectroscopy is referred to as NEXAFS (near edge X-ray

absorption fine structure) or as XANES (X-ray absorption near edge structure)

for photon energies close to the core-ionization threshold up to 50 eV above

the edge, and as EXAFS (extended X-ray absorption fine structure) for photon

energies far from the threshold; starting from 50 eV up to 1000 eV above the

absorption edge.

NEXAFS method probes the excitation of core electrons to unoccupied va-

lence states, and thus it provides a direct information about the nature of the

empty molecular orbitals. Because NEXAFS is a charge conserving process (the

electron does not leave the atom), it is accompanied with small modifications

of the molecular hybridization, and hence it probes, at a good approximation,

the ground state unoccupied density of states in molecules and solids. This is

different from the XPS spectra, where the presence of core hole will modify the

hybridization state. In addition, NEXAFS spectra are used as “fingerprints” for

identifying different molecular species within a solid because the empty molec-

ular orbitals and their energy positions are characteristic for different classes of

chemical species. Besides, NEXAFS spectra can provide information about the

local symmetry of the molecules in its ground state because it involves transitions

from well defined initial and final states governed by the dipole selection rule.
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2 Soft X-ray spectroscopy probing atomic core levels

Differently from NEXAFS, EXAFS is based on the fact that the absorption

coefficient above a core edge shows a slowly oscillating behavior. These oscilla-

tions are due to scattering of the excited electron by the neighboring atoms in

the lattice. Thus, the pattern is sensitive to the detailed distribution of nearest

neighbors, in terms of distances to the probed atom, to the coordination numbers

and fluctuations in bond distances. In this way EXAFS is a useful probe of the

local atomic structure of materials, i.e., of the short-range-order in molecules and

solids.

In this work, I am focused on NEXAFS technique investigating the fine struc-

ture close to the absorption edge of different core thresholds and some theoretical

aspects of this method will be discussed in chapter 3.

2.3 Auger electron and X-ray emission spectro-

scopies

The core ionized state in Fig. 2.2-a is far from energy equilibrium. Its energy

is usually much larger than that of any state involving valence vacancies. This

energy difference between the core ionized state and the valence hole states is the

driving force for the decay of the core hole, which has typically an average lifetime

of a few femtoseconds. Thus, the core ionized state will decay via two processes,

non-radiative (Fig.2.2-b) and radiative (Fig. 2.2-c) decays. In the non-radiative

decay, the energy released by filling the core hole with a valence electron is carried

away by an electron and the process is known as Auger decay [9]. In the radiative

decay instead, a photon is emitted and the process is known as X-ray emission.

The analysis of the emitted electrons or photons is the basis of Auger electron

spectroscopy (AES) or X-ray emission spectroscopy (XES). The Auger decay has

a two-hole (2h) final state and the Auger electron is found at fixed kinetic energies,

because the core-ionized state has a fixed energy independent from the photon

energy 1. The radiative decay has a one-hole (1h) final state, and the emitted

photon has also fixed energy. The obtained valence electron information, in both

AES and XES, corresponds to a projection of the valence electron structure on

the core hole site. This implies that both methods can probe atom specific valence

states without overlapping contribution from the other atoms in the system. The

advantage of XES toward AES is that the radiative decay is governed by dipole

1The photon energy in excess of the energy needed to create the core hole is carried away
from the photoelectron.
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X-ray emissionc)Auger decayb)

core - level ionizationa)

IPIP

IP

Figure 2.2: Schematic of radiative and nonradiative decay channels following
the photoionization process. The nonradiative decay reaches a (2h) final state
and is called Auger decay. The radiative decay reaches (1h) final state and is

called X-ray emission.

selection rule and thus XES is sensitive to the various final state symmetries in

the valence region. This implies that the core hole projects out local components

of the occupied valence states in the same way as in XAS.

The Auger process dominates for the light elements and shallow core levels,

whereas for heavier elements and for deeper core holes, the decay is instead dom-

inated by the radiative X-ray emission channel. In the soft X-ray energy region,

the radiative decay is generally very low, typically about 0.1 percent of the total

core hole decay rate. Because of the large escape depth of the photons, XES is

normally considered as bulk sensitive technique compared to the surface sensitive

- AES. The method may, however, be surface sensitive by impinging the photons

on the sample at grazing incidence.
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2 Soft X-ray spectroscopy probing atomic core levels

2.4 X-ray resonant scattering

When a core electron is photoexcited resonantly to near threshold bound

states, the system remains charge neutral within the core hole lifetime. 2 The

intermediate core excited states can fragment to a variety of final states through

radiative and nonradiative transitions. Projection onto a specific final state is

dictated by the intermediate core excited states. Hence, both radiative and non-

radiative decays of the near threshold excitations are coherent second order pro-

cesses where excitation and deexcitation processes are coherently correlated by

the second-order quantum formula, the so called Kramers-Heisenberg formalism.

Both processes are refereed to as resonant X-ray scattering (RXS) processes.

Since the intermediate states of resonant scattering processes are the same final

states of the first order optical process XAS, the information obtained from RXS

is greater than XAS. Thus, RXS is a potential spectroscopic technique that pro-

vides us with information about both X-ray absorption and emission processes

and their correlation.

Both radiative and nonradiative scattering processes can be distinguished in

spectator or participator type, by the presence or not of the initially excited

electron in the final RXS state. Both type of processes are depicted in Fig. 2.3.

In the nonradiative scattering, guided by the Coulomb interaction, one elec-

tron makes a transition to fill the core hole, and a second electron, which takes

up the excess energy, is ejected. The first decay channel is characterized by the

involvement of the excited electron and leaves the system with a single valence

vacancy and a charge of +1, known as the participator channel. The final state

is energetically the equivalent of valence PES, but the core-hole-assisted path

generally has a much larger cross section at the resonant threshold. For this

reason this decay channel is often refereed to as resonant PES (RPES) or partic-

ipator autoionization spectroscopy. In the second decay channel, also shown in

Fig. 2.3 (b), the electron remains in the normally unoccupied levels in the final

state, and two valence electrons are removed in an Auger-like transition. This

channel, often refereed to as resonant Auger or spectator autoionization, also

leaves the system in a +1 charge state, but is a valence excited state (reminiscent

of shakeup in PES), i.e., a two-hole one-electron (2h, 1e) final state.

The participator radiative decay of the core excited state is termed reso-

nant elastic X-ray scattering (REXS) and brings the scatterer into the electronic

2The core hole lifetimes range from a few femtoseconds down to the timescale of electronic
transitions themselves.
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X-ray resonant scattering 2.4

ground state. Whereas, the radiative spectator decay of the core excited state is

termed resonant inelastic X-ray scattering (RIXS) process and leaves the scatterer

to valence excited one-hole one-electron (1h, 1e) final states.

c)   radiative

        decay

participator

b)  nonradiative

decay

resonant excitationa)

IP

spectator participator spectator

IP IP IPIP

Figure 2.3: Schematic of radiative and nonradiative decay channels upon reso-
nant core excitation. The nonradiative scattering b) reaches in the participator
channel a valence hole final state, and in the spectator channel a two hole valence
excited (2h, 1e) final state. The radiative scattering c) reaches in the participa-
tor channel as the final state the electronic ground state, and in the spectator

channel a valence excited (1h, 1e) final state.

The resonant X-ray scattering process is very sensitive to the valence envi-

ronment and the resonant threshold studies are a very useful probe of the local

screening environment and of the localized final states [10]. Contrary to the non-

radiative RXS, the radiative RXS process is governed by electromagnetic type
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2 Soft X-ray spectroscopy probing atomic core levels

of interaction; the dipole operator, and the symmetry selection will act by strict

rules. Thus, RIXS provides a local probe of the valence states, in which the dipole

selection rule governing the process provides a means to extract information about

the partial atomic density of states. In addition, the low energy electronic exci-

tations probed by RIXS can be of particular importance in electron correlated

materials such as 3d transition metals [11] and rare earths [12] because they can

have great consequences in terms of the electronic and/or magnetic properties of

these materials. Whereas, symmetry selection in nonradiative RXS is ineffective

because of the Coulomb interaction, and their spectral profiles consist of many

overlapping lines which makes the interpretation of the spectra difficult. On the

other hand, the cross section of nonradiative RXS in the soft X-ray energy range

is considerably larger than the radiative RXS cross section, since the Coulomb

interaction, responsible for the Auger decay, is stronger than the electromagnetic

interaction.

The theory used to describe radiative and nonradiative decays upon the core

threshold excitation is known as scattering formalism, and will be briefly reviewed

in section 3.3.
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Experimental aspects 2.5

2.5 Experimental aspects

Experimental physics crucially depends on the quality and sophistication of

the experimental setup used. Thus, I will focus here in the general experimental

aspects and requirements. The specific experimental setup and sample geometry

is described in detail in connection with the corresponding studies.

2.5.1 Experimental Setup

The presented experiments require an intense X-ray photon flux concentrated

in a small spot size. The reason is that the fluorescence yield of shallow core

holes is very low, and in addition we detect the emitted photon light in a small

solid angle. Furthermore, we require narrow bandwidth excitation below the

natural lifetime broadening of the investigated core excited states. Thus, the

high brilliance synchrotron radiation facilities as BESSY II and Hasylab were

used.

Exit slit
Refocusing

mirrors

Sample

Electrons

Undulator

Beamline
monochromator

E

Figure 2.4: Schematic drawing of a beamline

The schematic picture of a typical beamline used in our experiments is shown

in Fig. 2.4. It consists of an undulator insertion device, where the bunched

electron beam is moving on a periodic trajectory matching the periodic magnetic

field of the undulator. The radiation emitted from the accelerated electrons from

each undulator-bend is superposed coherently 3 giving sharp maxima, that are

the undulator harmonics. Intensity of ‘odd’ harmonics is observed on the optical

axis of the undulator, whereas the ‘even’ harmonics radiate off-axis. The energy

3In an undulator the distance between the magnets is such that the light emitted when
an electron passes one magnet is in phase with the light emitted when it passes all the other
magnets.
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2 Soft X-ray spectroscopy probing atomic core levels

of these maxima in the undulator spectrum is determined by the strength of the

magnetic field in the undulator; in practice this is done by changing the gap

between the two arrays of magnets.

The undulator radiation is dispersed in a plane grating monochromator and

the monochromatic radiation ( E
∆E

≤ 8000) is focused horizontally and vertically

by (usually) the gold coated mirrors into the sample. The typical beam spot size

at the sample is less than 100x100 µm2, depending on exit slit width. During

spectroscopic measurements, the photon flux is simultaneously monitored through

the photo-current (I0), measured either on the surface of the last refocusing mirror

or on a metallic grid inserted behind the refocusing optics. The I0 is used to

normalize experimental spectra for intensity variations in the photon source.

Preparation Chamber

 A
nalysis C

hamber

    Electron 

Spectrometer

X-ray Spectrometer

Manipulator

Figure 2.5: Hamburg Inelastic X-Ray scattering Station (HIXSS)

All the experiments have been performed in our transportable ultra high vac-

uum (UHV) experimental station called Hamburg Inelastic X-ray Scattering Sta-

tion (HIXSS). It consists of two UHV chambers with a base pressure of 5x10−11

mbar. The preparation chamber contains equipment for sample preparation and

characterization: an ion-sputter gun, gas inlet system, evaporators, a mass spec-

trometer and a LEED (low energy electron diffraction) system. In addition, a
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load lock sample exchange system at a base pressure 1x10−8 mbar is connected

to the preparation chamber. It was designed and constructed exclusively for the

nanoparticle’s project, with my substantial contribution, to keep the nanoparti-

cles in a good vacuum before transferring into the UHV station.

The analysis chamber houses an electron analyzer (Scienta SES 2002), a graz-

ing incidence X-ray spectrometer, a home built partial electron yield detector,

and an electron- as well as a X-ray-gun for routine sample characterization in

laboratory conditions. The electron and X-ray spectrometers are confocal, with

their optical axis perpendicular to the incoming photon beam, which impinges

onto the sample surface in grazing incidence at 7±2◦. In addition, a manipulator

that is connected to the preparation chamber, holds and moves the samples along

both chambers. Both the sample manipulator and the analysis chamber are ro-

tatable independently around the optical axis of the incoming beam. This allow

us to vary the orientation of the polarization vector onto the sample surface, as

well as to vary the detection angle in the electron and X-ray analyzers.

The Scienta SES 2002 electron spectrometer consists of a hemispherical ana-

lyzer and an accelerating-retarding multielement electrostatic lenses, that allows

to operate the analyzer at constant pass energies (Ep) between 1 and 500 eV.

The XES spectrometer is used in all the fluorescence and RIXS experiments

described in this thesis. It consists of the slit assembly, three spherical gratings

and the detector. The slit, grating and the detector are positioned in a Rowland

circle, i.e., a circle with a diameter that is the same as the grating radius. The

so called Rowland geometry, depicted in Fig. 2.6, insures that the image of the

slit is focused on the detector surface. The entrance slit is continuously variable

from 0 µm to 100 µm. The three gratings are mounted at fixed angles of graz-

ing incidence and are gold coated to increase the overall reflectivity. They have

different groove densities of 1200 l
mm

, 400 l
mm

and 300 l
mm

, and cover a total

energy range of about 50 eV to 1000 eV . The detector consist of a two dimen-

sional multichannel plates, where the first plate is cesium iodide coated in order

to increase the converting efficiency of photons into electrons. In the following

multichannel plates the electrons are highly amplified into an electron cascade.

They are back converted to photons in a fluorescent screen and detected by a

CCD (charge-coupled device) camera.
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2 Soft X-ray spectroscopy probing atomic core levels

Figure 2.6: The soft X-ray spectrometer and the Rowland geometry. The
radiation from a point like source on the Rowland circle is diffracted by the

grating and is focussed on the detector placed as well on the circle.

2.5.2 XAS measurements

The measurement of XAS is nowadays a routine experiment for electronic

structure characterization. The review article of J. Kawai [13] highlights different

techniques used to measure XAS,: X-ray excited optical luminescence (XEOL),

X-ray fluorescence, X-ray transmission, total reflection XAS, total electron yield

TEY and secondary yield methods (Auger electron yield, the ion yield method).

In our experiments, we have measured the photoabsorption spectrum by scan-

ning the incident photon energy monitoring the TEY by recording the electron

current flowing in the sample. Although, our samples were insulators, we could

record very nice TEY spectra owing to the very thin monolayer of insulator

nanoparticles spin coated in Silicon wafers. In addition, we monitored simultane-

ously the Auger electron yield and the total fluorescence yield (TFY). The first

one was recorded in our Scienta spectrometer, monitoring the Auger processes of

the resonant threshold at a fixed energy window. The later one was recorded in

the XES spectrometer, monitoring the zero order emitted light.
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2.5.3 Synthesis of the nanoparticles

The whole series of Lanthanide orthophosphate nanoparticles is chemically

prepared in a liquid-phase synthesis [14–16] in high-boiling coordinating solvents.

The particles are capped by organic ligands which are responsible for their high

colloidal solubility and low tendency to form agglomerates. In the following the

synthesis procedure is described.

Precursors:

3.74 gr Metallic salt (LnCl3x7H2O)

10 ml Methanol (CH3OH)

10.9 ml (40 mmol) Tributilphosphate is the complex builder ([C4H9]3PO4)

30 ml Diphenyl ether is the high-boiling solvent (C6H5OC6H5)

13.5 ml (40 mmol) Trihexylamin is the capping ligand ([C6H13]3N)

6.57 ml (14 mmol) Phosphoric acid is the anion source (H3PO4)

Lanthanides are highly reactive metals that can be found only in crystalline

compounds. Thus, as a source for Ln3+ ions is taken LnCl3x7H2O metallic salt.

Because all the precursors of the synthesis (the complex builder, the high boiling

solvent and the surfactants) are non-polar solutions, methanol is added in order

to dissolve the salt in anions and cations (La3+; Cl−; OH−; H+). The solution

is stirred in a magnetic stirrer until the salt is dissolved completely and a clear

solution is formed. Then, the Tributylphosphate is added to the solution, which is

used as a stabilizer, a complex builder and as a phosphate source. The solution is

set in an rotary evaporator and is heated up to 40◦ C and is continuously pumped

from 200 mbar till 120 mbar. This process assures that the evaporated methanol is

pumped out of the solution. When methanol is completely removed, the solution

is taken out of the evaporator. Diphenyl ether is used as “high boiling solvent”

in the reaction that does not allow the evaporation process to take place during

the reaction. Diphenyl ether is a solid crystal (frozen) at room temperature and

it is warmed up until it liquifies and then is added to the solution.

The solution is put in a reaction vessel, depicted in Fig. 2.7 and is heated up

till 50◦ C and is continuously pumped up in order to remove the rest of methanol

that may be still present in the solution. Then, the solution is heated up slowly

till 105◦ C in order to degas the water from the solution. (The water comes from

the metallic salt that was the chlorine hydrate.) During the heating process water

bubbles are formed which are pumped up with the oil pump. During the pumping
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2 Soft X-ray spectroscopy probing atomic core levels

Figure 2.7: Schematic of the chemical synthesis of Lanthanide nanoparticles

process the temperature of the solution it falls down. Then, the pumping process

is stopped till the solution is heated up and bubbles are formed again. Then the

solution is pumped up again. The procedure is repeated till no more bubbles

are formed. Then, the solution is cooled down at a temperature of 50◦ C. The

ligand source (trihexylamine) is added to the reaction vessel and right away the

phosphate source (phosphoric acid). At this point the solution is floated with a

noble gas (argon or nitrogen N2) which prohibits the formation of carbon dioxide

(CO2) which kills the reaction. Here is repeated again the pumping and bubbling

process till no more bubbles are created.

The solution is heated up to 200◦ C under argon atmosphere. Thus, the

chemical reaction and nanoparticle formation starts. After 2 h, heating was

stopped and the reaction mixture was allowed to cool. Clear colloids of lanthanide

phosphate nanoparticles were obtained. The precipitates were washed out with

methanol and the nanoparticles were size selected in a diafiltration cell equipped

with a 5000-Da filter (millipore). After repeating this procedure five times, the

nanoparticles were isolated from the purified colloid by removing the methanol

with a rotary evaporator.
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2.5.4 Sample preparation

The lanthanide nanoparticles were dissolved in methanol solutions at 0.25%

and 1% weight concentrations and then spin-coated on silicon wafers. The sub-

strates were mirror-polished silicon single crystals of (100) orientation, of 12mm2

size and 525µm thickness. They were of p-type (doped with Boron) with a re-

sistivity of ∼5Ωcm. Prior to the spin-coating procedure a surface cleaning and

passivation procedure was applied to the silicon wafers.

Figure 2.8: The sample holder and the silicon wafer clipped with tantalum
wires.

The silicon substrates were cleaned ultrasonically in acetone, in isopropanol

and then in deionized water for 10 minutes, respectively. Afterwards, they were

chemical etched in solution of 10% hydrofluoric acids (HF) : 50% ethanol : 40%

water for 10 min, a recipe given by [17]. The chemical HF etching of silicon

wafers removes the surface oxide and terminates the silicon surface with atomic

hydrogen. The hydrogen termination retards the silicon surface oxidation and

protect the surface from chemical attack. In order to remove the physisorbed

chemicals on the surface such as SiF4, NH4OH, HF and other molecules, the

wafers were rinsed briefly with deionized water [18] subsequently after the chemi-

cal etching. Ultimately, a drop of lanthanide phosphate-solution was spin-coated

on the cleaned and hydrogen-passivated surface for 1 sec at 1000 rpm, 11 sec

at 4000 rpm and 19 sec at 8000 rpm. The samples were clipped on the sample

holder with tantalum wires and were mounted on the transfer arm of the load

lock system where they were pumped down to 1x10−8 mbar. Later they were

transferred to the sample manipulator and were brought to the analysis chamber.
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2 Soft X-ray spectroscopy probing atomic core levels

Figure 2.9: The load lock sample exchange system constructed for a easy trans-
fer of the samples into the UHV chamber.
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Chapter 3

Computational methods

Throughout this thesis we will deal with the problems of calculating the energy

of the ground state configuration, excited state configurations, X-ray absorption

transition cross section and the X-ray resonant Raman scattering cross section.

In this framework, some of the basic aspects of X-ray absorption and resonant

scattering theory will be here introduced. Within the studies of this work, the

electronic structure calculation of lanthanide ions based on Hartree-Fock (self

consistent field method) is employed. These calculations are based on solving

the time-independent Schrödinger equation for the atomic Hamiltonian using

the Cowan’s atomic code [19]. Thus, a short introduction of the Hartree-Fock

approximation will be given.

3.1 Hartree-Fock method

3.1.1 Born-Oppenheimer approximation

The vibrational motion of a nucleus in an atom is relatively slow in compar-

ison to the surrounding electrons due to the very large difference in mass. This

means that the electrons respond very quickly to any perturbation of the atomic

system, whereas the nucleus remain virtually fixed (stationary) on the time scale

of electron motion. This provides the basis for a separation between the electronic

and nuclear degrees of freedom in the co-called Born-Oppenheimer approxima-

tion. Thus, the total wavefunction (ψtot) of an atom containing N electrons and

a nucleus can be separated into a product of an electronic (ψe) and nuclear (ψn)

part
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ψtot = ψe · ψn (3.1)

3.1.2 Atomic Hamiltonian

Within the Born-Oppenheimer approximation, the Hamiltonian of an atom

containing N electrons is given by summing the one-electron Hamiltonian over all

N electrons, and adding a term for the electrostatic Coulomb electron-electron

interaction (Helec−elec). In units of Bohr radius and Rydberg energies the Hamil-

tonian is,

H = Hkin + Helec−nucl + Hs−o + Helec−elec

= −
∑

i

∇2
i −

∑
i

2Z

ri

+
∑

i

ξi(ri)(li · si) +
∑
i>j

∑ 2

rij

(3.2)

Hs−o is the spin-orbit interaction term of each electron obtained by a con-

sideration of relativistic Dirac’s correction to the non-relativistic Hamiltonian,

ri = |ri| is the distance of the ith electron from the nucleus, rij = |ri − rj| is the

distance between the ith and jth electrons, and the summation i > j is over all

pairs of electrons. Thus, we need to solve the Schrödinger equation,

Hψk = Ekψk (3.3)

in order to obtain the energy Ek and the wavefunction ψk of the atom for

every quantum state k.

3.1.3 Central field approximation

To produce a solvable Schrödinger equation the Hartree-Fock method uses

the central-field approach, in which it approximates the potential energy of the

electrons in the atom to the energy of their average interaction. Thus, in the

central-field model is assumed that any given electron i moves independently

of the other (N − 1) electrons in the electrostatic (assumed stationary) field of

the nucleus and the other electrons. The electrostatic field of the electrons is

assumed to be time-averaged over the motion of (N − 1) electrons, and therefore

is considered to be spherically symmetric. This leads to a set of one-electron

equations, called the Hartree-Fock equations
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[−∇2
i + Vi(ri)]ϕi(ri) = εiϕi(ri) (3.4)

where Vi(ri) is the average potential energy due to the interaction of one

electron with all the other electrons and the nuclei in the molecule. In this central

field, the probability distribution of electron i it is described by a one-electron

wavefunction:

ϕi(ri) =
1

r
Pniliji

(ri) · Ylimli
(θi, ϕi) · σmsi

(Szi
) (3.5)

where the radial and angular parts are separated, implying that the radial

and angular matrix elements can be calculated separately.

Neglecting any correlation between the position of the ith electron and the

other (N − 1) electrons, we can construct a basis function ψ for the entire atom

given as a product of each ϕi(ri) one-electron wavefunction

ψ =
N∏
i

ϕi(ri)

From the fact that the electrons are physically indistinguishable, it follows

a fundamental postulate of quantum mechanics that the total wavefunction ψ

is antisymmetric upon interchange of two electrons. Thus, the antisymmetrized

wavefunction of the atom it can be written in the form of a determinant and is

referred as a Slater determinant [19]. It follows that the use of antisymmetrized

wavefunction in the N-body problem of the atom, brings the Pauli exclusion

principle “No two electrons can occupy the same spin-orbital”. In practice, the

Pauli principle imposes restriction to the possible values of orbital- mli and spin-

msi
quantum numbers for equivalent electrons (electrons that have the same

values of nili quantum numbers). Hence, the coupling of the basis wavefunctions

predicted by the vector model has to satisfy the Pauli exclusion principle.

3.1.4 Configuration-average energies

The energy of the spherically averaged atom Eav is given by

Eav =

∑
b〈ψb|H|ψb〉

nbf

(3.6)

where the sum is over all basis functions belonging to the electron configuration

and the Hamiltonian operator is given by equation (3.2). According to Unsöld’s
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theorem [19], such an average is equivalent to performing a spherically sym-

metrized average over the angular distribution of the electrons in the atom, that

is consistent with the central-field model of the atom. The average total energy

of the atom

Eav =
∑

i

Ei
k +

∑
i

Ei
n +

∑
i>j

∑
Eij (3.7)

is the sum of all configuration-average kinetic and electron-nuclear energies

of all electrons plus the averaged electron-electron Coulomb interactions summed

over all electron pairs. The sum of all diagonal matrix elements of the spin-orbit

term in the Hamiltonian is equal to zero

〈ψb|
∑

i

ξi(li · si)|ψb〉av = 0

because each two matrix elements will have the same magnitude but different

signs (msi
= ±1

2
).

The averaged kinetic energy of an electron is given by

Ei
k ≡

∫ ∞

0

P ∗
nili

(r)[− d2

dr2
+

li(li + 1)

r2
]Pnili(r)dr (3.8)

and the averaged electron-nuclear energy of an electron is given by

Ei
n ≡

∫ ∞

0

(−2Z

r
)|Pi(r)|2dr (3.9)

The configuration-average electron-electron Coulomb energy is obtained by

expanding the 2
rij

term in the Legendre polynomials and separating the radial

part from the angular part. It contains two terms, the “direct” term and the

“exchange” term in which the spin-orbitals of two electrons have been changed,

Eij ≡ 〈ψiψj| 2

rij

|ψiψj〉av − 〈ψiψj| 2

rij

|ψjψi〉av

The direct term represents the positive energy of mutual electrostatic repul-

sion for an uncorrelated spatial distribution of the electrons. The exchange term

is a consequence of having used an antisymmetrized wavefunction to reflect the

quantum-mechanical indistinguishability of electrons, and it represents the de-

crease in the mutual electrostatic repulsion when the positional correlation of

parallel-spin electrons is included.

The averaged electron-electron Coulomb energy is
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Eij = F 0(ij)− 1

2

∑

k


 li k lj

0 0 0


 Gk(ij) (3.10)

where

F k(ij) =

∫ ∞

0

∫ ∞

0

2rk
<

rk+1
>

|Pi(r1)|2|Pj(r2)|2dr1dr2 (3.11)

Gk(ij) =

∫ ∞

0

∫ ∞

0

2rk
<

rk+1
>

P ∗
i (r1)||P ∗

j (r2)Pj(r1)||Pi(r2)dr1dr2 (3.12)

The radial integrals F k and Gk are frequently referred to as Slater integrals,

and k is the k-th power of the Legendre polynomials determined by the tri-

angle conditions [19]. For the direct Coulomb interaction F k(ij); k=0,2,4, ...

min(2li, 2lj) and for the exchange Coulomb interaction Gk(1, j); k = |li − lj|,
|li − lj|+ 2, ... li + lj.

The expressions of averaged kinetic (3.8), electron-nuclear (3.9), and electron-

electron Coulomb (3.10) energies are substituted into (3.4) and the set of Hartree-

Fock equations is solved numerically by an iterative procedure. The variational

principle is applied so that for any set of small variations of the radial wave-

function δPi(r), the configuration-average energy is minimized and the output

wavefunctions are self consistent with the trial input wavefunctions. This is the

reason why the Hartee-Fock method is refereed in literature also as self consistent

field method (SCF). Because the solution of the Hartree-Fock equations depends

on the variational principle, the Hartree-Fock energy of an electronic configura-

tion is higher than the true energy.

3.1.5 Electron correlation

The Hartree-Fock method relies on the independent electron approximation

and does not take correctly into account electron correlation, leading to a total

electronic energy higher from the exact solution of the non-relativistic Schrödinger

equation. This energy difference is called correlation energy. Hartree-Fock ap-

proximation considers only a certain amount of electron correlation, which is due

to the spatial correlation of two-parallel spin electrons, found in the exchange

term. However, the Coulomb correlation between the spatial positions of electrons

with opposite spin due to their Coulomb repulsion is not considered in the model.

A method correcting for the correlation energy is the configuration interaction

(CI) method. In this method one assumes that the ground state is not single
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Figure 3.1: Electron correlation energy in terms of different theories for solving
the Schrödinger equation

configurational but contains an admixture of a series of configurations. Thus, the

calculation scheme is extended by including excited configurations to the ground

configuration and the variation principle is used to minimize the energy in the

Schrödinger equation with respect to the complete electronic Hamiltonian. In

this case the basis set includes functions from the excited configurations and the

ground configuration, and each computed eigenfunction ψ will be a mixture of

basis functions from all configurations. However, the CI method is not favorable

for calculations of large atoms because it is very time-consuming.

It has been found that the reduction of HF-values of the Slater integrals to

80% corrects for configuration interaction [19, 20], and gives good agreement

with the experiment [21]. In our calculations throughout this thesis i have used

HF single-configuration approximation with the semi-empirical correction to the

Slater integrals.
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3.2 Theoretical aspects of X-ray absorption

3.2.1 Electric dipole approximation

Absorption spectroscopy is the method that investigates the absorption of

electromagnetic radiation by an atom, molecule or solid. The intensity of an

X-ray absorption spectrum is proportional to the transition rate given by Fermi

golden rule that states that the transition probability W between a system in its

initial state ψi and final state ψf is given by

Wfi =
2π

~
|〈ψf |T |〉ψi|2δ(Ei − Ef + ~ω) (3.13)

The delta function takes care of the energy conservation and a transition

takes place if the energy of the final state equals the energy of the initial state

plus the energy of the X-ray photon. The squared matrix elements gives the

transition rates, and the transition operator T is the perturbation term describing

the dominant interaction between the electromagnetic field and the electrons in

the atom

T =
e

mc
A(r) · p

p =
∑

pi is the sum of linear momentum operators of the electrons in the

atom, and A(r) is the vector potential of the incident electromagnetic field that

is given by

A(r) =
∑

q

êqA0e
ik·r

The summation is over its different polarizations q.

Thus, the intensity of an X-ray absorption spectrum (IXAS) is proportional

to

IXAS ∝
∑

q

∑

f

|〈ψf |A0e
ik·rêq · p|ψi〉|2δ(Ei − Ef + ~ω) (3.14)

The wavefunctions ψi and ψf refer, respectively, to the initial and final eigen-

states of the full N-electron Hamiltanians H for the initial state and H ′ for the

final state, with energies Ei and Ef , respectively. It is assumed that the initial

state is a single configuration ground state and the summation in the final state

is over all different f core-excited final states.
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For core-excitations in the soft X-ray region, the spatial dependence of the

vector potential A(r) can in a good approximation be neglected, because the

wavelength is much larger than the core excited electron wavefunction, i.e., k ¿ r,

and from the Taylor expansion eik·r = 1+ik · r+..., only the first term is retained.

This important approximation is known as electric dipole approximation. The

momentum operator p of the electrons can be replaced by the position operator

r, using the commutator [H, r] = p/m. (This replacement is exact only if the

same Hamiltonian is used in the initial and final state [22].) Thus, the momentum

form of the dipole operator can be replaced by the position form,

ê · ∇ ↔ ~ω
m

ê · r
In the case of a linearly-polarized radiation field ê ⊥ k the intensity of the

X-ray absorption spectrum in the dipole approximation reads,

IXAS ∝
∑

f

|〈ψf |ê · r|ψi〉|2δ(Ei − Ef + ~ω) (3.15)

3.2.2 Single electron approximation

In the single electron approximation is assumed that the electron from the

core orbital is excited to the empty valence orbital, while all the other electrons

do not participate in the X-ray induced transition. This approximation makes it

possible to write the initial state wavefunction as a product of the core and N−1

electron wavefunctions |ψi〉 = |ϕc〉|ΦN−1〉, and the final state wavefunction as a

product of the core hole, the photoelectron and the N − 1 “passive” electrons

wavefunctions |ψf〉 = |ϕcϕε〉|ΦN−1〉.
In this frozen-structure approximation the remaining electrons are described

by the same wavefunction as in the initial state [23]. Hereby, the absorption

coefficient is governed by a single electron matrix element, which often is constant

or slowly varying in energy [24]

〈ψf |ê · r|ψi〉|2 = |〈ϕcϕε|〈ΦN−1|ê · r|ϕc〉|ΦN−1〉|2 ≈ |〈ϕε|ê · r|ϕc〉|2 (3.16)

The core hole is localized and has a well-defined energy, and the summation

over all final states implies that the delta function can be reformulated with the

empty orbitals or unoccupied density of states ρ. This yields that in the single

electron approximation the intensity of the X-ray absorption is given by
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Figure 3.2: Schematic of single electron approximation

IXAS ∝ |〈ϕε|ê · r|ϕc〉|2ρ (3.17)

From this equation it follows the initial state rule which states that the in-

tegrated intensity of the XAS relates to the number of holes in the initial state.

Indeed, integrating equation 3.17 over the complete edge and assuming that the

core state is 100% occupied in the initial state one finds that the integrated XAS

spectrum gives the number of vacant holes in the valence band.

The frozen approximation works well in case of metals, where the core hole

is screened from the free valence electrons and the excited photoelectron will feel

the same potential as the one in the initial state. However, in atoms and ionic

compounds the presence of the core hole in the excited state will cause a redistri-

bution of the density of states. To account for the presence of the core hole in the

excited state, one substitute the unoccupied initial state (unperturbed) density

of states ρ in 3.17 with the final state density of states ρ′. This approximation is

known as the final state rule [25] which states that within the single-particle ap-

proach the transition matrix elements are calculated from wavefunctions obtained

in the potential of the final state of the absorption process,

〈ψf |ê · r|ψi〉|2 ≈ |〈ϕε|ê · r|ϕc〉〈ΦN−1|Φ′
N−1〉|2 = M2 (3.18)

where |Φ′
N−1〉 are the wavefunctions of the N −1 fully relaxed electrons. This

approximation is valid in the adiabatic excitation limit [2] in which the physical
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picture of the XAS process is that the excited electron is either trapped in a

bound state or leaves the atom or molecule slowly and the excited atom lowers

its energy by slowly adjusting to the effective atomic potential. Thus, the final

state rule implies that the XAS spectral shape is determined by the final state

density of states

IXAS ∝ M2ρ′ (3.19)

The final state DOS is calculated within the local density approximation of

density functional theory (DFT) [26, 27]. Within DFT, there are different ap-

proximations for treating the fully relaxed hole state. The so-called “Z + 1 ap-

proximation”, replaces the excited atom for the next one in the periodic table

partially imitating the compression of the electron orbitals due to the core hole

potential, but neglecting the difference between, e.g., a core hole in the K and L

shells. A more sophisticated approach directly introduces the frozen hole in the

inner orbital and puts the excess charge as an extra electron in the valence band

or smears the charge uniformly over space. In some cases, the Z +1 and the core

excited calculations will fail to reproduce the experimental spectra, as in the case

of CuII systems [28]. In these cases, a half core hole is introduced in the calcu-

lations (i.e., the core state is half occupied with an electron), which is consistent

with the Slater’ transition state theory [2] that treats the relaxation effects by

second order perturbation theory. The half core hole calculation reproduces more

accurately core electrons binding energies and XAS spectra.

Within the single electron approximation, the many-body effects that are due

to the finite lifetime of the core hole state are excluded from the calculations.

Through the uncertainty principle, the core hole state with a finite lifetime does

not have a sharp (or delta-function-like) energy level, but is better thought as

having a finite width. Thus the calculated density of states are convoluted with

a Lorenzian.
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3.2.3 Selection rules

In the electric dipole approximation the dipole operator ê · r is of odd parity

and this corresponds physically to the absorbed photon carrying off one unit of

angular momentum. From the conservation of angular momentum it follows that

∆li = ±1

the angular momentum of the excited electron differs by one from the core hole

state. Because, the electric dipole operator involves only the orbital and not the

spin coordinates, which physically corresponds to the X-rays carrying no spin,

the conservation of spin gives:

∆si = 0

Given these restrictions, the selection rule for the overall momentum quantum

number is:

∆J = 0,±1 (J = J ′ = 0 isexcluded)

For extended final states (the Bloch-like wavefunctions in density functional

method) J is not a good quantum number and the only selection rules are ∆li =

±1 and ∆si = 0.

3.2.4 1s edge X-ray absorption

The single electron approximation within the density functional theory works

well for the calculation of 1s edge X-ray absorption spectra. In this framework,

there exist various methods based on band structure (reciprocal space) and mul-

tiple scattering (real space) techniques to calculate accurately the measured spec-

tra.

In the case of K-edge, absorption process involves the excitation of of an

1s (l=0) electron. According to the dipole selection rule, the final states will

have contributions from p-type orbitals (l=1). Because the 1s core hole bears no

angular momentum, there are no multipole interactions of the core hole with the

valence electrons. Thus, the K-edge absorption spectra can be envisioned, in a

good approximation, as an image of the p-projected unoccupied density of states.

In my work I have used the oxygen K-edge NEXAFS as a method to investigate

oxygen-lanthanide ion covalency within the lanthanide orthophosphate series and

the surface influence on the unoccupied density of states of the nanoparticles.
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from the Oxygen K-edge absorption spectra
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3.2.5 Atomic multiplet theory

In the case of M4,5 and N4,5 X-ray absorption edges of lanthanide metals the

breakdown of the single electron approximation occurs. This is due to the fact

that the core holes posses an angular momentum different from zero (l = 2) which

give rise to a spin-orbit interaction of the core hole and to a strong Coulomb in-

teraction of the core hole with valence electrons. The later process is significantly

strong due to the localization of the 4f valence orbitals that give rise to a strong

overlap of the core hole and the valence wavefunctions. As a consequence, the

quantum mechanical state of these systems is described, according to the vector

coupling, by coupled wavefunctions. On the basis of the symmetry properties of

the coupled wavefunctions and the ground state wavefunctions, the dipole tran-

sition of the X-ray absorption process, will put restrictions on the core excited

final states. As a result, from the X-ray absorption spectra of these systems one

does not observe anymore the unoccupied density of states. However, in order

to obtain an accurate description of the NEXAFS spectra these multiplet effects,

that occur due to the strong local interaction, have to be considered. A success-

ful method to analyze the NEXAFS spectral shape in these systems is based on

atomic multiplet model [20, 24, 29] and here i will briefly introduce it.

Atomic multiplet theory is used to describe the electronic correlated states

in the partially filled atomic shells. In this case, the Hamiltonian operator is

calculated by separating the spherical part of the fully filled atomic shells (Hsph)

from the non-spherical part of the partially filled shell. In addition, the averaged

kinetic and electron-nuclear energies of the partially filled shell are added to the

spherical part and the sum of the two contributions defines the average energy

(Hav) of the open atomic shell. Further, the energy of the spin-orbit interaction

and the Coulomb electron-electron repulsion of the electrons in the outer shell

is added to the averaged energy. Thus, in the case of lanthanide (3+) ions with

a partly filled 4f shell, and a 4fN ground state electronic configuration, the

Hamiltonian is given by

Hi = H4f−av + H4f−el + H4f−ls (3.20)

In the final state of the XAS process, the energy of the core-excited state, its

Coulomb interaction with the 4f electrons, and its spin-orbit interaction should

be added.

Hf = H4f−av + H4f−el + H4f−ls + Hc + Hc−el + Hc−ls (3.21)
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Figure 3.4: Schematic of the 3d ⇔ 4f and 4d ⇔ 4f Coulomb interaction in the
lanthanides. The strong overlap of 3d (or 4d) core and 4f valence wavefunctions

causes the break down of single electron approximation.

For the M4,5-edge X-ray absorption the transition matrix elements to be calcu-

lated are:

IXAS ∝ 〈4fN |ê · r|3d94fN+1〉2 (3.22)

Because, the X-ray absorption process is a dipole transition, the dipole se-

lection rule will put restrictions to the excited final states. From the symmetry

aspects, electronic configurations are indicated with their orbital angular momen-

tum L, spin angular momentum S and total angular momentum J . Together,

these three quantum numbers specify a term symbol 2S+1LJ that indicate a cer-

tain state with its specific energy. In the initial state the spin-orbit interaction of

the electrons in the 4f shell is small and the vector coupling scheme is that of LS

coupling. The ground state symmetry of a partially filled 4f shell is given by the

empirical Hund’s rules (the term with highest S which has the highest L, and for
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Table 3.1: The calculated Slater-Condon parameters and spin-orbit coupling of
Tm3+ 4f12 ground state, and 3d94f13 and 4d94f13 excited states.

Slater-Condon parameters Spin-Orbit coupling

(eV) (eV)

G1 G3 G5 F2 F4 F6 (l · s)core (l · s)4f

4f 12 - - - 13.175 8.264 5.945 - 0.333

3d94f 13 6.682 3.921 2.71 9.09 4.308 - 18.048 0.338

4d94f 13 17.338 10.922 7.733 14.771 9.44 - 2.293 0.338

Table 3.2: The calculated Energies and Intensities of Tm3+ 4f12 ground state,
and 3d94f13 and 4d94f13 excited states electronic symmetries

Electronic Electronic Transition Transition

Configuration Symmetry Eav(eV ) Energy (eV) Energy (eV) Intensity

4f 12 3H6 0 -2.24 - -

3d94f 13 1482.67 - - -

3H6 - 1462.38 1464.623 0.5135

3G5 - 1464.44 1466.683 6.473

1H5 - 1466.89 1469.134 0.102

3H5 - 1510.33 1512.57 0.018

4d94f 13 181.72 - - -

3H6 - 172.701 174.94 0.512

3H5 - 176.279 178.52 0.11

3G5 - 181.304 183.54 7.025

1H5 - 193.129 195.37 2.55−4
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the less than half filled shell with the lowest J). In the case of Tm3+ ion of 4f 12

electronic configuration, the symmetry of the ground state is 3H6. In the final

state the dominant interaction is the core hole spin-orbit interaction, that obeys

the jj coupling scheme. Thus, the overall coupling scheme of the final state is

an intermediate coupling that consists of a mixture of jj and LS coupling. The

electronic configuration is 3d94f 13 and according to the Pauli principle (for the

LS coupling scheme1), the core excited state can have the following symmetries:
3P2,1,0,

3D3,2,1,
3F4,3,2,

3G5,4,3,
3H6,5,4,

1P1,
1D2,

1F3,
1G4, and 1H5. The dipole

selection rule (discussed in section 3.2.3) decreases the number of reached states

to only four: 3H6,
3H5,

3G5 and 1H5. Thus, from the symmetry aspects the

transition matrix elements to be calculated are:

IXAS ∝ 〈3H6|1P1|3H6,
3 H5,

3 G5,
1 H5〉2 (3.23)

where 1P1 is the symmetry of the dipole operator.
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Figure 3.5: The calculated X-ray absorption spectra of Tm3+ 4d104f12 →
4d94f13 and 3d104f12 → 3d94f13 transitions. The different relative strength of
electron-electron to spin-orbit interactions lead to different energetic spacing and

intensities of the four final state symmetries.

1The energies of the various LS terms in the intermediate coupling will differ from the pure
LS terms.
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The problem of calculating the 3d XAS in Tm is reduced in solving the 3× 3

energy matrix of the final states with J = 5 and the 1 × 1 energy matrix of the

final state with J = 6.

The matrix elements of the Coulomb electron-electron interaction, are given

by the diagonal elements2

〈2S+1LJ | e
2

r1j

|2S+1LJ〉 =
∑

k

fkF
k +

∑

k

ggG
k (3.24)

and are expressed in terms of Slater-Condon parameters; fk, F k are, respec-

tively, the angular and radial part of the direct Coulomb interaction and gk, Gk

are, respectively, the angular and radial part of the Coulomb exchange interac-

tion [29].

The relative strength of the core hole spin-orbit interaction to the Slater-

Condon parameters will influence the spectral shape of the X-ray absorption

transition (Fig. 3.5). The deeper 3d core levels have a stronger spin-orbit inter-

action than the Coulomb interaction (please refer to the calculated parameters in

Table 3.1), and this gives rise to the splitting of the final states into two group of

lines 3d5/2(M5) and 3d3/2(M4) (Fig. 3.5). Contrary, in the case of N4,5 X-ray ab-

sorption, the 4d core levels have a small spin-orbit interaction, but a large direct

and exchange Coulomb interaction (Table 3.1). Hence, the coupling scheme is

closer to the LS and the relative intensities and the energetic separations of the

four final state symmetries are different from the M4,5 X-ray absorption spectrum

(Table 3.2, Fig. 3.5).

2The off-diagonal elements are zero because the electron-electron interaction commutes with
L2, S2, Lz and Sz
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3.3 Resonant X-ray scattering formalism

Resonant X-ray scattering process is described in the framework of second

order perturbation theory. The amplitude of the RXS process is given by the so

called Kramers-Heisenberg formula:

Af0 =
∑

f

(
〈f |Vr|0〉︸ ︷︷ ︸

Adirect

+
∑

i

〈f |V |i〉〈i|Vr|0〉
E0 + ~ω − Ei + iΓi

2︸ ︷︷ ︸
Acore hole assisted

)
(3.25)

consisting of the first order term with amplitude Adirect and the second order

term with amplitude Acore hole assisted. The initial state |0〉 and final state |f〉
wavefunctions contain the incoming photon and outgoing photon or electron,

respectively. The summation is over all |f〉 final states. The intermediate |i〉
core excited state reached via the dipole transition (Vr) has a lifetime broadening

Γi which is proportional to the decay rate of state |i〉 into any other final state.

The |f〉 final state is reached either via Coulomb interaction (Vc) (an electron is

emitted) or via dipole interaction (Vr) (a photon is emitted). Thus, operator V

in equation 3.25 stands for Coulomb Vc or dipole Vr operator.

The cross section of a resonant scattering process at a given incident photon

energy ~ω is given by squaring the total amplitude and invoking total energy

conservation3, i.e., E0 + ~ω = Ef

Wf0(ω) = 2π
∑

f

∣∣∣∣ 〈f |Vr|0〉︸ ︷︷ ︸
Adirect

+
∑

i

〈f |V |i〉〈i|Vr|0〉
E0 + ~ω − Ei + iΓi

2︸ ︷︷ ︸
Acore hole assisted

∣∣∣∣
2

·δ(E0+~ω−Ef ) (3.26)

Ef is the energy of the system in its final state, that constitutes of the energy

εf of the excited final state and the energy ε of the emitted particles (photon

energy or kinetic energy of the electron). Thus it follows that:

ε = ~ω − εf

the energy of the emitted particle exhibits a linear dispersion with regard to

the incident photon energy.

The δ function in the equation 3.26 ensures energy conservation within the

entire process. In addition, the final ionic state can decay further within its final

3RXS is a coherent process in which the photon absorption and the subsequent decay can
not considered as two independent steps. Therefore the energy does not have to be conserved
in each step separately but only in the entire process.
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lifetime which introduces a Lorentzian statistical distribution of the final state

energies of width Γf . An ensemble average then replaces the delta function with

a lorentzian [10]:

Wf0(ω) ∝
∣∣Af0(ω)

∣∣2 · 1

|E0 + ~ω − Ef |2 +
Γ2

f

4

(3.27)

It follows that the inherent lineshape of the resonant scattered line it is a

Lorentzian (in the presence of channel interference, that will be discussed in sec-

tion 3.3.1, the lineshape may be distorted) of width Γf with a center energy that

exhibits linear dispersion with incident photon energy. Hence, the position and

width of resonant scattered line are features determined by the final ionic state.

On the contrary, the intensity of emitted line it is governed by the intermediate

states. This follows from equation 3.26: The 〈i|Vr|0〉 term involves correlation

in both ground and intermediate states, but however this term is common to all

final states. The relative intensity between different resonant scattered lines is

determined by the term 〈f |V |i〉 which gives the decay rate of an intermediate

state to the different final states.

Resonant photoemission

In the situation that the scatterer is left by an electron the process is named

resonant photoemission and equation 3.26 reads as follows

Wf0(ω) = 2π
∑

f

∣∣∣∣ 〈f |Vr|0〉︸ ︷︷ ︸
APhotoemission

+
∑

i

〈f |Vc|i〉〈i|Vr|0〉
E0 + ~ω − Ei + iΓi

2︸ ︷︷ ︸
ARes. Photoemiss.

∣∣∣∣
2

· δ(E0 + ~ω − Ef )

(3.28)

where the decay of the intermediate state is governed by the Vc Coulomb

operator.

Resonant Inelastic X-ray scattering

In the situation that the scatterer is left by a photon the process is called

resonant inelastic X-ray scattering and equation 3.26 reads as follows

Wf0(ω) = 2π
∑

f

∣∣∣∣ 〈f |0〉︸ ︷︷ ︸
AThomson

+
∑

i

〈f |Vr|i〉〈i|Vr|0〉
E0 + ~ω − Ei + iΓi

2︸ ︷︷ ︸
ARIXS

∣∣∣∣
2

·δ(E0+~ω−Ef ) (3.29)
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where the decay of the intermediate state is governed by the Vr dipole op-

erator. In this case the direct term collapses to purely elastic scattering of the

incident light from the free electrons, thus the emitted photon energy equals the

incident photon energy.

3.3.1 Channel interference

Equation 3.25 reveals that the physical scattering amplitude of a final state

|f〉 is given as the coherent sum of all scattering processes, and the intensity of the

scattered line is given as the square of the sum of different scattering amplitudes:

Wf0 ∝ ∣∣ Adirect +
∑

i Acore hole assisted(i)
∣∣2 =

∝ ∣∣Adirect

∣∣2 +
∑

i

∣∣Acore hole assisted(i)
∣∣2 + interference terms

The mixed terms between the direct and core hole assisted channels and be-

tween the various core hole assisted channels are termed interference terms. Their

presence is responsible for a distortion of the profiles [30–32] of the measured

spectra. The stronger the asymmetry of the spectral profile is, the stronger the

interference between the two channels is, meaning similar amplitudes of the in-

terfering channels. It is obvious that for the two channels to interfere, not only

energy coherence (scattering to the same final state through different channels)

is needed, but also time coherence.

Interference between direct and core hole assisted
channels

In the nonradiative scattering process the same final state can be reached

via a direct process (photoemission) and the core hole assisted process (resonant

photoemission). If the two processes are coherent in time, they will interfere.

This is typically the case when the core excited intermediate state lie above

this core ionization threshold. Thus, it is said that the discrete core excited

state is coupled to the continuum states through configuration interaction [30,

33]. The strength of this coupling determines the asymmetry parameter q of the

spectral profiles. The square of the asymmetry parameter is equal to the ratio

of the transition probability of the perturbed discrete core excited states to the

unperturbed continuum states multiplied with the half width of the core hole

state. High q values mean weak direct transition and hence symmetric lineshapes
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since the interference is minimized. In addition, the interference between the two

channels will shift the energetic position of the resonance line with respect to the

energy of the core excited state to a new value termed ε. Thus, the line shape of

such resonances is given by

W ′
f0 =

(q + ε)2

ε2 + 1

known as Fano resonance profile [30]. A family of Fano curves for different q

value is shown in Fig. 3.6. For q ' 1 an asymmetric valley peak profile is found

and for large q ≥ 10 a Lorentzian profile is found.

Figure 3.6: A family of Fano resonance profiles for different asymmetry param-
eter q value. Fano et. al [30]

Interference between different core hole assisted channels

The second type of interference comes from the core hole assisted intermediate

states referred to as intermediate state lifetime interference. If the same final

state is reached by scattering of the incident photon through two (or more) core

excited states, the interference between the scattering channels will take place.

This condition can be fulfilled only when the energetic spacing between the core

hole intermediate states is equal or smaller than the half of the core hole lifetime
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broadening Γ
2
. Thus, without loss of generality we define as a detuning Ω from a

core hole excited state:

Ω = ~ω − Ej

The resonant core hole assisted term of Eqn. 3.26 reads:

Wf0(ω) =

∣∣∣∣
∑

i

〈f |V |i〉〈i|Vr|0〉
Ω + (Ej − Ei) + iΓi

2

∣∣∣∣
2

· δ(E0 + ~ω − Ef ) (3.30)

For resonant excitation Ω ≈ 0 the denominator remains close to the value of

the core hole natural line width Γi. If the energetic spacing between different

core hole intermediate states is comparable or smaller than the core hole lifetime

broadening:

Ej − Ei ≤ Γi

2
both scattering processes become coherent and will interfere. This can give rise

again to asymmetrical spectral profiles. Both types of interference; interference

of the direct and core hole assisted channels and interference between different

core hole assisted channels will be subject of investigation in this thesis.
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Chapter 4

Geometric and electronic

structure of lanthanide

orthophosphate nanoparticles

determined with X-rays

Abstract1

The evolution of the geometric and electronic structure within the en-

tire series of lanthanide orthophosphate nanoparticles (∼ 2– ∼ 5nm)

has been determined experimentally with X-ray diffraction and near

edge X-ray absorption fine structure spectroscopy. In particular, the

interplay between electronic structure, crystal morphology and crystal

phase has been systematically studied. A missing local order in the

crystal structure accompanied with multiple ion sites in the nanopar-

ticles was revealed to be due to the small crystal size and large surface

contribution. All lanthanide ions were found to be in “3+” configura-

tion and accommodated in three different crystallization states: the

larger lanthanide ions (La, Ce, Pr, Nd, Sm) in the monoclinic phase,

the smaller ones (Er, Tm, Yb, Lu) in the tetragonal phase, and the in-

termediate lanthanide ions (Eu, Gd, Tb, Dy, Ho) in a “mixed phase”

between monoclinic and tetragonal phases.

1Peer reviewed paper. This section has been published: Suljoti, Nagasono, Pietzsch, Hick-
mann, Trots, Haase, Wurth and Föhlisch, J. Chem. Phys. 128, 134706 (2008).
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4.1 Introduction

Nanoscience holds the promise to tailor the physical, chemical and biologi-

cal properties of matter [34], evolving from “infinitely extended” solids towards

nanometer-scale solids consisting of a defined cluster of atoms. In semiconductors,

this evolution in size is accompanied by quantum confinement of mobile charge

carriers. As a consequence, the band gap, optical properties, melting tempera-

ture and radiative lifetime of the lowest allowed optical transition can be varied

in semiconductors as a function of crystal size [35]. In wide band-gap insulators,

size related changes lead to changes in the electronic and geometric structures

i.e., the oxidation state, the crystal phase, or unit cell distortions.

Lanthanide phosphate nanoparticles are an interesting class of wide band-gap

insulators because of their optical properties. Their colloidal solutions emit infra-

red, visible, and ultra-violet light [15, 36–39] and, therefore, they can be used as

components in lighting, displays, optoelectronic devices, lasers, and in long-lived

dyes for biological labeling [37]. The lanthanide orthophosphates also display very

high lattice energies and high resistance against oxidation and radiation damages,

making bulk crystals of these materials a medium feasible even for nuclear-waste

storage [40]. Thus, it is essential to understand how dimensionality influences the

properties of lanthanide orthophosphates.

Recent studies [38, 39, 41, 42] have provided some insights on how crystal

structure and kinetic factors determine the shape and size of these materials.

However, an important issue to be addressed is the question of how morphology

and geometric structure influence the electronic structure of these materials. Most

of the reported studies are focused on their optical properties and have revealed

the luminescence quantum efficiency to be very small compared to bulk materials.

The intrinsic emission of pure LaPO4 nanoparticles was reported to be ten times

smaller in intensity than the microsized particles [43]. The luminescence quantum

yield efficiencies of CePO4:Tb and LaPO4:Eu colloidal solutions were reported

to be 16% and 10%, respectively [15], and for the LaPO4 doped with different

lanthanides: Pr, Nd, Er, and Yb (3+) ions was reported to be less than 15% [37].

The measured decay curves of the optical transitions in the nanoparticles

showed shorter mean lifetimes (range from 1.6 up to 2.3 ms) compared to their

bulk crystals [37, 44]. An additional reported aspect is the shift toward lower

energies of the excitonic emission band in pure LaPO4 nanoparticles [43] and of

the 5d-4f transition band in CePO4 nanoparticles [45] compared to their bulk

crystals. Besides, the intensity and the splitting of Eu optical transitions was

shown to depend on the morphology and the crystal structure of the host lat-

48



Introduction 4.1

tice [38]. All these aspects of the optical properties address for a systematic and

detailed study of the electronic structure of the whole series of lanthanide or-

thophosphate nanoparticles. As a structural probe we have used the variation

of the oxygen-lanthanide chemical bond length because it can be probed for the

entire lanthanide orthophosphate series.

The nanoparticles of lanthanide orthophosphate series show to adopt differ-

ent crystal phases and different morphologies depending on the synthetic method

being used. The reason for this is that bulk lanthanide orthophosphates have

several polymorphic forms; hexagonal, tetragonal and monoclinic phases. Yan et

al. [38] have reported the fabrication of the whole orthophosphate series in the

nanosize ranges based on the same hydrothermal method. In the case of larger

lanthanide ions (La, Ce, and Nd), they reported the orthophosphates to adopt

the monoclinic structure and rodlike morphologies with widths of 20–30nm and

lengths up to 1µm. The lanthanide ions of intermediate size (Pr–Tb) preferred

a partly hydrated hexagonal phase and highly anisotropic rodlike morphologies

with widths of 10–100nm and lengths of 0.3–3µm, while for the smaller Ln ions

(Dy–Lu, and Y), the lanthanide phosphates were obtained in the tetragonal phase

and spherelike smaller morphologies which showed a reduced tendency to grow

along a certain direction. Based on hydrothermal method but at slightly higher

temperature and with different monomer sources, Zhang et al. [42] have reported

the fabrication of lanthanide orthophosphates of slightly different phase struc-

tures and morphologies. They fabricated the larger lanthanide ions (La–Gd) in

orthophosphates of monoclinic structure and nanorod shapes of width of 10–

100nm and length of 1–10µm. The smaller lanthanide ions (Dy–Lu and Y) were

fabricated in the tetragonal phase spherelike morphologies with diameter of 20–

150nm, and only the Tb ions were obtained in the hydrated form TbPO4 ·0.5H2O

that adopted the hexagonal structure and nanorod morphologies with width 20–

150nm and length of 0.5–2µm. Lehmann et al. [16] have reported the fabri-

cation of lanthanide orthophosphate series employing the solution-precipitation

method. In contrast to the previous results, they reported sphere-like morpholo-

gies for the whole series with diameters in the range of 2.6–7nm. Additionally,

the orthophosphates accommodating the intermediate lanthanide ions (Eu–Ho)

adopted a mixed phase between that of monoclinic and tetragonal, and showed

very small particle sizes with mean particle diameter of 2.6nm that lead to a high

surface-to-volume ratio.

In order to investigate the influence of crystal structure and morphology in

the electronic properties of the lanthanide phosphates nanoparticles, we chose for
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investigation the one synthesized by the method of Lehmann et al. [16] for the

reason that these systems are highly monodisperse. In this work, we present our

experimental findings on the geometric and electronic structures of these systems.

We deposited monolayer cluster films on crystalline silicon substrates and char-

acterized them with scanning electron microcopy (SEM). We determined with

X-ray powder diffraction the geometric structure of these systems. In addition,

we determined the local electronic structure and the oxidation state of the lan-

thanide ions with near-edge X-ray absorption fine structure (NEXAFS) at the

M4,5-edge of each lanthanide. Finally, chemical bonding within the phosphate

group in the nanoparticles and its interplay with the crystal phase and crystal

dimension has been studied by oxygen K-edge NEXAFS.

4.2 Experiment

4.2.1 Colloidal chemistry and synthesis

Colloidal chemistry has been used extensively to synthesize monodisperse sol-

uble particles of the nanometer scale. The working principle of this method is

that in a supersaturated solid solution, where the system is kinetically overdriven

by a high monomer concentration, diffusion effects bring about the formation of

grains of a new phase [46]. Further, the temperature controlled nucleation in

the presence of coordinating surfactants follows controlled steady growth of the

existing nuclei [47]. The surfactants passivate the particles surface i.e., the dan-

gling bonds are terminated with an organic addend that reduces significantly the

chemical reactivity of the clusters. Based on this method [15, 16], the whole series

of lanthanide orthophosphate nanoparticles has been synthesized. The particles

surface is coordinated by amine chains that are responsible for their colloidal

solubility and stability with respect to agglomeration. The crystallinity of the

particles is investigated using the X-ray powder diffraction technique. The size

distribution and the shape of the nanoparticles are examined by making use of

the different methods: dynamic light scattering (DLS), X-ray diffraction (XRD),

and transmission electron microscopy (TEM).

4.2.2 Thin film preparation

The lanthanide nanocrystals were dissolved in methanol solutions at 0.25%

and 1% weight concentrations and then spin coated on silicon wafers. The sub-

strates of 12 mm2 size and 525µm thickness were mirror-polished silicon single
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crystals of the (100) orientation. They were of p-type (doped with Boron) with

a resistivity of ∼ 5 Ωcm. Prior to the spin coating procedure a surface cleaning

and passivation procedure was applied to the silicon wafers.

The silicon substrates were cleaned ultrasonically in acetone, in isopropanol

and then in deionized water for 10 min, respectively. Afterward, they were chemi-

cally etched in solution of 10% hydrofluoric acids (HF) : 50% ethanol : 40% water

for 10 min, a recipe given by [17]. The chemical HF etching of silicon wafers re-

moves the surface oxide and terminates the silicon surface with atomic hydrogen.

The hydrogen termination retards the silicon surface oxidation and protects the

surface from chemical attack. In order to remove the physisorbed chemicals on

the surface such as SiF4, NH4OH, HF and other molecules, the wafers were rinsed

briefly with de-ionized water [18] subsequently after the chemical etching. Ulti-

mately, a drop of lanthanide phosphate solution was spin coated on the cleaned

and hydrogen-passivated surface for 1 sec at 1000 rpm, 11 sec at 4000 rpm and

19 sec at 8000 rpm. The morphology of the thin film was investigated by (SEM)

which showed a uniform distribution of the nanocrystals on the silicon surface. In

the case of 0.25% concentration solutions, the surface coverage was less than one

monolayer for all the lanthanide nanoparticles where the particle-packing ratio

differed slightly from one lanthanide ion to the other. In the Fig. 4.1 we show

as an example the SEM images of the ErPO4 and YbPO4 nanoparticles of 0.25%

concentration solution.

4.2.3 X-ray spectroscopy and diffraction

X-ray spectroscopy experiments were performed at the synchrotron radia-

tion facilities Bessy II in Berlin and Hasylab in Hamburg at the beamlines U41

PGM and BW3. The spectroscopic investigations were performed on the Ham-

burg inelastic X-ray scattering system (HIXSS) that is equipped with a load-lock

chamber, the preparation chamber and the spectroscopy chamber. The samples

were brought into the load-lock chamber and were pumped for few minutes at a

pressure of 1 · 10−7 mbar; then, they were transferred through a transfer system

into the UHV spectroscopy chamber equipped with a hemispherical photoelec-

tron analyzer and a soft X-ray emission spectrometer. The synchrotron beam hit

the sample under an angle of 7◦ with respect to the surface plane. The photons

were linearly polarized with polarization vector parallel to the sample surface.

The resolving power E/∆E of the photon beam was 2400 at the BW3 beamline

for the oxygen K-edge and 3500 at the U41 PGM beamline for the M4,5-edges

of the lanthanides. The NEXAFS spectra were measured in the total electron
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50 nm

50 nm

ErPO4

YbPO4

Figure 4.1: Scanning electron micrographs: top panel ErPO4 (300 x 300nm2)
and bottom panel YbPO4 (294 x 294nm2) submonolayers spin coated on cleaned
and hydrogen passivated silicon (100) surfaces. They show a uniform distribution
of the nanoparticles at slightly different particle-packing ratio for Er and Yb.
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yield (TEY) mode by monitoring the sample current and in the constant emission

energy mode by monitoring the Auger lines at a fixed energy window with the

electron analyzer. The electron analyzer was collecting the electrons from the

sample at the magic angle with respect to the linear polarization of the incident

radiation.

X-ray diffraction experiments were performed at B2 beamline at the Hasylab

synchrotron radiation facility in Hamburg equipped with a powder diffractometer

and a image plate detector [48]. The diffraction patterns of powder nanoparticles

were collected from flat-sample transmission geometry with X-ray photons of

energy 26.26 keV (wavelength λ=0.472 Å).

4.3 Long-range order in the crystallites

The crystal structure of lanthanide orthophosphate nanoparticles has been

identified by X-ray powder diffraction analysis. In Fig. 4.2, we show their diffrac-

tograms. All diffraction patterns are characterized by considerably broad reflec-

tion peaks owing to the small crystallite size of the nanoparticles. In the case of

intermediate lanthanide ions (Eu, Gd, Tb, Dy, Ho), the diffraction patterns are

extremely broad, indicating a smaller crystallite size. The analysis of the diffrac-

tion patterns was done by full-profile Rietveld refinements [49] that revealed the

structures to be isotropic with no preferred direction. The mean particle size

was roughly determined from the broadening of the reflection peaks using the

Sherrer formula [50, 51]. The calculated diffraction patterns of the nanoparticles

using the Rietveld structural refinement showed that the larger lanthanide ions

(La, Ce, Pr, Nd, Sm) adopted the same monoclinic phase of monazite as their

respective bulk crystals and the smaller ones (Er, Tm, Yb) adopted the same

tetragonal structure of xenotime as their respective bulk crystals. In Fig. 4.3,

we have shown the crystallographic calculations compared with the measured

diffraction patterns for LaPO4 and LuPO4 nanoparticles.

An exception are the lanthanide nanoparticles from the middle of the series

(Eu, Gd, Tb, Dy, Ho). In accordance with the previously reported results [16]

these nanoparticles do not show the crystal phase of the respective bulks. Their

diffractograms exhibit a crystal phase that is neither monoclinic nor tetragonal,

but a “mixed phase” of monoclinic and tetragonal. In addition, our measurements

revealed a slight phase transition from monoclinic to tetragonal, where Eu showed

a crystal phase more similar to monoclinic and Ho showed a crystal phase more

similar to tetragonal.

53



4 Geometric and electronic structure of lanthanide orthophosphate
nanoparticles determined with X-rays

In
te

n
s
it
y
 (

a
rb

. 
u

n
it
s
)

252015105
2θ, deg. 

 La

 Ce

 Pr

 Nd

 Sm

 Eu

 Gd

 Tb

 Dy

 Ho

 Er

 Tm

 Lu

Lanthanide XRD patterns

Yb

Figure 4.2: X-ray powder diffraction patterns of lanthanide phosphate nanopar-
ticles. Broad diffraction peaks indicate the small crystal size of 2–5 nm. La–Sm
crystals are in monoclinic phase, Er–Lu crystals are in tetragonal phase, and Eu–
Ho crystals are in “mixed phase” between monoclinic and tetragonal phase and

are even smaller in size as seen from the peak width.
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At large scattering angles (above 20 degree), the diffraction patterns of the

intermediate lanthanides are characterized by very broad peaks due to diffraction

from atomic planes at small interatomic distances of 1.5 Å to 2 Å. The blurred

diffraction patterns are a fingerprint for a missing short-range order of the atomic

arrangements in these nanoparticles.

Inquiring into the reasons of the blurred patterns, we analyzed the morpholo-

gies and sizes of the nanoparticles. Highly resolved TEM images, and particle-

mean size calculations from the diffraction peak broadening, revealed the very

small particles of spherical shapes. In Fig. 4.4, high-resolution TEM images of

PrPO4 and YbPO4 nanoparticles are shown. The particle size within the lan-

thanide series exhibited the same trend as the crystal phase. The larger lan-

thanide ions (La, Ce, Pr, Nd, Sm) and the smaller ones (Er, Tm, Yb, Lu) showed

to have a particle size of ∼ 3–5nm diameter. The intermediate lanthanide ions

(Eu, Gd, Tb, Dy, Ho) showed very small particle sizes of about ∼ 2nm, that is

accompanied with a high surface contribution in these particles.

This trend of the crystal-phase and the crystal-size evolution through the lan-

thanide series was reported in [16] to be closely related to the decreasing effective

cation radii with increasing the atomic number, known as “lanthanide contrac-

tion”. For a detailed discussion, we are considering here the crystallographic

studies of lanthanide orthophosphate bulk crystals [52]. Ni et al. have shown

that distinct similarities exist between the monoclinic and tetragonal structures.

Both atomic arrangements are based on [001] chains of intervening phosphate

tetrahedra and lanthanide (Ln) polyhedra. As the structure “transforms” from

monoclinic to tetragonal, the lanthanide polyhedron transforms from LnO9 to

LnO8. Projected along the [001] direction, the tetrahedra-polyhedra chains exist

in the (100) planes, with two planes per unit cell in both structures. In the mon-

oclinic phase, the planes are offset by 2.2 Å along [010] relative to those in the

tetragonal phase, in order to accommodate the larger lanthanide atoms. The shift

of the planes in the monoclinic phase allows the Ln atom to bond to an additional

oxygen atom to complete the LnPO9 polyhedron. Additionally, Ni et al. showed

that the unit cell of TbPO4 tetragonal is larger than that of GdPO4 monoclinic,

despite the fact that Tb is smaller than Gd. This fact demonstrates that the

void space in the tetragonal phase is larger compared to that in the monoclinic

phase, thus, creating an energetically unfavorable situation. As the intermediate

lanthanide particles have a very small size of ≤ 3nm, which corresponds to a

surface to volume contribution of ∼ 70%, a rearrangement of the atomic posi-

tions occurs so that the total energy of the system is minimized. Furthermore,
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Figure 4.3: Measured and calculated powder diffraction patterns for LaPO4 and
LuPO4 nanoparticles. Crystallographic calculations were based on the monazite
and xenotime structures[52] for LaPO4 and LuPO4, respectively. Experimental
data (circles), calculated profiles (solid line through the circles) are presented
together with the calculated Bragg positions (vertical ticks). The difference curve
between the measured and calculated profiles is presented as a solid line below.
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5 nm

YbPO4

4 nm

5 nm PrPO4

Figure 4.4: High-resolution transmission electron micrographs: top panel of
PrPO4 (22 x 22nm2), bottom panel of YbPO4 (38 x 38nm2) colloidal solutions.
The inset shows an individual YbPO4 nanoparticle. The particles have spherelike

morphology and sizes of 3–5 nm.
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because the lattice energies of the monoclinic and tetragonal phases close to the

phase transition point are very similar, the atoms may occupy surface sites which

are in between the monoclinic and tetragonal phases. This leads to a missing

short-range order of the atomic arrangements that is fingerprinted in the very

broad diffraction peaks. In the last section, we will discuss further the influence

of the geometric structure and the “mixed phase” in the electronic structure of

the lanthanide orthophosphate nanoparticles.

4.4 Local structural geometry of the crystallites

4.4.1 4f occupancy of the lanthanide ions

M4,5-edge X-ray absorption spectroscopy applied on lanthanide ions is re-

ported to be a useful method for studying the ground state 4f electron occupancy

and 4f hybridization state, thus revealing the (mean) valence state of the lan-

thanide ion [54]. Therefore, we have measured the M4,5-edge absorption spectra

of lanthanide ions by monitoring the lanthanide MNN Auger lines in a fixed en-

ergy window. The results are shown in Fig. 4.5. The absorption spectra originate

from the 3d104fn → 3d94fn+1 lanthanide transitions. Due to sufficiently deep 3d

shell, the spin-orbit interaction of the 3d9 hole in the final state is much larger

than the 3d94fn+1 exchange interaction. Thus, the final states are split into two

group of lines: 3d5/2(M5) and 3d3/2(M4).

The 4f electrons in the lanthanides are highly localized (lanthanide contrac-

tion) and are shielded from the interatomic interactions by the filled 5s and 5p

outer electronic shells. In the presence of the core hole potential the 4f orbitals

become stronger localized through the centrifugal barrier. As a consequence, the

contribution from the higher empty nf states (n ≥ 5) in the absorption spectra

is suppressed, while the contribution from the higher np empty states is weak

due to the low density of these states below the conduction band [53]. Thus, the

M4,5-edge absorption spectra are due to 3d104fn → 3d94fn+1 electronic transi-

tions.

Each individual M4 and M5 absorption line shows a considerable multiplet

structure. This fine structure is governed by the Coulomb and exchange interac-

tion between the 3d9 core hole and the 4f electrons (which is strong due to the

strong 4f shell localization) and the spin-orbit coupling of the core hole and 4f

electrons (j-j coupling), i.e., the fine structure is due to the intermediate cou-

pling of the 3d9 hole and 4f electrons in the lanthanide ions. The fine structure
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Figure 4.5: M4,5-edge NEXAFS spectra of lanthanide ions measured by moni-
toring MNN Auger lines. Comparison of the characteristic multiplet structure of
the spectra to the calculated one by Thole [53] reveal that all rare earth ions are

in a triply ionized ground state.
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depends on the number of electrons in the 4f shell because the spin-orbit interac-

tion between the 4f electrons and the exchange interaction between the 3d hole

and 4f electrons will vary as a function of the number of electrons in the 4f shell.

This will lead to a different fine structure and different intensity ratios between

the multiplets. Thus, the fine structure pattern of the M4,5-edge absorption spec-

tra is a trace of the electronic configuration of the 4f subshell and it reveals the

(mean) valence state of the lanthanide ion.

We have compared the fine structure of our lanthanide X-ray absorption spec-

tra with the one reported by Thole et al. [53]. They had performed Cowan’s

atomic multiplet Hartree–Fock calculations with relativistic corrections [19] in

the intermediate coupling, i.e., including all the states of the 4fn configuration

for the ground state and 3d94fn+1 final state, for all the lanthanide ions and for

all ionization states known in the solid state. The comparisons show that all lan-

thanide ions in the orthophosphate nanoparticles are in the triply ionized ground

state, establishing a 4f occupancy in the ground state of 4f 0 for La till 4f 13 for

Yb. In Fig. 4.6 and Fig. 4.7 we have simulated the same calculations performed

by Thole et al. for cerium and thulium ions.

The calculated spectra are compared with our measured NEXAFS curves. In

the case of cerium, an electronic ground state configuration of 4f 1 is revealed,

while for thulium ions an electronic ground state configuration of 4f 12 is revealed.

In both cases, theoretical results state a valence of III of cerium and thulium ions

in the orthophosphate nanoparticles.

Because our M4,5 NEXAFS spectra were recorded in the electron yield mode

that allows observation of surface induced valence changes due to its moderate

surface sensitivity, we state no surface induced valence changes in the nanoparti-

cles due to their small crystal size.

The total integrated intensity of the M4 and M5 absorption lines decreases

going from light lanthanides towards the heavier ones because the summed cross

section of the two spin-orbit absorption bands is proportional to the number

of valence holes [55] and this number reduces going from lighter to the heav-

ier lanthanides. However, the branching ratio of the two spin-orbit split lines

I(M5)/I(M4) + I(M5) it is not given by its statistical value 6/4 + 6 = 0.4. There

are two effects that cause the change in the branching ratio [56]. The first effect,

is the presence of spin-orbit coupling in the initial state (due to the strong 4f

localization), that splits the 4f valence electrons into bands of different values of

the total atomic angular momentum quantum number J (j-j coupling limit), and

further the J selection rules set preferences on the transitions to the two different
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Figure 4.6: Experimental and theoretical spectra of Cerium M4,5-edge NEX-
AFS. Top panel: experimental NEXAFS curve. Bottom panels: atomic Hartree-
Fock calculated spectra for ground state configuration 4f1 and 4f0, respectively.
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Figure 4.7: Experimental and theoretical spectra of Thulium M4,5-edge NEX-
AFS. Top panel: experimental NEXAFS curve. Bottom panels: atomic Hartree-
Fock calculated spectra for ground state configuration 4f12 and 4f13, respectively.
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manifolds. For this reason, Yb3+ absorption spectrum shows only one line, which

is due to the fact that the only empty hole in the ground state is in the 2F7/2

state so that only the 3d5/2 → 4f7/2 transition is allowed. The second effect is

the presence of the 3d hole-4f electrons electrostatic interactions (L-S coupling)

in the final state that couple the core hole to the valence holes differently for the

two manifolds [56]. (In the L-S coupling limit, the spin selection rule will play a

role in the transitions to the two different manifolds.)

Apart of the different branching ratio between the M4 and M5 absorption

lines, also a life-time broadening of the M4 absorption line in comparison to the

M5 line is present, which is due to the Coster-Kronig decay. The M4 XAS line is

considered to be a superposition of the 3d3/2 → 4f transitions and of the weak

and continuous XAS due to the 3d5/2 → to conduction band excitations, and

the two processes are coupled each other by the Coster-Kronig transitions. The

asymmetrical shape of the M4 absorption line is due to the Fano resonance [30].

4.4.2 Lanthanide - Oxygen covalency within the series

In the following section, we will discuss the unoccupied valence electronic

structure of the nanoparticles and examine its interplay with the particle’s crystal

size and crystal phase. For this purpose, the oxygen K-edge NEXAFS of all

lanthanide nanoparticles is investigated, which is sensitive to the geometrical

arrangement in the vicinity of the oxygen atom, and it gives information on

the chemical bonding and the effective charge density around the oxygen atom.

The oxygen K-edge NEXAFS spectra of the whole lanthanide phosphate series

(with exception of Ho) are shown in Fig. 4.8. The spectra are corrected for the

background signal by subtracting the clean silicon substrate spectrum. NEXAFS

signal correction in the case of EuPO4 sample is shown in Fig. 4.9.

After background subtraction, all the spectra are normalized to the intensity

at about 40eV above the absorption edge. The spectra consist of several peaks:

the strong and broad peak located at 538eV denoted as A, followed by the weak

feature as B, and the very broad shape resonance peak as C.

In order to discuss the origin of the different spectral features, we need to

inquire into the band structure of lanthanide phosphates. In both monoclinic and

tetragonal structures, the oxygen ions coordinate to two lanthanide ions and one

phosphor ion. The oxygen-phosphor bonding is reported to be strongly covalent

in the PO4 units and their conduction band consists of broad O 2p projected

density of states hybridized with P 3p projected density of states [57–59].
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Figure 4.8: Oxygen K-edge NEXAFS spectra of lanthanide phosphate nanopar-
ticles. Peaks A and B are due to Ln-O covalent bonding. The difference in their
spectral shapes across the series is due to different geometric structure, coordi-
nation number and particle morphology. Peak B shifts towards higher energies

and strengthens across the series indicating stronger covalency.
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Figure 4.9: O K-edge NEXAFS spectra of: Si substrate – the solid line, EuPO4

nanoparticles on the Si substrate – the dashed circle line, and the EuPO4 nanopar-
ticles subtracted the Si substrate signal – the dotted line.

In the case of the lanthanides, the 4f orbitals are strongly localized inside

the atom and surrounded by the filled 5s and 5p orbitals that have larger radial

extension. As a consequence, the 4f orbitals do not take part in the bonding.

Thus, the lowest unoccupied density of states in the lanthanide ions consist of

5d character with 6s and 6p contribution [53]. Hence, the strong broad peak

A can be assigned to transitions from O 1s to empty O 2p projected density of

states hybridized with Ln 5d and P 3p projected density of states. Based on

molecular-orbital theory, Grioni et al. and de Groot et al. [60, 61] calculated

the O 2p orbitals to be spread over a high energy range above the Fermi level

(up to 20 eV) in the transition metal oxides. They concluded that the pre-edge

absorbtion peak is due to the hybridization of the antibonding 2p orbitals with

metal 3d orbitals, and the absorption features located 5-10eV above the oxygen

threshold have 2p character hybridized with metal 4s and 4p orbitals. Proceeding

under this assumption, we attribute the next peak B to the hybridization of O 2p

density of states with the upper-lying unoccupied density of states of Ln and P.

In the case of lanthanide ions, the next upper-lying unoccupied density of states

are 6s and 6p states [53, 62]. Thus, the spectral feature B in the NEXAFS spectra
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is due to O 1s to 2p projected density of states hybridized with the Ln 6s and 6p

and P 3p density of states.

The same conclusions on the oxygen peak assignment were reached by Wu et

al. based on ab initio one-electron full multiple-scattering (MS) calculations, i.e.,

considering the scattering of the outgoing photoelectron wave from the charge

density close to the photoabsorber oxygen ion. They have performed calculations

of the O K-edge NEXAFS spectra of Ba2TiO4 [62] that has monoclinic symmetry

and of rutile TiO2 [63] crystal that has a tetragonal symmetry.

In the following, we would like to discuss the spectral shape variation of peaks

A and B within the lanthanide series. The spectral shape difference of the peak A

in the monoclinic and tetragonal nanoparticles can be attributed to their different

crystal structures [61] and coordination numbers. Bearing in mind the geometric

structure discussion of the previous section, in the monoclinic structure one lan-

thanide ion is coordinated to nine oxygen ions, while in the tetragonal structure,

it is coordinated to eight ions. Due to the less regular LnO9 polyhedra, the oxy-

gen atoms accommodate in four different sites and show nine unique Ln-O atomic

distances in the monoclinic structure compared to only one oxygen site and four

unique Ln-O atomic distances in the tetragonal structure. Exact assignment of

each subfeature would require detailed band structure calculations and is out of

the scope of this paper.

The spectral feature B becomes more intense and locates at relatively higher

energies going from LaPO4 nanoparticles of the monoclinic phase toward the

LuPO4 nanoparticles. These facts reveal that the hybridization of O 2p unoccu-

pied density of states with Ln 6s and 6p unoccupied density of states is stronger

in the tetragonal phase, thus, displaying stronger covalency between oxygen and

lanthanide atoms in the tetragonal phase. Indeed, covalency reduces the number

of filled states with O 2p character so that the strength of the oxygen K-edge sig-

nal in the NEXAFS spectra is related to the degree of covalency. This conclusion

is in agreement with the crystallographic data [52] stating that the interatomic

distance between lanthanide and oxygen atoms decreases going from monoclinic

to tetragonal phase.

Finally, we want to discuss the width evolution of the spectral features A

and B across the series. It can be seen from Fig. 4.8 that the spectral shapes of

features A and B broaden at the intermediate lanthanide ions. For explaining

this behavior, we recall here the discussion about the particles size and their

short-range order of the previous section. We mentioned that the particles of

the monoclinic and tetragonal phase exhibit a mean-crystal size of 3–5nm, with

66



Conclusions 4.5

a surface to bulk contribution of ∼50%. This causes a degree of disorder in

the nanoparticle structure and respectively in the oxygen and lanthanide sites

that results in broadening of the spectral shapes. The lanthanide nanoparticles

from the middle of the series crystallize in even smaller size (∼2nm) and have a

more distorted geometry that results in the “mixed phase” of these nanoparticles.

This increases the degree of disorder, and consequently, the number of oxygen and

lanthanide sites in the nanoparticles and therefore the spectral shape of features

A and B broadens further.

4.5 Conclusions

The evolution and interplay of the geometrical and electronic structures of

lanthanide orthophosphate nanoparticles have been determined across the lan-

thanide series. The larger (La, Ce, Pr, Nd, Sm) and smaller (Er, Tm, Yb, Lu)

lanthanide ions crystallize in the monoclinic and tetragonal phases, respectively,

as their bulk crystals and exhibit particle sizes of ∼3–∼5nm. The intermediate

lanthanide ions (Eu, Gd, Tb, Dy, Ho) show a very small particle size of ∼2nm

and crystallize in a “mixed phase” between monoclinic and tetragonal phases,

induced by their large surface contribution and their ionic radii. The M4,5-edge

NEXAFS measurements established that all the lanthanide ions in the lanthanide

phosphate nanocrystals are in a “3+” configuration state. From the oxygen K-

edge NEXAFS, we accessed the covalent bond involving the phosphate oxygen

atoms towards the lanthanide ions. We tracked this covalency as a function

of lanthanide ion, its coordination number to oxygen, and site symmetry. We

showed that there is a stronger covalency between oxygen and lanthanide ions in

the tetragonal phase compared to the monoclinic phase. The increased surface

contribution and the missing of short-range order in the intermediate lanthanide

nanoparticles was accompanied by broad spectral shapes in oxygen K-edge NEX-

AFS and concomitant multiple oxygen and lanthanide sites. 2
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Chapter 5

Physical states correlation and

their influence on the spectral

shapes of La

1 In the Hartree-Fock model of calculating the ground and final excited states

energies (elaborated in section 3.1) the independent electron approximation with

the partial account for the electron spin-orbital correlation leads to a correlation

energy. Additionally, in the final states of the XAS and RIXS processes, the core

excited final state and the valence hole ionic final state, respectively, can lead

to a modification of the other orbitals in the atom. This perturbation is not

considered within the single electron approximation and will give rise again to

a correlation energy of the final states. If the correlation effects are too strong,

the single configuration Hartree-Fock calculation does not adequately calculate

the energies of the final states. This implies that a number of resonance states of

different configurations can lie close in energy or overlap with each other, giving

rise to configuration mixing or configuration interaction (CI) [30]. In the X-ray

absorption process mixing of the configurations is accompanied with the coherent

populations of different physical states (that lie at the same energy) which give

rise to the so called “interference effects” and Fano spectral profiles [30].

The most fundamental correlation phenomenon is the autoionization process

that occurs for all many electron atoms in highly excited configurations which lie

above the first ionization threshold [30, 33, 64]. This gives rise to discrete excita-

tions embedded in the continuum states and consequently to the interference of

1Paper in manuscript. This section is intended for publication to PRL: Suljoti, Föhlisch, de
Groot, Nagasono, Glatzel, Hennies, Deppe, Pietzsch, and Wurth.
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the discrete autoionized state with the direct photoexcitation into the continuum

state.

Another aspect of many body problem is the correlation in the final con-

tinuum states, giving rise to photoionization interchannel coupling [65]. This

phenomenon is particularly important in the photoionization process near the

threshold regions [66], but recently it has been understood that interchannel

coupling is significant even at intermediate and high photoelectron energies as

well [67, 68]. In addition, it has recently been found that the weak spin orbit

interaction activates interchannel coupling of the doublet states which not only

induces new structures in the photoionization cross section [69] but also produces

significant changes in the photoelectron angular distribution as well [70].

A different aspect of correlation effects arises in the case of tight bound core

excited states where the interaction of the core hole with the excited electron is

strong. This is particularly significant for core hole states in the outer shells and

implies that the physical states involve a degree of correlation. A weak spin orbit

interaction can mix core excited states of different symmetries and hence, decay

processes from the correlated core excited states lead to interference effects and

asymmetrical spectral profiles. In addition, the large lifetime broadening of the

excited states can entangle further the spectral profiles by an addition mixing of

the close-lying physical states through the intermediate state coherence (lifetime

interference). This is exactly the case of lanthanide 4d resonances. Due to the

localization of 4f unoccupied valence states, the Coulomb interaction of the core

hole with 4f electrons is very strong and results in strong multiplet effects. Thus,

the absorption spectra consist of many sharp pre-resonances followed by the giant

resonance. These pre-resonances are all mixed symmetry states due to the small

spin orbit interaction of the 4d core hole. In addition, these states are mixed with

the broad giant resonance state (∼ 9eV). Thus, the complete understanding of

the spectral profiles is a very demanding task.

A model ideally suited to disentangle these phenomena is La 4d XAS spec-

trum. Lanthanum has no electron in the 4f shell, so its 4d XAS consists of only

two pre-resonances and the giant resonance. This simplifies the problem tremen-

dously. Thus, in this chapter in the model system of La, the influence of the

correlated intermediate states and lifetime interference on the absorption spec-

tra is studied. The spectral profile difference between total electron yield and

total fluorescence yield will be investigated as well. The resonant inelastic X-ray

measurement and theoretical calculations will emphasize the role of electron cor-
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relation in the final ionic states and the symmetry aspects of radiative decay in

the fluorescence profiles.

5.1 Experimental

Lanthanum phosphate nanoparticles, capped by organic ligands were chem-

ically prepared in liquid-phase synthesis [16]. They had a mean-size of 3-5nm

and high crystallinity [71]. From solution of LaPO4 nanoclusters, thin films on

hydrogen-passivated Si(100) surfaces were prepared. Details on thin film prepa-

ration and characterization are given in our previous work [71]. Experiments were

performed on our UHV Hamburg Inelastic X-ray Scattering (HIXS) experimental

station that is equipped with a hemispherical photoelectron analyzer and a soft

X-ray emission spectrometer (XES), using the synchrotron radiation beam at the

Bessy II (Berlin), UE52-PGM beamline. XAS spectra were measured in TEY

mode by monitoring the sample current and in TFY mode by monitoring zero

order light in the XES spectrometer. The synchrotron beam was incident at an

angle of 7◦ to the surface plane. The photons were linearly polarized with their

polarization vector perpendicular to the sample plane. The XES-spectrometer

detected radiative RXS signal 7◦ off the electric field vector of the incident radi-

ation. Resolving power E/∆E of the incoming photon beam was 2000 at 140eV,

and of the scattered beam in XES spectrometer was 715 at 100eV.

5.2 La N4,5-edge electron and fluorescence yield

The N4,5 edge X-ray absorption spectrum of triply ionized La ions in LaPO4

nanoparticles is shown in Fig. 5.1. It consists of two weak and sharp 3P1 and 3D1

pre-resonances, and the strong and broad 1P1 giant resonance.

In the ground state La3+ ions are in the 4d105s25p64f 0 electronic configuration

of 1S0 symmetry, and the resonances arise from exciting a 4d electron in the

empty 4f shell through the 4d10 → 4d94f 1 electronic transition. According to

the dipole selection rules the radiative transition will populate the excited state

of 1P1 symmetry;
1S0

Vr=⇒ 1P1

where, Vr stands for the dipole transition. The large radial overlap of the 4d

and 4f wavefunctions (please refer to the calculated Slater-Condon parameters

in Table 5.1), results in large transfer of oscillator strength to the fully allowed
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Figure 5.1: The measured La N4,5 XAS spectra of LaPO4 nanoparticles of
3-5 nm diameter spin coated as thin films on Si substrates. Sample geometry:
The synchrotron beam was incident at an angle of 7◦ to the surface plane. The
photons were linearly polarized with their polarization vector perpendicular to

the sample plane.
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La N4,5-edge electron and fluorescence yield 5.2

singlet 1P1 state. This is the reason why this state has a large cross section (please

refer to the calculated transition intensities in Table 5.2) and exhibit itself in the

experimental measurements in a very strong spectral peak.

Table 5.1: The calculated Slater-Condon parameters and spin-orbit coupling of
La3+ 4f0 ground state, and 4d94f1 excited state.

Slater-Condon parameters (eV) Spin-Orbit coupling (eV)

G1 G3 G5 F2 F4 (l · s)4d (l · s)4f

4f 0 0 0 0 0 0 0 0

4d94f 1 12.418 7.735 5.454 10.454 6.660 1.117 0.077

Table 5.2: The calculated energies, purities, and the intensities of the
La3+ 4d104f0 → 4d94f1 transition states.

Eigenvector Purity in LS scheme Eigenvalue (eV) Intensity

3P1 0.95 98.748 0.00065

3D1 0.95 102.942 0.00577

1P1 0.99 124.472 1.99359

In addition, the weak spin orbit interaction of the 4d core hole mixes the pure
3P1 and 3D1 states (of total angular momentum J = 1) with the strong 1P1 state,

and the spin forbidden transitions;

1S0
Vr=⇒ 3P1,

3D1

become partially allowed and give rise to the weak and sharp 3P1 and 3D1 pre-

resonances observed in the experimental absorption spectrum. The 3P1,
3D1

and 1P1 states do not indicate pure 2S+1LJ states, but refer to states that are

a linear combination of these three J = 1 states. The two small 3P1 and 3D1

pre-resonances are both 95% pure, and 5% of their intensity is given by the

other symmetries. For the 3P1 state, the 1P1 symmetry contribution is 1.5%, and

for the 3D1 state is 4.3%. The percentage 1P1 symmetry character determines
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the intensity of the pre-resonances. Because the 3P1 state has less 1P1 symmetry

contribution, its spectral peak evidenced very small intensity in the measured

XAS spectra. In addition, the strong direct and exchange Coulomb interaction of

the 4d core hole with the excited 4f electron give rise to strong multiplet effects

that push the 1P1 state (located at 118.5 eV) above the 4d ionization threshold

(at 110 eV with respect to the bottom of conduction band). While, spin forbidden
3P1 and 3D1 states are located below the 4d ionization threshold, at 97.7 eV and

102.17 eV, respectively.
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Figure 5.2: 3P1 and 3D1 resonances of La N4,5 XAS spectrum measured in
LaPO4 nanoparticles of 3-5 nm size. TEY spectrum reveals asymmetric line

profiles of both resonances, compared to symmetric profiles of the TFY.

In Fig. 5.2 the pre-edge region of the experimental XAS spectrum is shown.

One distinguishes the very asymmetrical profile of 3D1 electron yield spectrum,

with a long tail on the low energy flank, toward the symmetric Lorentzian fluo-

rescence profile. Besides, the 3D1 electron yield resonance is shifted toward lower

energies compared to the fluorescence yield resonance. In the case of the 3P1 res-
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onance, the asymmetrical spectral profile is still visible, but it is less pronounced

than 3D1 due to its smaller intensity.

The spectral shape asymmetries and the energetic shift of the resonance’s

maximum are “fingerprints” for interference effects in the nonradiative decay

channels and in the following section we will discuss them.

5.3 Nonradiative decay processes of the 3D1 and
3P1 resonances

The nonradiative Raman scattering experiments performed at the 3P1 and
3D1 resonances [72–74] report for these states to decay through the participator

process (also referred as resonant photoemission process). The participator decay

occurs mainly because the excited 4f electron is quite localized at the 3P1 and
3D1 states and it interacts strongly with the 4d core hole and hence it decays by

direct recombination (involving the excited electron and the core hole) and giving

the excess energy to a 5s or 5p electron:

4d104f 0 Vr=⇒ 4d95p65s24f 1 Vc=⇒




4d105p55s24f 0εs,d

4d105p65s14f 0εp

(5.1)

In addition to the resonant photoemission process also the direct photoion-

ization of the 5p and 5s electrons occurs:

4d105p65s24f 0 Vr=⇒




4d105p55s2εs,d

4d105p65s14f 0εp

(5.2)

Both processes, the direct and resonant photoemission reach the same final

states;

1S0
Vr=⇒ 3P1,

3 D1
Vc=⇒





2P1/2,
2 P3/2

2S1/2

; 1S0
Vr=⇒





2P1/2,
2 P3/2

2S1/2

going through two different paths as depicted in Fig. 5.3. The interference of

these two processes would lead to the so-called Fano resonances [30] characterized

by asymmetrical lineshapes. This would explain the spectral profile difference

between the electron and fluorescence yields, because in the later one the direct

channel is missing.
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Figure 5.3: Top: The sketch of nonradiative decay channels of the resonantly
excited 3P1, 3D1, and 1P1 states. The 3P1 and 3D1 states interact with 5p5ε and
5s1ε continua and decay through the participator process. In addition, the direct
5p and 5s photoemission process also occurs. Bottom: Calculated resonant 5p

photoemission yield spectrum at 3P1 and 3D1 resonances.
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To confirm the above idea we calculated the intensity of nonradiative Raman

scattering process using Kramers-Heisenberg formulation:

wf0 = 2π
∑

f

∣∣∣∣〈f |Vr|0〉+
∑

i

〈f |Vc|i〉〈i|Vr|0〉
E0 + ~ω − Ei + iΓi

2

∣∣∣∣
2

· δ(E0 + ~ω − Ef ) (5.3)

The first part of the matrix element represents the direct photoemission and

the second part represents core hole assisted channels (excitation-deexcitation

channels). The initial state (0) and final state (f) wavefunctions contain the

incoming photon and outgoing electron, respectively, while (i) denotes the inter-

mediate core excited states, that in our case are 3P1 and 3D1 states. The radial

wavefunctions and energies of the initial state, core excited intermediate states

and the final electron states were calculated using Cowan’s relativistic Hartree-

Fock code [19]. All atomic parameters were scaled to 80% to include the effects

of configuration interaction. The details of Hartree-Fock method are given in

chapter 3. The energy scale of the calculated spectra were shifted with −1.26

eV to correspond with the measured spectra. Vr and Vc stand for radiative and

Coulomb operators, respectively. Γi is the spectral broadening due to the core

hole lifetime of the intermediate state i. In our calculations, we used Γi = 0.14

eV for both 3P1 and 3D1 states, that were deduced from the full width at half

maximum (FWHM) of the experimental electron yield spectra. The δ function

ensures energy conservation. In addition, the spectra were convoluted with a

Gaussian of 70 meV FWHM, that was the width of the incident photon energy.

The calculated spectra exhibited the Fano anti-resonance behavior with the

long tail on the lower energy flank of both resonances and resembled very well the

measured spectra. Besides, we found out that if we disregard the direct photoe-

mission process in the calculations i.e., consider only the resonant photoemission

process, the asymmetry of the spectral profiles is preserved. In Fig. 5.3, we have

shown the results of resonant photoemission (5.1) calculations with a 5p hole

in the final state. Thus, these results emphasize that the spectral asymmetry

of 3P1 and 3D1 resonances is not due to interference of the direct and resonant

photoemission channels.

In agreement with our results, Mishra et al. [75] has reported that the inter-

ference of these two processes does not occur at the lanthanides 4d pre-edges due

to the absence of phase coherence. Namely, the Coster-Kronig decay of the weak

core excited pre-resonances is much slower than the fast direct photoemission

process, leading to a violation of the temporal match requirement for channel

interference.

77



5 Physical states correlation and their influence on the spectral shapes of La

In order to inquire into the reasons for the asymmetrical lineshape of the

pre-resonances, we recall here the results of Hartree-Fock calculations. We found

that 3P1 and 3D1 core excited states are not pure 2S+1LJ states but are mixed

at different percentage with the dipole allowed 1P1 state. Accordingly, the 3D1

state consist of pure 3D1 and 1P1 symmetry contribution. Therefore, the reso-

nant photoemission scattering amplitudes of these two contributions (pure 3D1

symmetry and pure 1P1 symmetry) will interfere. Note that although the sym-

metry contribution of the 1P1 state at the 3D1 and 3P1 resonances is very small

(4.3% and 1.5%, respectively), the scattering amplitudes of both processes be-

come comparable due to the strong dipole allowed 1P1 state. As a consequence

there is a strong interference of both resonant photoemission processes, that leads

to a non-exponential nonradiative decay exhibited with an asymmetrical spectral

shape of the electron yield.

5.4 Radiative decay processes of the 3D1 and 3P1

resonances

Next, we raise the question: What about interference effects in the fluores-

cence yield? Why don’t we observe its fingerprint: asymmetrical spectral profile?

To answer these questions we performed resonant X-ray scattering (RXS)

experiments with highly selective resonant and detuned excitation across the 3D1

and 3P1 resonances and monitored the concomitant radiative decay over a large

energy loss range from ∼25 eV to 0 eV. This includes the 4d4f (valence band)

resonant elastic X-ray scattering (REXS) and the 4d5p resonant inelastic X-ray

scattering (RIXS). In Fig. 5.4 (panel 2), we show the experimental 4d5p RIXS

spectra beside the excited energy along the resonances. Detuning along the 3D1

resonance, we observe an extreme resonant behavior of the 3D1-
3D2 emission

peak, while for the 3F2 and 1D2 emission lines we do not observe it. (Note that

our X-ray spectrometer could not resolve the 3D1 and 3D2 emission lines.) Being

more precise, the 3F2 emission line reaches its maximum at the low energy flank

of the 3D1 resonance and the 1D2 emission line reaches its maximum at the high

energy flank of the 3D1 resonance. This peak intensity behavior across the 3D1

resonance recalls for interference effects between the radiative decay channels and

we used again the Kramers-Heisenberg formalism to calculate the amplitudes and

the intensities of the different radiative channels.
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The observed RIXS emission lines in the experimental data are due to the

4d95p64f 1 Vr=⇒ 4d105p54f 1

radiative transitions, where Vr stands for radiative transitions. RIXS processes

are assisted by dipole selection rules that dictate the symmetries of the final ionic

states. The main final states reached for the three core excited intermediate states

are:

3P1
Vr=⇒ 3D2,

3D1

3D1
Vr=⇒ 1D2,

3F2,
3D2,

3D1

1P1
Vr=⇒ 1D2,

3F2

The calculated energies and the intensities of the upper transitions are given in

Table 5.4 and Table 5.5, respectively. It can be seen from the tables that 1D2 and
3F2 final states have both less than 1% of the overall transition strength for the
3P1 core excited state and 3D2 and 3D1 final states have less than 0.5% transition

strength for the 1P1 state. Thus, the energy coherence is broken for some of

the radiative decay channels because not all final states are reached from each

intermediate core excited state. As a consequence, we will have less interfering

channels in the radiative decay compared to the nonradiative decay. Accordingly,

both 3D1 and 1P1 intermediate states decay to the 1D2 and 3F2 final states. This

implies that the coherent radiative scattering from the 3D1 and 1P1 symmetry

contributions of the correlated 3D1 state (mixed of pure 3D1 and 1P1 symmetries)

to the 1D2 final state will interfere. The same is valid for the 3F2 final state.

Table 5.3: The calculated Slater-Condon parameters and spin-orbit coupling of
La3+ 4d105p54f1 core ionic final states.

Slater-Condon parameters (eV) Spin-Orbit coupling (eV) Eaverage

G2 G4 F2 (l · s)5p (l · s)4f

4d105p54f 1 3.028 2.262 4.925 1.543 0.065 20.519

From Kramers-Heisenberg RIXS calculations results that at the 3D1 reso-

nance, the amplitudes of the 1D2 scattering channels have opposite signs, while

the amplitudes of the 3F2 scattering channels have the same sign. This implies

that the 1D2 emission line have destructive interference below the 3D1 resonance
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Figure 5.4: A series of experimental and theoretical RIXS spectra across the 3D1

and 3P1 resonances. 1) Total electron and fluorescence yield of the resonances.
XAS spectrum of the 3P1 resonance is enlarged by a factor five. 2) As measured

RIXS spectra 3) Calculated RIXS spectra
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Table 5.4: The calculated energies and purities of La3+ 4d105p54f1 RIXS final
states.

State Symmetry Purity in LS scheme Energy (eV)

3D1 1.00 18.628

3D2 0.92 18.968

3F2 0.51 20.739

1D2 0.51 22.671

Table 5.5: The calculated intensities of La3+ 4d94f1 → 4d105p54f1 transitions.

Intermediate states Final RIXS states

3D1
3D2

3F2
1D2

3P1 0.2382 0.3547 0.0002 0.0067

3D1 0.2115 0.0992 0.1545 0.1346

1P1 0.0002 0.0027 0.2648 0.3321
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while the 3F2 emission line have constructive interference. In panel 3 of Fig 5.4

the calculated RIXS spectra are shown beside the measured one. They resem-

ble well the on resonance peak intensity behavior of the 1D2 and 3F2 emission

lines. Note here that the calculated emission spectra are shifted with 0.48 eV to

correspond with the measured one.

So far, we conclude that there are interfering scattering channels in the ra-

diative decay of the 3D1 resonance. But, we still do not know why the total

fluorescence yield has a completely symmetric Lorenzian profile?

To answer this question we calculated the partial fluorescence yield of each

radiative channel of the 3D1 resonance, shown separately in Fig. 5.5. As can be

seen from the figure, each 1D2 and 3F2 radiative channel show a very distorted

line profile, but of positive and negative asymmetry parameter, respectively. Most

notably, the sum of these two partial yields gives a very symmetric Lorentzian

profile (displayed in panel 5 of Fig. 5.5). This sum rule is explained by the fact

that these two final states are much less pure 2S+1LJ states than the other J = 2

states. They are both only 51% pure and in addition, each 1D2 and 3F2 final

state is given as a linear combination of the pure 3F2 + 1D2 symmetries.2

As a consequence, the radiative decay transition strength of the 3D1 resonance

it is shared equally to these two final states and because these two transitions

have opposite symmetry parameters, the sum of their partial yields gives a fully

symmetric Lorentzian.

The next radiative decay channels of the 3D1 core excited resonance are the

scattering to the 3D2 and 3D1 valence ionic final states. The same final states are

reached also via resonant scattering from the low lying 3P1 resonance. The RIXS

calculations (please refer to Fig 5.5) showed that the coherent scattering to these

two 3D2 and 3D1 final states does not show any interference effect. That is due

to the fact that the energetic separation between these two final states (0.3 eV)

it is smaller than their spectral lifetime broadening (FWHM of 0.4 eV), which

follow that the interference effects can not be resolved.

2In the pure LS coupling scheme (disregarding the spin-orbit interaction) according to the
dipole selection rules (∆L = 1), the 3D1 core excited state will decay only to the 3F2 state,
while the 1P1 state will decay only to the 1D2 state. Due to the small spin-orbit interaction
of the 5p hole these two states are completely mixed, thus that each state is given as a linear
combination of the pure 3F2 +1 D2 symmetries.
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Figure 5.5: Partial fluorescence yield calculations of each decay channel of 3D1

resonance. On the left side are shown the partial yield calculations where the
resonant scattering processes are treated as coherent processes. On the right
side, the solid curves are the integrated partial yields of each scattering channel.
The dotted curves are the integrated partial yields where the resonant scattering
processes are treated as independent processes (interference terms are excluded).

Panel (5) shows the sum of 1D2 and 3F2 partial yields.
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Participator decay channel

Another radiative decay channel of the 3D1 resonance is the 4d4f participator

channel, also referred as resonant elastic X-ray scattering (REXS) process:

4d94f 1 Vr=⇒ 4d104f0

All the three intermediate core excited states will decay to this final state:

3P1,
3 D1,

1 P1
Vr=⇒ 1S0

As a consequence, the strongly correlated 3D1 and 1P1 intermediate states are

coupled to the same scattering channel which leads to substantial interference.

The dipole selection rule strengthen the contribution from the 1P1 symmetry

(please refer to the corresponding calculated intensities in Table 5.6) that leads to

similar amplitudes of both interfering channels. In addition, the whole oscillator

strength of the participator process goes to one single final state (similar to the

electron yield). For all these reasons, the strength of the interference in the

participator channel is quite profound, and leads to a very asymmetrical profile

of the partial yield as it is evident from our calculations shown in panel (1) of

Fig. 5.5.

Although the participator channel manifest a remarkable asymmetrical profile,

its contribution to the total fluorescence yield is very small and almost undistin-

guishable. The sum of all the radiative decay contributions (spectator and par-

ticipator channels) gives an almost symmetrical fluorescence yield profile and it

is displayed in Fig. 5.9. This is due to the much stronger 4d5p (spectator) decay

with respect to the 4d4f (participator) decay, prompted by the dipole selection

rule. From our calculations results that the overall 4d5p spectator decay has a

transition strength 100 times bigger than the participator decay.

Table 5.6: The calculated parameters of 4d104f0 (1S0) final state and the radi-
ation decay transition intensities (4d94f1 → 4d104f0) to this final state.

Final state Transition Intensity

Symmetry Purity Energy (eV) 3P1
3D1

1P1

1S0 1.0 0.0 0.00065 0.0057 1.9935
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5.4.1 3P1 intermediate state

Similar results with that of 3D1 resonance are found also for the 3P1 interme-

diate state. The partial spectator yield and partial participator yield calculations

of the 3P1 resonance are shown in Fig. 5.6.

The radiative spectator decay of the 3P1 intermediate state reaches mainly

the 3D1 and 3D2 final states. The 1D2 and 3F2 final states have both less than

1% of the overall transition strength for the 3P1 core excited state.

The same 3D1 and 3D2 final states are reached also from the 3D1 resonance.

Hence, the coherent scattering from both 3P1 and 3D1 symmetry contributions to

these final states should lead to channel interference. (We recall here the results

of the section 5.2, that the 3P1 state is an entangled state consisting of 95%

of 3P1 symmetry contribution, 1.5% of 1P1 symmetry contribution and 3.5% of
3D1 symmetry contribution.) Our calculations do not resolve this interference.

The integrated partial yields, calculated by considering the resonant scattering

processes as coherent processes and as independent processes, displayed in panel

(2) of Fig. 5.6, show both the same symmetrical spectral profile. As we specified

for the 3D1 resonance, this is due to the small energetic separation of these two
3D1 and 3D2 final states. Their energetic separation (0.3 eV) is smaller than their

lifetime broadening (0.4 eV), and the two peaks are overlapped together giving

a broad emission line, observed in the experimental RIXS data (panel (2)) and

calculated spectra (panel (3)) of Fig. 5.4.

The 4d4f participator decay channel of the 3P1 intermediate state exhibits a

profound asymmetrical partial yield, similar to the 3D1 resonance. Again, the

asymmetry is due to the interference of coherent elastic scattering from both 3P1,
3D1 and 1P1 symmetry contributions of the correlated 3P1 intermediate state.

Because the transition strength of the participator decay channel for the 3P1

state is much smaller than the 3D1 state3, the intensity of this transition is much

smaller than the 4d5p spectator one. Thus, the overall sum of both spectator

and participator decay channels yield a symmetrical fluorescence profile, shown

in panel (3) of Fig. 5.6, and is in accordance with the measured fluorescence

yield profile. The measured and calculated total fluorescence yields are shown in

Fig. 5.9.

3Due to the small 1P1 symmetry contribution
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Figure 5.6: Partial fluorescence yield calculations of the participator and spec-
tator decay channels of 3P1 resonance. On the left side are shown the partial
yield calculations where the resonant scattering processes are treated as coherent
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5.4.2 Intermediate state lifetime interference

Until here, we elaborated the correlation of physical states, and its influence

in the spectral distribution of the oscillator strength. We determined that the

weak spin-orbit interaction activates coherent scattering of different channels,

that leads to channel interference, which is the critical argument behind the

asymmetrical line profiles of the 4d XAS spectra.

In this section, we would like to investigate the influence of the large lifetime

broadening of the giant 1P1 resonance in the interfering channels and consequently

in the spectral profiles. The broad and strong 1P1 giant resonance, as discussed

in section 5.2, is of atomic origin4 [79, 80]. Due to the strong direct and exchange

Coulomb interaction of the 4d core hole with the 4f excited electron, the 1P1 state

is pushed above the 4d ionization threshold. Thus, the coupling of 1P1 discrete

state to the continuum states contributes a broadening to the XAS line width

beyond the core hole lifetime broadening.

The XAS line width of 1P1 state in the free La3+ ions, which in their ground

state are essentially unperturbed by their metallic environment, is reported [81] to

be only 2.3 eV. Whereas, the line width of 1P1 state in LaF3 is much broader [82,

83], and in free La atoms is ∼ 10eV [84]. It was shown by Köble et al. [81]

that the energetic position and the width of 1P1 giant resonance in its solid state

is influenced albeit moderately by the environment, which causes the resonance

to be broadened and shifted by 1.3eV toward lower energies. It is mainly the

autoionization of the 4d94f 1 1P1 state to the 4d94f 0εf continuum states that

causes the additional broadening. In our XAS experimental spectra, the width of

the 1P1 resonance in LaPO4 nanoparticles exhibited a large lifetime broadening

of ∼ 9eV.

Because the energetic spacing between the 1P1 and 3D1 resonances is of the

same scale as the 1P1 lifetime width, the mixing of the 1P1 resonance’s spectral

tail with the 3D1 resonance could lead to a change in spectral distribution of the

oscillator strength, accompanied with a change of scattering amplitudes. The

later one is exhibited in a less or stronger interference effects (in a less or stronger

asymmetric profiles).

In order to investigate the leverage of broad 1P1 lifetime width in the spectral

profiles, we performed two types of radiative scattering calculations.

4The precise interpretation of giant resonances is done in terms of strongly damped collec-
tive resonances involving coherent motion of all electrons in the 4d10 shell [76, 77], but it is
qualitatively understood in terms of independent electron approximation [78].
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In the first calculation, we excluded the possibility for lifetime interference by

assuming the three 3P1,
3D1, and 1P1 resonances of the 4d → 4f transitions to

have the same lifetime width of 0.14eV. Indeed, the experimental spectra showed

for both 3P1 and 3D1 resonances to have a width of Γ = 0.14eV. In addition,

we assumed a “virtual” lifetime width of Γ = 0.14eV also for the 1P1 resonance

(to partly counteract the broadening of the resonance due to the 4d continuum

states). This is not very close to the real lifetime width (∼ 2.3eV ) of the 1P1

giant resonance measured at free La3+ ions [81], but it is good in the framework

of a model to exclude the possibility for intermediate state interference.

In the second calculations we accounted for the lifetime broadening due to

the solid state effects and used for the 1P1 state the experimental lifetime width

Γ = 9eV. Note that in all the calculations presented in section 5.4, we have used

as lifetime width the values revealed from the experimental XAS spectra.

The results of both calculations for the 3D1 resonance are presented in Fig. 5.7.

As it can be seen from the spectra, the broad lifetime width of the 1P1 state in-

creases the asymmetry of the participator radiative channel, but it does not alter

at all the asymmetry parameter for the two spectator decay channels. This is

explained by the fact that the two final states (1D2 and 3F2) reached by the spec-

tator decay are completely mixed states. Thus any additional oscillator strength

pumped from the intermediate resonance will be equally shared to both final

states. As a result no additional asymmetry is induced to the fluorescence partial

yield of these decay channels.

In contrast to these results, the participator channel does show an increased

asymmetrical profile. We recall here that the 1S0 final state is a 100% pure state.

Thus, the additional oscillator strength coming from the higher percentage of 1P1

symmetry at the 3D1 threshold, due to mixing of 3D1 core excited state with the

spectral tail of the 1P1 intermediate state, will increase the radiative decay of the
1P1 symmetry at the 3D1 resonance. This will cause an increase of the scattering

amplitude of this channel compared to the scattering from the 3D1 symmetry.

As a consequence, the interference of these two coherent scattering channels will

change the asymmetry of the spectral profile.

Because the contribution of the participator channel to the fluorescence yield

is very small than the spectator channel, we conclude that the asymmetry in the

spectral shape of the 4d XAS spectrum is mainly due to correlation effects.
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5.5 Conclusion

In this work we have conducted highly resolved X-ray absorption and reso-

nant inelastic X-ray scattering experiments and theoretical calculations to unravel

many body aspects of the strong Coulomb electron-electron interaction in lan-

thanum ions. The strong overlap of the localized 4d and 4f wavefunctions gives

rise to strong direct and exchange Coulomb interaction of the 4d hole and excited

4f electron. The coupling of the excited electron with the remaining core hole

creates new final states which do not exist within the single electron approxi-

mation. These states are highly correlated discrete states entangled by different

symmetry contributions. Thus, resonant excitation of these states leads to coher-

ent scattering from all symmetry contributions and concomitantly to interference

of different scattering channels. This explains the highly asymmetrical profile of

the total electron yield spectrum, which is, in fact, the X-ray absorption spectral

shape. The fluorescence yield detected spectrum becomes symmetric due to the

breaking of coherence in some of the decay channels. The symmetry aspect of the

dipole transition in the radiative decay together with the highly correlated final

ionic states are the reason for breaking the coherence in some of the scattering

channels. In Fig. 5.8 the different scattering channels of the nonradiative and

radiative decay that have a 5p hole in the final states are depicted.

In addition, the influence of lifetime interference in the scattering channels

due to the very broad giant resonance was thoroughly investigated. The cal-

culations showed that the asymmetry induced from lifetime interference in the

spectral profile is very small compared to the one induced from symmetry entan-

gled intermediate states. The calculated electron and fluorescence yield spectra

considering the interference from both constituents revealed the same spectral

profile as the experiment. In Fig. 5.9 are displayed both, the measured and

calculated spectra.
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Chapter 6

Trends in lanthanide systems:

from simple to complex

Starting from Lanthanum (atomic configuration 4f 0) and going through the

lanthanide series, an electron is added successively in the 4f shell. In the N4,5-

edge X-ray absorption process, the increased number of electrons in the 4f shell

results in a much stronger direct and exchange Coulomb interaction between

the core hole and the 4f electrons. Thus, the total multiplet structure becomes

very complex, and the X-ray absorption spectra consist of several sharp peaks

(pre-resonances) followed by dipole allowed giant resonances. Again here, the

small core hole spin-orbit interaction mixes pure LS states, and cause the pre-

resonances to be symmetry entangled states.

The calculated total number of energetic levels in the intermediate coupling

scheme (∆J = 0,±1) reached in the N4,5 absorption process, increases from 3 in

Lanthanum to 53 in Cerium, to 200 in Praseodymium and to 1077 in Gadolinium.

In the late lanthanides, where the number of holes in the 4f shell start reducing,

the number of energetic levels falls again to 4 in Thulium and 1 in Ytterbium. In

addition, the screening of the core hole potential from the 4f electrons give rise

to a smaller direct Coulomb interaction in the heavier lanthanides. Nevertheless,

it is not possible to resolve all the multiplet lines in the N4,5 XAS spectra except

for Lanthanum, Thulium and Ytterbium.
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6 Trends in lanthanide systems: from simple to complex

6.1 Light Lanthanides

X-ray absorption spectra of Cerium and Praseodymium

In the previous chapter the thorough investigation of different scattering chan-

nels and interference effects that led to different line profiles of La3+ N4,5-edge

electron and fluorescence yields was elaborated. N4,5 X-ray absorption spectra of

Ce3+ and Pr3+ measured in lanthanide phosphate nanoparticles reveal the same

line profile behavior: Electron yield pre-edges show asymmetrical line profiles with

a spectral tail in the low energy ranges of the peaks, while the fluorescence yield

pre-edges show more symmetrical lineshapes. The measured absorption spectra

for cerium and praseodymium triply ionized ions hosted in phosphate nanoparti-

cles are shown in Fig. 6.1, and Fig. 6.2, respectively. Some of the pre-resonances

are shown in an enlarged scale in order to highlight their spectral shapes.

Cerium and praseodymium triply ionized ions have one and two electrons in

their 4f shell, respectively. Because the electrons in the 4f shell are quite local-

ized, the promotion of the 4d electron in the 4f shell (during the XAS process)

give rise to a stronger core hole - 4f electrons Coulomb interaction and to a

stronger wavefunction overlap (exchange interaction). Thus, due to this strong

multiplet splitting, the oscillator strength of the 4d → 4f transition is distributed

over many resonances, and hence, the absorption spectrum contain many sharp

pre-resonances followed by the dipole allowed giant resonances. In the frame-

work of La model, we would expect the localized core excited states in cerium

and praseodymium to be highly correlated states consisting of different symmetry

contributions. This again would lead to coherent scattering from these different

symmetry contributions and would result to channel interference and concomitant

asymmetrical profiles of electron yield spectra. In the radiative decay, symmetry

selection rule could cause breaking of coherence in some of the scattering chan-

nels, that could result in less interfering channels and hence in more symmetrical

profiles. In addition, correlation of the final states of RIXS process (5p hole final

states) is expected to play an important role, as in the case of lanthanum.

Detailed calculation of X-ray absorption spectra and analysis of their spectral

profiles is an ongoing project beyond this thesis.
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Figure 6.1: Experimental N4,5-edge XAS of Ce3+ ions in CePO4 nanoparticles
measured in electron and fluorescence yield. Bottom: Pre-edge area is enlarged
to highlight peak asymmetrical profile of electron yield towards symmetrical flu-

orescence yield profiles.
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Figure 6.2: Experimental N4,5-edge XAS of Pr3+ ions in PrPO4 nanoparticles
measured in electron and fluorescence yield. Bottom: Pre-edge area is enlarged
to highlight peak asymmetrical profile of electron yield towards symmetrical flu-
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Radiative decay at the 1P1 giant resonance of La

The resonant inelastic X-ray scattering (RIXS) spectra measured at the 3D1

and 3P1 localized pre-resonances of the N4,5 absorption edge, and presented in

section 5.4, showed a linear dispersion behavior with incoming photon energy

manifesting coherence of excitation-deexcitation processes. Differently, at the 1P1

giant resonance, the measured RIXS spectra, shown in Fig. 6.3, manifest both

linear dispersed lines as well as constant photon energy features. The situation

is far more complicated here, because the 1P1 discrete state lays above the 4d

ionization threshold and is directly coupled to the 4d continuum states. Hence,

the dipole allowed 1P1 discrete state is not only coupled to the lower laying
3D1 and 3P1 discrete states via core hole spin orbit interaction and its broad

lifetime width, but in addition is also coupled to the 4d9εf continuum states

via configuration interaction mixing [30]. As a consequence, radiative scattering

experiments across the 1P1 resonance reflect the strength of the different couplings

across the resonance.

From the experimental data of La3+ giant resonance, presented in Fig. 6.3,

one can observe that the coupling of 1P1 state to the entangled 3D1 and 3P1

states dominates the scattering channels. The broad emission features at constant

photon energies 75− 83 eV are due to

4d95p64f 1(1P1) ⇒ 4d95p64f 1(3D1,
3 P1) ⇒ 4d105p54f 1(1D2,

3 F2,
3 D2,

3 D1)

transitions. These scattering channels demonstrate that the core excited electron

at the 1P1 state decays within the 4d core hole lifetime to the localized 3D1 and
3P1 states and then the core hole decays through 4d5p channel.

The 3D1 and 3P1 states decay also, through a very small channel indicated

with the dotted lines in Fig. 6.3, directly to the ground initial state:

4d95p64f 1(1P1) ⇒ 4d95p64f 1(3D1,
3 P1) ⇒ 4d105p64f 0(1S0)

resulting in constant energy emission lines at 97.5 eV and 101.9 eV. As discussed

in the previous chapter, the small intensity of these two emission lines is due to

the small crossection of these two partly allowed transitions.

Coupling of the 1P1 giant resonance state to the continuum 4dεf states man-

ifests itself in the relatively strong constant energy emission line centered at 85

eV. The radiative decay is due to the two step processes:

4d95p64f 1(1P1) ⇒ 4d95p64f 0εf ⇒ 4d105p54f 0
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Figure 6.3: A series of experimental RIXS spectra measured across 1P1 giant
resonance of La3+ in LaPO4 nanoparticles. Emission lines at constant photon
energies 75−83 eV, 97.5 eV and 101.9 eV are due to the decay of 1P1 state to the
more localized 3D1 and 3P1 states that further decay to 4d95p64f1(3D1,

3 P1) →
4d105p54f1; 4d95p64f1(3P1) → 4d105p64f0; and 4d95p64f1(3D1) → 4d105p64f0,
respectively. Emission line centered at 85.5 eV is due to 4d95p64f0 → 4d105p54f0

transition from the quadruply ionized La4+ ion. Here radiative decay occurs as
a two step process; first the excited electron ionizes into continuum then the
core hole decays. Linearly dispersed lines started at ∼ 95 eV (yellow high-
lighted) are due to coherent excitation-deexcitation process: 4d95p64f1(1P1) →
4d105p54f1(1D2,

3 F2). Linearly dispersed line started at ∼ 115 eV (yellow high-
lighted) is due to elastic scattering.
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where the excited 4f electron delocalizes in continuum prior to the decay of the

4d core hole.

Nevertheless, the coherent excitation-deexcitation channel of the 1P1 giant

resonance to the final 1D2 and 3F2 states via the decay process:

4d95p64f 1(1P1) ⇒ 4d105p54f 1(1D2,
3 F2)

it is observed in the experimental measurements, the yellow highlighted linearly

dispersed lines started at 95 eV, although at a smaller cross section.

All the different radiative decay processes of the 1P1 giant resonance men-

tioned above emphasize for a strong mixing of discrete and continuum states.

The detailed analysis of intensity variation of different scattering channels across

the 1P1 giant resonance can give information on relaxation dynamics within the

core hole life time, known as core hole clock method [85, 86]. Moreover, the com-

parison of time scale relaxation dynamics within lanthanides can give compre-

hensive information on localization/delocalization character of giant resonance’s

wave functions. The analysis of the experimental RIXS data (measured at N4,5

absorption edge of La3+, Ce3+, and Pr3+) are subject of ongoing investigations

beyond this thesis.

6.2 Heavy Lanthanides

With increasing Z among the lanthanides, the 4f wavefunction becomes more

localized and the dipole allowed giant resonances are located closer the 4d ion-

ization threshold [87]. Due to this wavefunction localization, the competition

between continuum transitions 4d10 → 4d9εf and discrete transitions 4d104fn →
4d94fn+1 at the giant resonances takes place [87–89].

For heavier elements of the lanthanide series, the 4f wavefunction collapses

inside the centrifugal barrier and transitions to the discrete states 4d104fn →
4d94fn+1 dominate [88, 89] the N4,5 absorption process. Because the number of

holes in the ground state configuration of the 4f shell is only one for Yb3+, two

for Tm3+ and three for Er3+, the number of reached final states in the X-ray

absorption process is small. This facilitates the detailed analysis of multiplet

structures in the XAS spectra.

In our research we have performed XAS and RIXS experiments in Yb3+,

Tm3+ and Er3+ ions hosted in LaPO4 nanoparticles. The experimental data

are shown in Fig. 6.4, 6.5, and 6.6. From the spectra one can observe that the
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6 Trends in lanthanide systems: from simple to complex

radiative decay of the core excited states is dominated by the coherent excitation-

deexcitation process: The emission lines linearly disperse with excitation photon

energy. A very small radiative decay channel is observed at constant emitted

photon energies, which is due to the delocalization of the excited electron in the

final state of the XAS process, i.e., the charge transfer channel. This channel

is yellow highlighted in the figures and its intensity becomes smaller going from

Yb3+ to Er3+ (please refer to figures 6.4, 6.5, and 6.6).

The loss features in the RIXS spectra at the energy interval 0 − 10 eV, are

shown in Fig. 6.7 for Yb3+, in Fig. 6.8 for Tm3+ and in Fig. 6.9 for Er3+. They

are due to reconfigurations within the 4f shell (f-f transitions):

4d104fn ⇒ 4d94fn+1 ⇒ 4d104fn

Thus, the core excited 4d94fn+1 states do not decay only to the ground 4d104fn

state but also to the higher lying 4fn states. Yb3+ is a very simple case, be-

cause it has only one single hole in the ground state 2F7/2, and its absorption

spectrum consist of only one single peak due to the transition 4d104f 13(2F7/2) ⇒
4d94f 14(2D5/2). The 2D5/2 core excited state can decay either to the ground state

4f 13(2F7/2) that corresponds to the energy loss feature located at 0eV, or to the

4f 13(2F5/2)- the loss feature at ∼ 1eV (please refer to Fig. 6.7).

In case of Tm3+ (Fig.6.8) and Er3+ (Fig. 6.9) there are observed more loss

features due to the more available free f states (two- and three- holes, respectively,

in the ground configurations). The different loss features are assigned to different

f -f excitation states, based on the 4f energy level schemes taken from references

[90] and [91].

In addition to the low energy loss features, also emission lines at rather higher

energy losses (∼ 15–35eV) are observed. The experimental data are shown for

Y b3+ in Fig. 6.7, for Tm3+ in Fig. 6.10, and for Er3+ in Fig. 6.11. These loss

features are due to the 4d5p transitions:

4d105p64fn ⇒ 4d95p64fn+1 ⇒ 4d105p54fn+1

with a 5p hole in the final state.

Detailed analysis and theoretical calculations of RIXS spectra are an ongoing

project beyond this thesis.
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Figure 6.4: A series of experimental RIXS spectra measured at N4,5 edge of
Yb3+ in YbPO4 nanoparticles. Yellow highlighted are the charge transfer tran-
sitions due to 4d95p64f14 → 4d95p64f13εf → 4d105p54f13 and 4d95p64f14 →

4d95p64f13εf → 4d105p64f12
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Figure 6.5: A series of experimental RIXS spectra measured at N4,5 edge of
Tm3+ in TmPO4 nanoparticles. Yellow highlighted is the charge transfer transi-
tion due to 4d95p64f13 → 4d95p64f12εf → 4d105p54f12. Intensity of this channel

is smaller than in Yb3+.
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Figure 6.6: A series of experimental RIXS spectra measured at N4,5 edge of
Er3+ in ErPO4 nanoparticles. Yellow highlighted are the charge transfer tran-
sitions due to 4d95p64f12 → 4d95p64f11εf → 4d105p54f11 and 4d95p64f12 →
4d95p64f11εf → 4d105p64f10. Intensities of these channels are very small, ad-

dressing for a localized character of the 4f wavefunction.
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Figure 6.7: RIXS experimental spectra of Yb3+ at N4,5 resonance. Emission
lines at small energy losses are due to 4d95p64f14 → 4d105p64f13 transitions and

at larger energy losses are due to 4d95p64f14 → 4d105p54f14 transitions.
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Figure 6.8: RIXS experimental spectra of Tm3+ at N4,5 threshold. Photon loss
features are due to scattering at different final states of 4d105p64f12 configuration

due to 4d95p64f13 → 4d105p64f12 transitions.
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Figure 6.9: RIXS experimental spectra of Er3+ at N4,5 threshold. Photon loss
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due to 4d95p64f12 → 4d105p64f11 transitions.
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Figure 6.10: RIXS experimental spectra of Tm3+ at N4,5 threshold. Photon loss
features are due to scattering at different final states of 4d105p54f13 configuration

due to 4d95p64f13 → 4d105p54f13 transitions.
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Figure 6.11: RIXS experimental spectra of Er3+ at N4,5 threshold. Photon
loss features are due to scattering at different final states of 4d105p54f12 due to

4d95p64f12 → 4d105p54f12 transitions.
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Chapter 7

Conclusion and Outlook

The influence of dimensionality of small lanthanide phosphate nanoparticles

in their geometric and electronic structure was systematically investigated. The

size and morphology of the whole lanthanide nanoparticle series was determined

using several methods. A thin film preparation method was established to detect

both electrons and photons emitted from the samples, avoiding sample charging

on these wide band gap insulators and reducing the self absorption process.

Investigations showed that the clusters possess a long-range order in the geo-

metrical structure proving that they consist of a rigid crystal of nanometer scale.

In addition, an absence of short-range order of the atomic arrangements associ-

ated with a mixed phase crystal structure in the very small nanoparticles was

revealed to be due to their large surface contribution and their ionic radii. Cova-

lency within the phosphate group and lanthanide ion, and the chemical state of

each lanthanide ion accessed through oxygen K-edge and M-edge near edge X-ray

absorption was systematically investigated. The missing of local order induced

spectral broadening, indicating multiple oxygen and lanthanide sites.

We used the well characterized lanthanide nanoparticles to conduct funda-

mental investigation of strongly electron correlated lanthanide ions. The ideal

technique for these studies was chosen resonant inelastic X-ray scattering be-

cause it provides atom specific investigations and have an additional degree of

selectivity due to stringent symmetry selection rule. We used highly monochro-

matized incident light of sub-natural width resolution and monitored intensity

variation and linear dispersion of RIXS emission lines across the resonances.

In lanthanum ions embedded in phosphate nanoparticles, we carried out de-

tailed studies of many body effects induced from strong electron electron in-

teraction at the N4,5 edge. Lanthanum provides the simple case of lanthanides

consisting of only two localized resonances and the broad autoionized discrete
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7 Conclusion and Outlook

state known as giant resonance. The measured N4,5 edge X-ray absorption spec-

tra of La displayed different spectral profiles of the pre-resonances in electron

and fluorescence yield mode: Electron yield profile was very asymmetric toward

a Lorentzian profile of the fluorescence yield. Theoretical calculations revealed

the localized pre-resonances to be entangled quantum states due to different sym-

metry contributions. This activated coherent scattering of different nonradiative

decay channels leading to interference effects and strong asymmetrical profiles

of electron yield. In the radiative decay, symmetry aspects of dipole transition

caused braking of coherence in some of the decay channels that was associated

with less interfering channels. In addition, highly symmetry entangled ionic final

states played an important role in radiative scattering. All these effects led to a

symmetric fluorescence yield profile.

Within the simple case of lanthanum ion we could separate the leverage

strength of highly correlated core excited states and the broad giant resonance to

interference effects. The calculations showed that the asymmetry induced from

lifetime interference (due to broad spectral width of giant resonance) in the spec-

tral profile is very small compared to the one induced from symmetry entangled

intermediate states. In the framework of La model the electron correlation in

more complex cases of cerium and praseodymium systems was evoked.

Coexistence of linearly dispersed and constant photon energy emission lines

upon excitation across giant resonances evidenced configuration interaction of

discrete core excited state and continuum states. The application of the core-

hole-clock method [85, 86] based on intrinsic time scale; the lifetime of the core

excited state, in the photon-in photon-out experiments would give us informa-

tion on relaxation dynamics and electron transfer times at the giant resonance.

This would reveal in addition, the coupling strength of core excited state to the

continuum. The track of electron transfer times within the lanthanides would

give information on the degree of localization/delocalization of giant resonances

across the series. In addition, theoretical calculations of RIXS processes would

give information of final ionic states reached, the different competing scattering

channels and their coherence across the resonances.

Theoretical calculations have shown that the coupling of discrete autoionized

state to the continuum is strongly influenced from the strength of radiation in-

tensity and from the interaction time with the strong radiation field [92]. The

ongoing development of Free Electron Laser (FEL) sources of high brilliance and

ultra short radiation pulses (20–200fs) provides excellent conditions for these ex-

perimental studies. Thus, investigation of coupling degree of giant resonances to
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the continuum as a function of radiation field strength and interaction time with

resonant inelastic X-ray scattering technique would be the next milestone.
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Comments on my contribution

This thesis comprehend a combination of experimental and theoretical work.

Both, experimental and theoretical work was performed in a research team with

my substantial contribution. Synthesis and characterization of the nanoparti-

cles were carried out, with my participation and Kerstin Rücker, at Inorganic

chemistry department, Osnabrück University and at Physical chemistry depart-

ment, Hamburg University. The thin film preparation method was established by

Annette Pietzsch. The load lock sample exchange system, to keep nanoparticle

samples in vacuum and transfer them to experimental chamber was designed and

constructed by me. I have played a central role in preparation and realization

of XAS and RIXS experiments presented here. The XAS and RIXS calculations

were done by me in close cooperation with Inorganic chemistry department at

Utrecht University. RPES calculations were performed by Frank de Groot. I

have only included papers in this thesis where I have contributed essentially in

the experimental work, analysis, interpretation and writing.
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