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ABSTRACT 
 
 
 There are a vast number of applications for rare-earth-activated materials and much of 
today’s cutting-edge optical technology and emerging innovations are enabled by their 
unique properties.  In many of these applications, interactions between the rare-earth ion 
and the host material’s electronic states can enhance or inhibit performance and provide 
mechanisms for manipulating the optical properties.  Continued advances in these 
technologies require knowledge of the relative energies of rare-earth and crystal band 
states so that properties of available materials may be fully understood and new materials 
may be logically developed. 
 Conventional and resonant electron photoemission techniques were used to measure 
4f electron and valence band binding energies in important optical materials, including 
YAG, YAlO3, and LiYF4.  The photoemission spectra were theoretically modeled and 
analyzed to accurately determine relative energies.  By combining these energies with 
ultraviolet spectroscopy, binding energies of excited 4f N−15d and 4f N+1 states were 
determined.  While the 4f N ground-state energies vary considerably between different 
trivalent ions and lie near or below the top of the valence band in optical materials, the 
lowest 4f N−15d states have similar energies and are near the bottom of the conduction 
band.  As an example for YAG, the Tb3+ 4f N ground state is in the band gap at 0.7 eV 
above the valence band while the Lu3+ ground state is 4.7 eV below the valence band 
maximum; however, the lowest 4f N−15d states are 2.2 eV below the conduction band for 
both ions.  We found that a simple model accurately describes the binding energies of the 
4f N, 4f N−15d, and 4f N+1 states.  The model’s success across the entire rare-earth series 
indicates that measurements on two different ions in a host are sufficient to predict the 
energies of all rare-earth ions in that host. 
 This information provides new insight into electron transfer transitions, luminescence 
quenching, and valence stability.  All of these results lead to a clearer picture for the 
host’s effect on the rare-earth ion’s electron binding energies and will motivate 
fundamental theoretical analysis and accelerate the development of new optical materials. 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
 Beginning in the latter half of the 20th century, rare-earth elements have played an 

ever-expanding role in the technologies that support our modern society.  The unique 

properties of these elements have enhanced the capabilities of established technologies 

and enabled innovations that affect many aspects of our lives.  The rare earths benefit 

society through applications ranging from television to telecommunications, materials 

processing to information processing, medical science to environmental science.  

Furthermore, research on rare-earth materials continues to stimulate advances in both 

fundamental and applied science, providing the basis for tomorrow’s technological 

breakthroughs. 

 Among the many applications for rare earths, the creation and manipulation of light is 

one of the most scientifically exciting and economically significant.  Because of the rare-

earth ions’ unique properties, the last three decades have seen a revolution in 

luminescence technology driven by the use of rare-earth-activated materials in a variety 

of practical applications.  This has led to rare-earth materials becoming an essential 

component in today’s solid-state lasers, fluorescent lights, and information displays.  As 

the next generation of luminescence technology is developed, rare-earth-activated 

materials will undoubtedly continue to play a leading role. 

 The work reported in this dissertation addresses one of the most outstanding problems 

in the field of rare-earth luminescence: understanding the relationships between the 
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electronic states of the optically active rare-earth ions and the electronic states of the host 

materials in which they reside.  For nearly all applications of rare-earth elements in 

optical technology, positively charged rare-earth ions are incorporated into solid-state 

“host” materials, with the electronic levels of the rare-earth ions producing the desired 

optical properties.  However, interactions between the rare-earth ion states and the 

electronic states of the host material can enhance or inhibit a material’s performance in 

many of the most important applications and can even enable new applications by 

providing a mechanism for dynamically manipulating the material’s optical properties. 

 Although the general properties of the rare earths’ electronic states and transitions are 

well understood and their theoretical description is well established [1-3], there is very 

little experimental information or fundamental insight available regarding the 

relationships between the rare-earth and host electronic states and the factors that 

influence them.  The importance of interactions between these states for optical materials 

has made it increasingly apparent that work is needed to incorporate these relationships 

into a complete picture for the electronic structure of the host-ion system.  This unified 

view of the electronic structure is particularly important for emerging optical 

technologies since it would accelerate the process of developing the optimum material for 

each device application. 

 Motivated by the need to understand the relationships between rare-earth and host 

electronic states, this dissertation presents our recent experimental and theoretical efforts 

on this problem.  The remainder of this introductory chapter provides an overview of the 

electronic structure, optical properties, and technological applications of rare-earth-
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activated optical materials, followed by a short outline of the overall organization of the 

dissertation. 

 
A Brief Overview of the Electronic Structure of Matter 

 
 
 Before considering the specific details of the electronic states and optical properties 

of rare-earth-activated materials, it is important to first briefly review the most general 

aspects of electronic structure theory to firmly establish the basic concepts that allow us 

to understand how rare-earth materials fit into the broad picture of the electronic structure 

of matter.  To begin with, consider the electronic structure of a single free atom.  From 

atomic spectroscopy, we know that electrons bound to a free atom only occupy a series of 

discrete states, with electromagnetically induced transitions among these states giving 

rise to the atom’s optical spectrum.  The properties of these states can be understood 

within the framework of quantum theory by considering the electrostatic and magnetic 

interactions between the electrons and the atomic nucleus as well as the interactions 

among the electrons themselves [1,4,5].  This leads to a picture in which the electrons are 

considered to occupy different electronic shells and orbitals, each with distinct spatial and 

quantum mechanical properties, with the total energy of the atom determined by how the 

electrons are distributed among the electronic orbitals.  For a neutral atom in its lowest 

energy configuration, or “ground” state, the electrons occupy a series of completely filled 

core shells that are tightly bound to the atom, with the remaining weakly bound electrons 

occupying a partially filled valence shell.  Consequently, the optical spectra of atoms 

result from transitions between different arrangements of electrons among the orbitals of 
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the partially filled valence shell, with transitions involving the tightly bound core 

electrons occurring at much higher energies in the vacuum ultraviolet and x-ray regions 

of the spectrum. 

 When free atoms combine to form molecules, the total energy of the system is 

reduced by sharing the valence electrons among the atoms [6-9].  While each atom in the 

molecule retains its tightly bound core electrons, the shared valence electrons occupy 

new molecular orbitals that are formed from combinations of the original atomic valence 

orbitals.  The combinations of orbitals that result in the lowest total energy correspond to 

occupied “bonding” orbitals of the molecule, while the unoccupied combinations that 

increase the total energy are referred to as “anti-bonding” orbitals; additionally, since 

atomic core orbitals do not participate in bonding, they are referred to as “non-bonding” 

orbitals.  We may classify the molecular bonds as covalent or ionic depending on whether 

the valence electrons are shared among all the atoms in the molecule or whether the 

valence electrons are primarily localized on specific atoms, respectively.  In an ionic 

material, atoms that preferentially attract valence electrons become negatively charged 

and are called anions, while the atoms that give up their valence electrons become 

positively charged and are called cations.  An equivalent way of stating this is that the 

bonding orbitals of ionic materials are primarily composed of the anion atoms’ valence 

orbitals while the anti-bonding orbitals are primarily composed of cation orbitals.  Just as 

photons may induce transitions between an atom’s different electronic states, transitions 

may be induced between the electronic states of a molecule’s valence electrons.  For 

example, molecular transitions correspond to the transfer of electrons from bonding 
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orbitals to non-bonding orbitals.  Furthermore, additional optical transitions traditionally 

referred to as “charge transfer” transitions may occur due to the excitation of electrons 

from bonding orbitals to non-bonding orbitals, while “photoionization” transitions may 

occur due to the excitation of electrons from non-bonding orbitals to anti-bonding 

orbitals. 

 When many atoms or molecules come together to form a solid, the resulting 

electronic structure may be qualitatively understood by simply extending the same 

picture used to describe bonding in molecules.  In crystalline solids, the large number 

valence orbitals contributed by all of the atoms in the solid combine to produce extended 

electronic states known as “Bloch” states that have the same translational symmetry as 

the crystal lattice to within a periodic phase factor [10-12].  The Bloch states play the 

same role as the atomic and molecular orbitals, where all of the valence electrons in the 

solid are distributed among the different Bloch states and the total energy of the solid is 

determined by which combination of states is occupied.  Because there are a large 

number of Bloch states (in fact, the number of states must be equal to the total number of 

valence orbitals contributed by all of the atoms in the solid), each with a slightly different 

energy, the energies of the valence electrons in the solid become distributed over a broad 

“band” of energies.  Another equivalent way to describe the electronic structure is to 

consider the solid as composed of a large number of molecules bound together in a 

periodic array.  In this picture, all of the molecular orbitals in the solid combine to 

produce the Bloch states of the crystal, with the occupied bonding orbitals combining to 



 6 

form the crystal “valence” band and the unoccupied anti-bonding orbitals combining to 

form the “conduction” band. 

 Many of the properties of the solid are determined by the relative width of the Bloch 

bands compared to the mean separation of the bands.  For metals, the combined width of 

the valence and conduction bands is greater than the mean separation of the bands so that 

they overlap in energy, resulting in a single partially occupied energy band.  In 

semiconductors, the separation of the energy bands is greater than the combined widths 

so that there is an energy “gap” between the occupied and unoccupied band states.  When 

this “band gap” between the valence band and conduction band becomes greater than a 

few electron volts, the material is classified as an insulator.  Throughout this dissertation, 

we will primarily focus on insulating crystalline solids and wide band gap 

semiconductors due to their applications in optical technology; however, metals will also 

be considered in specific cases. 

 Now that we have briefly discussed the basic electronic structure of crystalline 

insulators, it remains to consider what types of optical transitions may occur in these 

materials.  The first type of transition to consider is excitation of electrons from the 

valence band into the conduction band.  These transitions correspond to the 

“fundamental” absorption of the crystal for photon energies greater than the band gap 

energy of the crystal.  In addition, high-energy vacuum ultraviolet and x-ray transitions 

involving the core electrons of the atoms are also present.  Furthermore, in crystals such 

as borates and vanadates, localized electron transfer transitions that are similar to the 
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charge transfer transitions in molecules may also occur at energies below the band gap 

energy of the crystal. 

 Many additional electronic transitions become possible when impurities or defects are 

introduced into the crystal lattice [11,12].  For example, defects in the crystal structure 

disrupt the periodicity of the lattice so that some of the electronic states that would 

normally lie within the valence or conduction band are shifted into the band gap, 

resulting in optical transitions at energies below the band gap energy.  As another 

example particularly important for semiconductors, we may consider introducing 

impurity ions with different nuclear charges into the lattice.  If the nuclear charge of the 

impurity is greater than the nuclear charge of the normal lattice constituent that it 

replaces, discrete electron “donor” levels are introduced at energies above the valence 

band.  Conversely, if the nuclear charge of the impurity is smaller than that of the normal 

lattice constituent, unoccupied electron “acceptor” levels are introduced at energies 

below the conduction band.  The presence of electron donor or acceptor levels results in 

electron transfer transitions at energies below the band gap energy that correspond to the 

transfer of electrons from donor states to the conduction band or from the valence band to 

acceptor states. 

 For crystals that contain transition metals, rare earths, or actinides (as either 

impurities or normal lattice constituents), the partially filled d or f orbitals of the ions 

give rise to additional optical transitions.  In particular, transitions between different 

states of the ion’s localized d or f electrons result in unique optical properties that are 

used extensively in modern optical technology, as will be discussed in the following 
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sections of this chapter.  These partially filled shells also introduce electron donor levels 

that may lie within or below the crystal band gap as well as electron acceptor levels that 

may lie within or above the band gap.  Just as was discussed in relation to lattice 

impurities, these donor and acceptor levels result in transitions in which an electron is 

transferred between the band states of the crystal lattice and the d or f orbitals of the ion.  

In the molecular orbital picture, we would say that the d or f electrons correspond to non-

bonding orbitals with energies similar to the bonding and anti-bonding orbitals (unlike 

core orbitals, which have very different energies), introducing additional charge transfer 

and photoionization transitions into the optical spectrum of the material.  While extensive 

experimental information and quantitative theoretical models exist for nearly all of the 

electronic transitions that we have discussed (and many others that we did not discuss), 

electron transfer transitions between the partially filled f electronic orbitals of rare-earth 

ions and the crystal band states remain an important frontier in the understanding of the 

electronic structure of matter.  In particular, understanding the systematics of these 

transitions and their effects on the optical properties of rare-earth-doped semiconductors 

and insulators is one of the most important and rapidly expanding areas of study in the 

field of optical material research, as will be discussed in the later sections of this chapter. 

 
Optical Properties of Rare-earth Ions in Solids 

 
 
 Among the elements, only the transition metals, rare earths, and actinides (sometimes 

referred to together as the transitional elements) form stable compounds with partially 

filled electronic shells.  These partially filled shells of d or f electrons give rise to 
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spectrally narrow electronic transitions that occur at wavelengths ranging from the far-

infrared to the vacuum-ultraviolet and provide the basis for optical technology in which 

light may dynamically interact with a material that contains these ions. 

 The property of the rare-earth ions that sets them apart from other transitional 

elements is that their optically active 4f electrons remain highly localized on the ion and 

maintain much of an atomic-like character when the ion is incorporated into a solid.  This 

behavior of the rare-earth ions’ 4f electrons is in sharp contrast to the transition metals’ d 

electrons, whose behavior is strongly affected by the local environment and which may 

show considerable delocalization and mixing with the electronic states of other ions in 

the material.  The actinides’ 5f electrons provide an intermediate case whose properties 

may vary between these extremes depending on the nature of the material and ion.  The 

atomic-like characteristics of the rare-earth ions arise from the unique situation in which 

the lowest-energy electrons are not spatially the outermost electrons of the ion and 

therefore have a limited direct interaction with the ion’s environment (see Fig. A.1 in 

Appendix A).  The “shielding” of the 4f electrons from the environment by the outer 

filled shells of 5s and 5p electrons prevents the 4f electrons from directly participating in 

bonding and allows them to maintain much of the character exhibited by a free ion.  This 

non-bonding characteristic of the 4f electrons is responsible for the well-known chemical 

similarity of the different rare-earth ions (see discussion in Appendix A). 

 Transitions between states of the shielded 4f electrons give rise to a rich spectrum of 

absorption lines that exhibit many extraordinary optical properties.  Although electric 

dipole transitions between states of the same parity are forbidden (Laporte’s selection 
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rule), weak 4f N to 4f N electric dipole transitions may still occur through the mixing of 

opposite parity configurations caused by odd-parity perturbations from the ion’s 

environment [13-17].  Due to the 4f electrons’ limited interaction with the environment, 

the 4f N to 4f N transition energies are only weakly affected by the nature of the host 

material, with variations typically less than 1000 cm-1 between different materials.  This 

allows a universal “map” of the energy level structure to be constructed [18,19], such as 

the classic diagram of Dieke [20] (also see Appedix B). 

 The shielding of the 4f electrons also minimizes dynamic interactions with the 

vibrational modes of the host lattice.  As a result, most of the 4f N to 4f N transition 

intensity is concentrated in sharp zero-phonon lines (Huang-Rhys parameters much less 

than one and electronic Debye-Waller factors near unity), with very little intensity 

appearing in phonon sidebands.  Another consequence of the weak electron-phonon 

coupling is that nonradiative relaxation of excited 4f N states can be slow enough that 

excited-state lifetimes may approach the fundamental radiative limits for some levels, 

resulting in highly efficient luminescence with little energy wasted by phonon emission.  

Because of this, excited 4f N states can be extraordinarily long lived with lifetimes in 

excess of 10 ms—this is more than a million times longer than excited-state lifetimes of 

other types of electronic states.  Furthermore, the homogeneous linewidths, and the 

corresponding coherence lifetimes, of some rare-earth transitions may approach the limits 

set by these extremely long excited-state lifetimes.  By choosing experimental conditions 

and material compositions that minimize the dynamic perturbations affecting the 4f 

electrons, coherence times longer than 10 ms and homogeneous linewidths less than 
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100 Hz may be achieved—this corresponds to the narrowest optical transitions ever 

observed in solids with widths that are narrower than one part in 1012 of the transition 

frequency [21-23]. 

 The unique properties of the 4f N to 4f N transitions not only enable exciting new 

technologies, they also provide the means to study fundamental physical phenomena with 

a level of precision that would otherwise be inaccessible.  The narrow lines and long 

coherence lifetimes provide sensitive probes for weak effects in the lattice and can be 

used to study long-range ion-ion interactions.  For example, slight shifts in line positions 

caused by point defects and structural disorder that would be entirely obscured by 

broader lines can be easily resolved using the ultra-narrow rare-earth resonances.  In 

addition, weak magnetic effects due to electron or even nuclear spins can be thoroughly 

explored by observing their effects on the rare earth’s coherence lifetime.  Techniques 

such as these provide new insights into solid-state materials and enhance our fundamental 

understanding of the interactions that occur within these materials. 

 The interconfigurational 4f N to 4f N−15d transitions of the rare-earth ions have also 

become important in recent years due to their applications in fast scintillators and 

ultraviolet laser sources.  Although the 4f N−15d states generally occur at very high 

energies, ions such as Ce3+ and Eu2+ often have 4f N to 4f N−15d transitions at optical 

frequencies.  Because 4f N to 4f N−15d transitions involve the transfer of an electron from 

the 4f shell to the outer 5d shell of the ion, many properties of these transitions are similar 

to those of the heavy transition metal ions, dramatically contrasting with the properties of 

the 4f N to 4f N transitions.  The 4f N to 4f N−15d transitions are parity allowed with 
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oscillator strengths ranging from 10−6 to values approaching 0.1 in some cases—these 

values are up to 10,000 times stronger than the strongest 4f N to 4f N transitions.  

Furthermore, unlike the shielded intraconfigurational 4f N to 4f N transitions, the 

interconfigurational 4f to 5d transitions are strongly affected by the environment because 

the 5d orbitals mix significantly with the electronic states of neighboring ions.  

Consequently, the 5d electron strongly couples to lattice vibrations, resulting in broad, 

intense phonon sidebands and electronic Debye-Waller factors of 0.01 or much smaller, 

with some transitions having no observable zero-phonon line even at very low 

temperatures. 

 
Applications of Rare-earth-activated Materials in Optical Technology 

 
 
 Rare-earth ions play an important role in modern technology as the active constituents 

of many optical materials.  There are a vast number of applications for these rare-earth-

activated materials, and much of today’s cutting-edge optical technology and emerging 

innovations are enabled by their unique properties.  Specific applications may employ the 

rare earths’ atomic-like 4f N to 4f N optical transitions when long lifetimes, sharp 

absorption lines, or excellent coherence properties are required, while others may employ 

the 4f N to 4f N−15d transitions when large oscillator strengths, broad absorption bands, or 

fast response times are desirable. 

 One of the most well-known application for rare-earth ions is in solid-state laser 

materials such as the ubiquitous Nd:YAG and the high-power Yb:YAG lasers.  Rare-

earth-doped materials, particularly garnets, vanadates, glasses, and fibers, have enabled 
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the development of efficient, high-power, and long-lived laser sources from the near 

infrared to the ultraviolet regions of the spectrum [24,25].  These lasers are used in 

countless applications including surgical instrumentation, industrial materials processing, 

precision interferometry, meteorological monitoring, ultra-fast imaging, and fundamental 

research. 

 Rare-earth ions also play a critical role in energy-efficient luminescent materials such 

as phosphors for fluorescent lamps, cathode ray tubes (CRT’s), and plasma displays as 

both the active emitters as well as “sensitizing” agents that increase efficiency [26-28].  

Terbium based materials are standard green phosphors (often with cerium as a sensitizer), 

such as the Tb3+:Y2SiO5 used in cathode ray tubes.  Divalent europium is the active 

center of many commercially available blue phosphors such as the Eu2+:BaMgAl10O17 

used in fluorescent lamps, and trivalent europium in Eu3+:Y2O2S provides the “perfect” 

red color for television sets, which is considered to have been a critical factor in the 

commercial success of the color television.  These Eu3+, Eu2+, and Tb3+ phosphors are 

used in a wide range of applications, including the tricolor phosphor blends used in the 

Color 80 lamps that revolutionized fluorescent lighting in the early 1970’s.  These 

materials are also of interest for solid-state lighting applications that replace conventional 

light sources, such as incandescent lamps, with energy-efficient and long-lived light 

emitting diodes.  One of the most successful implementations of solid-state lighting uses 

blue diode emission combined with a yellow Ce3+:YAG phosphor to produce white light.  

There is also strong motivation to replace mercury-containing fluorescent lamps with 

more environmentally safe alternatives such as xenon lamps, and current research 
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indicates that these new lamps will rely on rare-earth phosphor materials to be energy 

efficient [29]. 

 Rare-earth ions are also an important component of high-energy radiation detectors 

for medical, industrial, and scientific applications such as planar x-ray imaging, 

computerized axial tomography (CAT), positron emission tomography (PET), single 

photon emission computed tomography (SPECT), geophysical exploration, and high-

energy particle physics [30-33].  These materials absorb the energy from high-energy 

particles, gamma rays, or x-rays and convert it into visible or ultraviolet light that may be 

detected by conventional means, such as photomultiplier tubes or photodiodes.  Lutetium 

materials provide the high density desirable for efficient absorption of the incident 

radiation, and cerium ions are the active centers in some of the fastest and most efficient 

scintillator materials available such as CeF3, Ce3+:YAlO3, and particularly Ce3+:Lu2SiO5.  

In addition, terbium materials such as Tb3+:Gd2O2S provide some of the most popular x-

ray phosphors, and thulium materials such as Tm3+:LaOBr are used when enhanced 

sensitivity is needed. 

 Rare earths are also used in the erbium-doped fiber amplifiers that are an essential 

component of the worldwide telecommunications network [34].  By using the 1.5 µm 

emission of Er3+ ions, these devices allow signals traveling through optical fiber networks 

to be conveniently regenerated by all-optical means.  In addition, the coherence 

properties of erbium materials may enable all-optical signal routing, correlating, and 

processing at 1.5 µm to provide new capabilities and enhanced performance for the 

telecommunications industry [35,36]. 
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 Rare-earths ions may also be employed as the active centers in electroluminescent 

rare-earth-doped semiconductors such as GaN or ZnS [37-43].  These materials extend 

the capabilities of traditional light emitting diodes and may enable new technologies for 

efficient and high-contrast emissive flat panel displays.  Rare-earth-activated 

electroluminescent materials may also be used to improve electro-optical applications 

that rely on the direct generation of either narrow or broad spectral emission from direct 

electrical pumping. 

 Many computing and communication systems require real-time, wide-bandwidth 

information storage and signal processing solutions that can be achieved using spatial-

spectral holography in rare-earth-activated materials [44-47].  In addition to possessing 

all the capabilities of traditional spatial holography, spatial-spectral holography exploits 

frequency selectivity to record and process the spectral and temporal characteristics of the 

incident light field, extending the concepts of holography to the additional dimension of 

frequency or time.  Spectral hole burning in rare-earth materials provides the intrinsic 

frequency selectivity required by practical information processing applications.  For 

example, these materials can coherently process phase and amplitude modulated analog 

signals at GHz to THz rates with time delays up to milliseconds.  Rare-earth materials 

also enable data storage applications with demonstrated density-bandwidth products in 

excess of 100,000 terabits per square inch per second with microsecond latency [48].  

Recently, it has been established that rare-earth materials offer outstanding frequency 

references for laser stabilization needed in both fundamental spectroscopy and device 

applications, with demonstrated stabilities of 1 part in 1013 of the optical frequency over 
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10 ms timescales [49-51].  These same rare-earth-activated materials are also promising 

candidates for quantum information applications [52-54]. 

 The number of applications for rare-earth-activated optical materials is constantly 

increasing and further studies and better understanding of these materials will 

undoubtedly lead to even greater advances in optical technology. 

 
Electron Transfer Processes 

 
 
 Electron transfer processes between the localized 4f N or 4f N−15d states of rare-earth 

ions and the electronic states of the host material can strongly affect the optical properties 

of technologically important rare-earth-activated materials (see, for example, Ref. [55]).  

In contrast to the well-developed understanding of the rare-earth ions’ electronic 

structure, relatively little is known about the relationships between the electronic states of 

the rare-earth impurities and the host material.  In recent years, efforts to develop 

ultraviolet lasers and more efficient phosphor and scintillator materials have shown that 

the performance of rare-earth-activated optical materials can be enhanced, reduced, or 

even entirely inhibited by energy exchange and electron transfer between the rare-earth 

ions and the host crystal, clearly demonstrating that an improved understanding of these 

effects is needed. 

 The importance of interactions between the rare-earth ions and the host band states is 

highlighted by many prominent examples found throughout the field of rare-earth 

luminescence.  For example, in solid-state laser materials, ionization from the excited 

states of rare-earth ions to the conduction band of the host lattice often causes a parasitic 
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absorption that overlaps lasing wavelengths, results in crystal heating and reduction of 

both gain and tuning range, and may completely inhibit laser action, as for Ce3+ and Pr3+ 

in yttrium aluminum garnet (YAG) [56-58].  Furthermore, excited-state absorption to the 

conduction band can create color centers and optical damage and is the dominant reason 

for the failure of otherwise promising tunable blue and ultraviolet laser materials [59,60].  

The emission of potential phosphors is often reduced or completely quenched because of 

non-radiative relaxation through pathways involving ionization [61-63]; in contrast, 

charge transfer absorption provides a mechanism for efficiently pumping phosphors such 

as Eu3+:Y2O3 [27].  The radiation hardness and service lifetime of rare-earth-activated 

materials, which is essential for space-based applications, are also strongly influenced by 

the rare-earth ion’s energy relative to the host bands.  In the particular case of YAG, it 

has been shown that some rare-earth ions can resist radiation damage while others suffer 

damage through oxidation or reduction [64].  Recent studies also suggest that the 

efficiency of scintillators is influenced by the position of the rare-earth levels relative to 

the conduction and valence bands through both ionization of excited ions and energy 

exchange between rare-earth and band states [65,66].  It has also been suggested that the 

oscillator strengths of 4f N to 4f N transitions can be significantly enhanced by interactions 

with the valence band states [67].  Charge transfer luminescence provides new 

opportunities for scintillator materials and, with 176Yb as the target nucleus, may provide 

a method for real-time detection of solar neutrinos [68,69].  The performance limitations 

of many potential red and blue phosphor and electroluminescent materials for plasma and 

flat-panel displays have been shown to result from field-induced ionization or thermal 
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ionization of the rare-earth ions [70-72].  Similar concerns apply to materials for 

electrically pumped lasers.  Electron transfer processes also provide mechanisms for 

selectively manipulating the optical properties of a material.  For example, proposed 

optical memories, optical processors, and frequency standards based on photorefractivity 

or photon-gated photoionization hole burning rely on controlled ionization of the rare-

earth ions for non-volatile and robust operation [73].  One- and two-photon 

photoionization is also responsible for the undesirable photo-darkening of rare-earth-

doped optical fibers. 

 By understanding the relationships between the rare-earth ion’s energy levels and the 

host band states, many of these otherwise mysterious variations in performance between 

materials, active ions, and applications can be explained and even predicted.  In spite of 

the importance of these interactions, only limited information is available on the energies 

of the 4f N and 4f N−15d states of rare-earth ions relative to the host states for 

technologically significant optical materials, with most existing studies motivated by the 

failure of particular ion-material combinations in specific applications.  However, the 

number of studies aimed at extending our understanding of these relationships has 

steadily increased in recent years.  The relative energies of these states have been 

explored using a wide variety of techniques including excited-state absorption [57,74], 

photoluminescence excitation [75], photoconductivity [62,76-79], thermoluminescence 

excitation [64,80], and electron photoemission [22,66,81-85].  Furthermore, it has been 

shown that dynamic interactions between these states are important for understanding the 

luminescence of many materials [61,65,75,86].  These studies have made it increasingly 
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apparent that the systematic trends and behavior of rare-earth energies relative to host 

states must be explored and characterized to understand the limitations of current optical 

materials and guide the design of new materials with optimum properties. 

 
Photon-gated Spectral Hole Burning 

 
 
 Photon-gated spectral hole burning provides an important example of a technology 

that may specifically exploit electron transfer processes between rare-earth and host 

states.  As our technological world continues to demand greater data-handling 

capabilities, improved techniques must be developed that increase our abilities to store 

and process data.  One of the most promising of these new techniques is persistent 

spectral hole burning and its time-domain optical coherent transient counterparts.  This 

method offers many advantages over present data processing and storage techniques 

since data may be stored at different “colors” as well as different spatial positions within 

the storage medium.  The implementation of this new method of data storage could result 

in more than a thousand-fold increase over current storage densities and computing 

speeds. 

 In spectral hole burning, a narrow-band laser is used to reduce the absorption at 

specific frequencies by selectively exciting the subset of ions in the material that absorb 

at the laser frequency, as shown in Fig. 1.1.  The resulting increase in transmission, or 

“hole” in the absorption, persists until the excited ions relax back to their ground state.  If 

the ions decay from the excited state to a metastable “bottleneck” or “trap” state rather 

than directly to the ground state, the spectral hole may persist for the lifetime of the 
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bottleneck state.  This basic process may be used in a wide variety of technologies 

ranging from laser frequency stabilization [49-51] to high-speed optical computation and 

memories using spatial-spectral holography [44-47]. 

 In some applications, additional hole burning that occurs when probing the material 

with “readout” photons may partially erase the information stored in the absorption 

profile.  Photon-gated spectral hole burning is a two-photon process in which the first 

photon provides the spectral selectivity by exciting the ion, and a second “gating” photon 

is required to enable the hole burning mechanism.  This gated hole burning process 

provides a method for non-destructive readout of the information stored in the absorption 

profile since hole burning only occurs when the gating photons are present.  One 

mechanism that is well suited to photon gating is two-step photoionization [73,87-89].  

The steps involved in this mechanism are illustrated in Fig. 1.2.  In the first step, a laser 

selectively excites a 4f N to 4f N transition of the subset of ions with frequencies where 

spectral holes are to be burned.  Next, gating photons selectively excite ions that are in 

their upper 4f N state to a 4f N−15d state.  Because of the relatively large oscillator strength 

and broad absorption of the 4f N to 4f N−15d transition, either a second laser or even 

possibly a filtered broadband lamp could be used as the source of gating photons.  If the 

4f N−15d state is within the conduction band of the host, the 5d electron may relax into the 

conduction band and diffuse away from the rare-earth ion to become trapped at an 

electron acceptor site in the host material (lattice defects or doped acceptor impurities).  

Since the valence of the excited rare-earth ion has changed, it is permanently removed 

from the absorption, producing a persistent spectral hole. 
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Figure 1.1. Diagram illustrating the basic spectral hole burning process.  The top panel 
shows the normal absorption spectrum of the material.  The middle panel represents the 
hole burning process where ions resonant with the laser frequency are transferred to a 
metastable trap state.  The bottom panel shows the increased transmission due to the 
reduction of population resonant with the spectral hole frequency. 
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 Photon-gated spectral hole burning has important applications including laser 

frequency stabilization, optical coherent transient data processing, and optical memories.  

In the laser frequency stabilization applications, a narrow spectral hole burned at the 

desired laser frequency may be used as a reference to stabilize the laser.  Photon-gated 

hole burning is of particular interest for laser stabilization since it prevents the laser from 

modifying the spectral hole during the locking process.  In optical data processing and 

memory applications, photon-gated hole burning would provide a mechanism for 

“programming” the material by modifying the absorption spectrum while providing for 

non-destructive readout by avoiding hole burning from probe photons. 

4f N−15d 

4f N−1 + e− 
Trap State 

Conduction Band 

Valence Band 

4f N 

4f N 

Figure 1.2. Diagram illustrating the photon-gated photoionization spectral hole burning 
process in rare-earth-activated materials. 
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 Photon-gated hole burning may also prove useful in proposed architectures for 

quantum information applications that employ entangled states of rare-earth ions in a 

crystal [52-54].  Some of these techniques involve generating spectral features that 

correspond to groups of strongly coupled ions in the lattice [53,54].  This is done by 

using hole burning to selectively remove ions from the absorption spectrum until only the 

coupled ions remain.  In these methods, photon-gating potentially could be used to 

permanently remove the undesired ions from the absorption spectrum when preparing the 

material. 

 The first step in developing practical photon-gated photoionization hole burning 

materials for each of these applications is to determine the energies of the 4f N−15d states 

relative to the host conduction band as well as the energies of the 4f N ground states 

relative to the host valence band.  For the ionization hole burning process to produce 

stable, long-lived spectral holes, it is expected that the 4f N ground state must have an 

energy higher than the valence band states [22,90].  The reason is that, if there are 

occupied valence states at higher energy than the 4f N ground state, an electron from the 

ligand ions, whose valence states primarily contribute to the valence band, can relax into 

the “hole” on the ionized rare earth, returning the rare earth to its original valence and 

filling the spectral hole.  In addition, it is important to know the energy of the 4f N−15d 

states relative to the conduction band to determine which levels are degenerate with 

conduction band states and what corresponding gating wavelength is required to produce 

ionization.  We have recently applied this approach to rare-earth-doped YAlO3, where the 

energies of the 4f N and 4f N−15d states relative to the host band states were determined 
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and discussed within the context of photon-gated photoionization hole burning [22].  By 

extending these methods to additional materials, potential photoionization hole burning 

materials may be identified and analyzed to determine whether they are suitable. 

 
Overview of the Dissertation 

 
 
 The work presented in this dissertation represents a step toward gaining a complete 

picture of the electronic structure of rare-earth-activated materials.  This includes 

experimental and theoretical investigation of the relationships between the 4f N levels, the 

4f N−15d levels, and the host material’s valence and conduction bands.  This research was 

motivated by the need to improve our fundamental understanding of these materials as 

well as gain practical knowledge of immediate use in developing new rare-earth-activated 

optical materials for laser, phosphor, scintillator, and optical computing applications. 

 This dissertation addresses two aspects of the problem of understanding electron 

transfer in optical materials.  The first aspect is applying electron photoemission as a 

quantitative tool for understanding the energy level structure of rare-earth-doped 

insulators.  To achieve this, we investigated the experimental issues involved in 

measuring and interpreting photoemission from insulating materials as well as the 

theoretical issues involved in describing and analyzing the 4f electron and host band 

photoemission structure. 

 The second component of this work focused on developing a clear picture of the 

electron transfer energies and dynamics in optical materials using theoretical and 

empirical models combined with experimental results.  To achieve this, we present new 
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experimental results for important optical materials such as YAG and then analyze the 

systematic trends of the electron binding energies for different ions and material 

compositions.  We also introduce an empirical model that accurately describes the 

relative 4f electron binding energies in each host crystal, allowing measurements on one 

or two ions to be extended to all other rare-earth ions in the same material.  In addition, 

we consider how the dynamic nature of the host lattice influences different experimental 

techniques and the measured ionization thresholds.  Finally, the consequences of the 

experimental and theoretical results for understanding ionization processes and the rare-

earth valence stability are addressed with emphasis on understanding photon-gated 

photoionization hole burning in these materials. 

 The dissertation is organized into six chapters, including this first introductory 

chapter.  Chapter 2 provides a general introduction to photoemission methods, presents 

the experimental details for our measurements, and discusses the specific issues that must 

be addressed when studying insulating optical materials.  Chapter 3 presents the 

theoretical description of the 4f electron photoemission structure and the photoemission 

cross sections.  Chapter 4 addresses the separation of the rare-earth and host components 

of the photoemission spectra using methods such as resonant photoemission, the 

quantitative interpretation of the 4f electron and host photoemission spectra in terms of 

the underlying electronic structure, and the extension of these results to pictures for the 

dynamic lattice and the total adiabatic energies of each state.  Chapter 5 provides an 

overview of the fundamental theory for electron binding energies, presents an empirical 

model that describes the systematic trends in the energies, extends these results to include 
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the 4f N−15d and 4f N+1 states of the rare-earth ions, and considers the implications of the 

results for ionization, valence stability, and spectral hole burning.  Chapter 6 summarizes 

the major results and conclusions of the dissertation. 

 Finally, we should note that all equations presented in this dissertation are given in 

MKSA units.  However, numerical values are generally presented using the traditional 

units for each quantity.  For example, energies will be presented using wavenumbers 

(cm−1) for optical spectroscopy measurements and electron volts (eV) for electron 

spectroscopy.  The relationships between the most common energy units are given by 

1 eV = 1000 meV = 8065.46 cm−1 = 2.41797×1014 Hz·h = 11604.8 K·kB = 1.60219×10−19 J. 
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CHAPTER 2 
 
 

ELECTRON PHOTOEMISSION OF INSULATING MATERIALS 
 
 
 In this chapter, we discuss the basic principles and methods of photoemission 

spectroscopy and how they may be applied to elucidate the electronic structure of rare-

earth-activated optical materials.  We present experimental methods and theoretical 

analysis that allow photoemission spectroscopy to be used as a quantitative tool in the 

study of optical materials.  Specific attention is directed to the practical issues involved in 

applying photoemission to the study of highly insulating materials, such as sample 

charging, phonon broadening, and surface effects.  In addition, the details of the 

experimental apparatus and techniques used in the photoemission studies are presented.  

While we specifically focus on photoemission techniques throughout this chapter, we 

also introduce many of the general concepts and issues relevant for any experimental 

study of electron transfer processes. 

 
Electron Transfer and the Electronic Structure of Optical Materials 

 
 
 To pursue our objective of understanding electron transfer processes in optical 

materials and their effect on the rare-earth luminescence, we must first understand how 

the atomic-like electronic states of the rare-earth ion are related to the electronic band 

states of the host crystal.  While both the energy level structure of rare-earth ions and the 

band structure of crystals may be independently described using established quantitative 

theoretical models, our goal is to integrate these two opposite extremes into a unified 
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view of the electronic structure.  For the band structure of crystals, it is common to view 

the energy levels within the framework of one-electron Bloch states with electron 

correlation effects considered as a weak perturbation; in contrast, the correlation between 

4f electrons is a dominant aspect of the rare-earth ions’ electronic structure and chemical 

properties.  Thus, an integration of the two approaches leads to difficulty in 

simultaneously treating all aspects of the ion-crystal system; as a result, numerical 

calculations have so far failed to accurately describe the electronic structure.  

Consequently, we wish to pursue an experimental approach that establishes key 

information about the overall electronic structure of the material.  By measuring how the 

host crystal and rare-earth electronic structure are related, information is obtained that is 

of direct use in both understanding optical materials and guiding the development of 

accurate theoretical models. 

 An even more fundamental issue arising from the complexity of the electronic 

structure is that confusion often results from incorrectly applying the one-electron band 

picture of electronic states to the rare-earth ions or incorrectly applying the atomic picture 

to crystal states.  Thus, it is particularly important to precisely define the information that 

is gained from experimental techniques and how it relates to the electronic structure.  For 

example, consider the simple diagram presented in Fig. 2.1.  This type of diagram is 

widely used to interpret the x-ray and optical spectra of solids and is referred to as a 

“one-electron jump” diagram since it is constructed from the experimental energies 

required to transfer a single electron between different multi-electron states [91].  

Unfortunately, the meaning of this type of diagram is easily misinterpreted, often leading 
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to incorrect conclusions regarding the electronic structure.  Perhaps the single most 

misunderstood fact about these diagrams is that the energies indicated in the diagram do 

not represent the total energies of the initial electronic states, but rather the energies 

associated with each possible way of removing a single electron from the multi-electron 

initial state of the entire system.  To restate this essential point, these diagrams are 

intended as a simple method for representing the relative energies of electron transfer 

processes, including both initial- and final-state contributions.  This distinction is 

particularly important when considering 4f electrons since they cannot be described by 

independent one-electron states and the electron correlation energies are often even larger 

than the crystal band gap. 

 

 Although there are clearly limitations to one-electron jump energy diagrams [91], we 

will make extensive use of these diagrams since their simplicity and widespread use offer 
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Figure 2.1. Electron binding energy diagram. 
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significant practical advantages.  Since there are several equally valid approaches to 

constructing and interpreting a diagram such as Fig. 2.1 (e.g. considering hole states vs. 

electron states), we must adopt a consistent approach that will be used throughout this 

dissertation.  Consequently, we will exclusively consider the electron binding energies 

for occupied electronic states so that the energies in Fig. 2.1 represent the relative 

energies required to remove a single electron from each state.  Thus, if an energy of E4f is 

required to remove a single 4f electron from a rare-earth ion in its ground state, Fig. 2.1 

indicates that an energy of E4f + ∆EVB would be required to remove a single electron from 

the crystal valence band and an energy of E4f − ∆ECB would be required to remove a 

single electron from the conduction band.  Furthermore, we will focus on transitions 

involving final states with electrons and holes that are well separated when constructing 

diagrams such as Fig. 2.1; however, exciton states will also be included whenever they 

are important for understanding the material properties. 

 The primary advantage of a diagram such as Fig. 2.1 is that the electron transfer 

energies may be directly determined from energy differences in the diagram.  For 

example, ∆ECB is the energy required to remove a 4f electron and place it into an empty 

conduction band state and ∆EVB + ∆ECB = Eg is the band gap energy required to excite a 

valence band electron into the conduction band.  Furthermore, ∆EVB corresponds to the 

energy required to transfer a valence band electron to an ionized rare earth so that, if we 

completely remove a single 4f electron from the rare-earth ion, it would require an energy 

of ∆EVB to transfer a valence band electron into the hole on the rare-earth ion.  Notice that 

Fig. 2.1 provides no information about charge transfer transitions involving the transfer 
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of a valence band electron to a rare-earth ion initially in its normal valence state.  To 

describe those types of transitions, we would need to include the binding energy of the 

4f N+1 state in the diagram, as discussed in Chapter 5. 

 
Techniques for Studying Electron Transfer 

 
 
 Many different experimental techniques have been used to explore the relationships 

between 4f states and host electronic states by measuring either ∆EVB or ∆ECB (see 

Fig. 2.1).  These techniques can be divided into three different categories based on how 

the electron transfer processes are detected.  The first category contains methods that 

directly measure the absorption due to electron transfer transitions.  These absorption 

spectroscopy approaches are the most direct methods for measuring interactions between 

rare-earth ions and the host crystal and also allow the study of exciton and other localized 

electron transfer processes that do not directly involve the host band states.  While these 

methods provide important information for understanding the material properties, they 

are often difficult to interpret by themselves since the observed spectra depend on both 

the transition probabilities as well as the joint density of initial and final states.  

Furthermore, assignment of initial and final states for each observed transition requires 

independent theoretical or experimental information, introducing additional uncertainty.  

Due to the extremely weak spatial overlap between 4f electron states and host band 

states, a fact responsible for the 4f electrons’ atomic-like properties and non-bonding 

character, direct excitation of 4f electrons into crystal band states is a weak process 

difficult to observe and easily obscured by features such as 4f N to 4f N−15d and charge 
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transfer transitions.  In addition, because of the strong crystal absorption, direct 

measurement of the rare-earth ion’s energy relative to the conduction band is only 

possible when the ion’s ground state lies above the valence band. 

 Many of these difficulties can be overcome by using excited-state absorption 

techniques.  For example, by exciting the rare-earth ion into a spatially extended 4f N−15d 

intermediate state that interacts strongly with the crystal states, direct electron transfer to 

the conduction band may be observed in the excited-state absorption spectrum.  

Interpretation of features in the spectra is facilitated by comparing the ground-state and 

excited-state absorption. However, since the lowest energy 4f N-15d states are often near 

the bottom of the conduction band, ionization threshold energies can be difficult to 

determine.  Nevertheless, these techniques are a very important tool in the study of 

electron transfer processes. 

 The second category contains a diverse assortment of techniques that indirectly detect 

electron transfer by monitoring changes in the material properties or relaxation of the 

system.  These excitation techniques are very sensitive methods for detecting electron 

transfer and often provide additional related information such as the branching ratios for 

different relaxation pathways or the thermal stability of trap states.  A prominent example 

of this approach is photoconductivity spectroscopy, where the change in the electrical 

resistance of an insulating material due to the excitation of charge carriers into the host 

band states can be used to unambiguously assign the final state of a transition as 

involving either an electron in the conduction band or a hole in the valence band.  Two-
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step photoconductivity methods are particularly useful for interpreting the spectrum and 

avoiding complications due to overlapping transitions. 

 Several approaches that rely on the capture of photo-induced charge carriers by 

electron or hole trap states in the crystal are also included in the second category, 

including thermoluminescence, thermally stimulated luminescence excitation, and 

afterglow measurements.  By determining the photon energy at which electrons begin to 

be transferred to or from trap states, the electron transfer energies may be established.  

Afterglow measurements detect the population transferred to trap states by monitoring 

the very slow components of the luminescence that result from gradual depopulation of 

trap states; hence, the electron transfer energies may be determined by measuring the 

threshold energy at which afterglow begins to appear.  In thermoluminescence 

techniques, population in the trap states is monitored by varying the crystal temperature 

and detecting the luminescence resulting from the thermal depopulation of shallow traps.  

For thermally stimulated luminescence excitation spectroscopy, the luminescence of a 

specific ion is monitored while the trap states are thermally depopulated.  Since the 

luminescence must arise from an ion re-capturing a charge carrier, this approach clearly 

identifies the ions originally responsible for producing the charge carriers, allowing the 

electron transfer thresholds to be detected and assigned.  Photoluminescence techniques 

can also be used to study electron transfer by monitoring their effect on the non-radiative 

relaxation pathways responsible for luminescence quenching. 

 The final category contains electron spectroscopy methods that directly measure the 

electron binding energies.  Electron photoemission spectroscopy measures the binding 



 34 

energies for occupied electronic states relative to a common reference level, 

complementing optical methods from the previous two categories by providing 

fundamental information that may be used to interpret the optical spectra.  Combined 

with the methods of inverse photoemission and bremsstrahlung isochromat spectroscopy, 

which measure the binding energies of unoccupied electronic states, photoemission can 

be used to provide a clear picture of the broad electronic structure in a material.  

Furthermore, as we will discuss in Chapter 4, resonant photoemission methods can be 

used to unambiguously separate and identify different electronic states even if they have 

the same binding energies, allowing ions that are completely inaccessible by conventional 

optical techniques, such as Lu3+ and Gd3+, to be studied and characterized.  These 

techniques not only allow quantitative measurements to be made with accuracies 

comparable to or better than any other method available (few hundred meV or better), but 

also allow all ions to be studied in host materials ranging from insulators to metals.  For 

these reasons, we will primarily focus on photoemission spectroscopy techniques 

throughout the remainder of this dissertation. 

 
Electron Photoemission 

 
 
 Electron photoemission spectroscopy (PES) is a powerful tool in the study of 

electronic structure that has found applications throughout nearly all of the fundamental 

and applied sciences (see, for example, the reviews in Refs. [92-97]).  The technique of 

photoemission spectroscopy (also known as photoelectron spectroscopy) is based on the 

photoelectric effect, in which electrons are ejected when sufficiently energetic photons 
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are incident on a material.  The photoelectric effect was first observed more than a 

century ago by Hertz in 1887 [98], and was later explained by Einstein in his famous 

1905 paper that first proposed the concept of the wave/particle duality of light [99].  

Einstein described the photoelectric effect in terms of a “photoelectric law” given by 

KE BEE h Eν= − , (2.1) 

where EKE is the kinetic energy of the ejected electron, hν is the energy of the incident 

photon, and EBE is a constant that Einstein called the “Austrittsarbeit” (escape energy).  

From the photoelectric law, we see that when the absorption of a photon ejects an 

electron from the material, a portion EBE of the photon energy is used to remove the 

electron from the material and the remaining energy appears as the electron’s kinetic 

energy.  As a result, the constant EBE is generally referred to as the electron binding 

energy (for the specific case of emission of the least bound valence electrons from 

metals, EBE is equal to the work function φ). 

 By using the photoelectric law, the electron binding energy may be determined if both 

the photon energy and electron kinetic energy are known.  This basic relationship 

provides the foundation for photoemission spectroscopy, as demonstrated in Fig. 2.2.  By 

applying monochromatic light to a material and then collecting the emitted 

photoelectrons with an analyzer that measures their kinetic energies, we determine the 

binding energies of the electrons relative to a common energy reference.  Consequently, 

the energy ∆EVB in Fig. 2.1 may be directly ascertained by measuring the difference in the 

kinetic energies of photoelectrons emitted from the valence band and 4f electron states. 



 36 

 The natural energy reference for the photoemission process is the vacuum level, 

which corresponds to the energy of a free electron in vacuum with no kinetic energy, as is 

implicit in the form of Eq. 2.1.  Nevertheless, difficulty in precisely determining the 

vacuum level and the additional complications due to the photoelectron’s interactions 

with the surface during escape from the solid have led to the common practice of 

referencing binding energies in metals relative to the Fermi level of the conductively 

coupled sample-analyzer system.  The Fermi level is the highest energy—and lowest 

binding energy—occupied state in the metal (formally equivalent to the chemical 

potential at T = 0), and provides several significant advantages as a reference.  The most 
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Figure 2.2. Diagram illustrating the principle of photoemission spectroscopy. 
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important advantage is that the Fermi level must have the same energy throughout the 

entire conductively coupled system; consequently, the Fermi level provides a reference 

that is independent of the material’s work function, which is a property that is difficult to 

accurately measure and that can vary appreciably for different surface conditions and 

orientations.  Furthermore, the sharp Fermi edge in metals is a convenient reference since 

it can be easily determined from the metal photoemission spectrum.  One disadvantage of 

this approach is that binding energies referenced to the Fermi level cannot be directly 

related to the results of theoretical models, which are generally referenced relative to the 

vacuum level.  The merits and widespread use of the Fermi level reference in metals have 

also led to its application in semiconducting and insulating materials where there is no 

Fermi edge in the spectrum.  Unfortunately, that approach can produce unreliable and 

inconsistent results for non-metals since the Fermi level of these materials can be 

strongly influenced by low levels of defects or impurities.  A more fundamental problem 

is that the resistance of insulating samples and the absence of free charge carriers can 

cause the Fermi level of the region being probed to become completely decoupled from 

the Fermi level of the electron analyzer so that the fundamental basis for the Fermi level 

reference is invalidated (see, for example, Ref. [96]). 

 Unfortunately, referencing to the vacuum level also encounters considerable 

difficulties (see, for example, Ref. [100]).  In particular, the photoelectrons’ kinetic 

energies are modified by surface dipoles and surface charge when escaping the sample, 

producing a shift of the measured binding energies that is sensitive to the nature of the 

surface.  This effect causes the material’s work function to depend on the surface 
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conditions and complicates the determination of the vacuum level reference.  Because of 

these types of issues and the additional effects of sample charging, establishing absolute 

binding energies in insulating samples is a difficult problem that remains a controversial 

topic.  Nevertheless, we have chosen to reference all binding energies relative to the 

vacuum level (except where otherwise noted), as will be discussed in more detail later in 

this chapter. 

 
Components of Photoemission Spectroscopy Systems 

 
 
 The two basic components required for photoemission spectroscopy are a 

monochromatic high-energy photon source and an electron analyzer that can measure the 

kinetic energies of the ejected photoelectrons.  Furthermore, because the photoelectrons 

must travel to the detector without being scattered, pressures of less than 10−4 torr must 

be maintained in the photoemission system, while ultrahigh vacuum pressures (less than 

10−9 torr) are necessary for work on solid-state systems; therefore, extensive vacuum 

equipment is also require for photoemission spectroscopy.  Many excellent discussions 

are available in the literature covering all aspects of the equipment used in photoemission 

spectroscopy (see, for example, Refs. [92,94,95,101-103]); therefore, in this section we 

will only present a brief introduction to the basic concepts of the major photoemission 

components. 

 In photoemission, we require a method for collecting the photoelectrons and 

measuring the distribution of kinetic energies.  The simplest approach for selecting 

electrons with different kinetic energies is to create a potential energy barrier such that 
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only electrons with sufficient energy may cross the barrier to be detected.  This 

“retarding-field” approach is demonstrated by the spherical-grid retarding-field analyzer 

shown in Fig. 2.3.  The inner hemispherical mesh provides a field-free region around the 

sample while the potential on the second grid produces a retarding field between the two 

grids.  Thus, photoelectrons passing through the first grid may only pass the second grid 

if their kinetic energy is greater than the applied voltage VR.  The selected electrons that 

pass the second grid are then accelerated and collected by the back anode, producing a 

photocurrent proportional to the total number of electrons with kinetic energy greater 

than VR.  By scanning the retarding voltage, the integral of the electron energy 

distribution is measured, which may then be electronically or digitally differentiated to 

obtain the photoemission spectrum.  While retarding-field analyzers offer advantages of 

the highest possible collection efficiencies and the simplest design, they exhibit relatively 

low resolution (ranging from a few hundred meV to several eV) and their performance 

may be limited by sensitivity to space charge and stray electric fields. 

 Nearly all electron analyzers currently used in the field of photoemission 

spectroscopy operate on the principle of electron deflection, where the analyzer is 

constructed so that only electrons with a specific kinetic energy have the correct 

trajectory to pass through the analyzer.  These analyzers evolved from the early magnetic 

deflection analyzers used for particle physics; however, the difficulty in shielding the 

analyzer from stray magnetic fields has led to the almost exclusive use of electrostatic 

deflection.  The basic principle of these analyzers is demonstrated by the parallel plate 

analyzer shown in Fig. 2.4.  By applying a voltage to the top plate to generate a uniform 
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electric field in the analyzer, electrons passing through the entrance slit each have a 

trajectory determined by their kinetic energy so that only electrons with a specific energy 

EP, which is known as the analyzer pass energy, pass through the exit slit.  The 

transmitted electrons are then detected using a continuous-dynode electron multiplier 

(commonly known as a “channeltron”) and counted using a discriminator and counter 

system.  Because the energy bandwidth of the electrons transmitted through a deflection 

analyzer is directly proportional to the pass energy, measuring the photoemission by 

scanning the analyzer pass energy would produce low resolution for low binding energy 

features and high resolution for features at higher binding energies.  As a result, the usual 

approach is to combine a series of electrostatic lenses with a pre-retarding stage before 

hν 
e− 

A 

Ground
-VR 

+VC 

Sample

Signal 

Retarding-field Analyzer 

Figure 2.3. Diagram depicting a simple retarding-field electron analyzer. 
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the analyzer to reduce the kinetic energies of electrons entering the analyzer.  By 

applying a large retarding voltage, a low electron pass energy may be used that enhances 

the resolution of the analyzer; however, the reduced transmission at low pass energies 

usually requires that a compromise be chosen between resolution and signal strength.  For 

the most common mode of operation, the photoemission spectrum is obtained by using a 

fixed electron pass energy and scanning the retarding voltage so that a constant energy 

resolution is maintained over the entire spectrum. 

 

 Photoemission spectroscopy has historically been divided into different areas 

corresponding to the three different regimes of photon energies used in each: ultraviolet 

photoemission (UPS) covers the energy range from ~5 eV to ~100 eV, x-ray 

photoemission (XPS) employs photon energies above 1000 eV, and the intermediate 

region is known as either the soft x-ray or hard ultraviolet photoemission regime.  The 

resolution of a photoemission experiment is determined by both the linewidth of the 

photon source and the energy band-pass of the analyzer.  Since both of these 

Figure 2.4. Diagram depicting a simple electrostatic deflection electron analyzer. 
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contributions become broader at higher energies, the maximum resolution is obtained in 

the UPS regime.  Furthermore, the photoemission signals from valence electrons are 

generally two orders of magnitude larger at UPS energies than they are at typical XPS 

energies.  On the other hand, XPS energies are required to excite atomic core electrons 

while UPS studies are limited to electrons with lower binding energy.  Consequently, 

UPS studies usually focus on the detailed structure of the valence electron photoemission 

while XPS studies are widely used for chemical analysis. 

 Common UPS photon sources are the sharp (few meV widths) emission lines from 

atomic discharge lamps such as the HeI line at 21.22 eV and the HeII line at 40.81 eV.  

Broadband hydrogen lamp emission dispersed by a monochromator may also be used as a 

photon source for UPS measurements.  The line sources used in XPS are the 

characteristic x-ray emission of metal anodes bombarded by high-energy electrons.  The 

most commonly used XPS sources are the Al Kα line at 1486.6 eV and the Mg Kα line at 

1253.6 eV, which have linewidths of 0.83 eV and 0.68 eV, respectively.  To overcome 

the resolution limits imposed by the relatively broad lines of the XPS sources, the light is 

often passed through a crystal monochromator to reduce the linewidth.  This approach 

also offers significant improvements by eliminating satellite lines and the broad 

bremsstrahlung background from the source emission spectrum. 

 The broad spectrum of synchrotron radiation provides unique advantages that are 

essential for many modern photoemission techniques [102].  Synchrotron radiation 

covers energies ranging from the infrared to x-rays, as shown in Fig. 2.5 for the 

synchrotron radiation spectra available at the University of Wisconsin-Madison 
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Synchrotron Radiation Center.  By dispersing the synchrotron radiation with a 

monochromator, photoemission studies may be performed at energies throughout the 

UPS and XPS regimes.  This tunability allows the energy dependence of the 

photoemission to be fully explored and provides the capability for exploiting atomic 

resonances in the photoemission. 

 

Experimental Apparatus and Materials Studied  
 
 
 Because photon energies throughout the range of 100 eV to 200 eV were required for 

resonant photoemission experiments, as discussed in Chapter 4, the synchrotron radiation 

source at the University of Wisconsin-Madison Synchrotron Radiation Center (SRC) in 
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Figure 2.5. Synchrotron radiation spectra for 800 MeV and 1 GeV electrons in the 
Aladdin storage ring at the University of Wisconsin Synchrotron Radiation Center. 
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Stoughton, Wisconsin was used for the majority of the work reported in this dissertation.  

The photoemission experiments at SRC were performed on the 

Iowa State University/Montana State University ERG/Seya beamline using the 

measurement end station of G. J. Lapeyre’s research group.  The properties of both the 

beamline [104] and end station [105] are well documented so that we need only briefly 

review the key features and the specific arrangement used in this work. 

 The Aladdin electron storage ring at the Synchrotron Radiation Center is normally 

operated at 800 MeV or 1 GeV (see Fig. 2.5) and the ISU/MSU beamline uses a 

combined ERG/Seya monochromator to disperse the synchrotron radiation.  The 

resolution and photon flux of the extended range grasshopper (ERG) and modified Seya-

Nomioka (Seya) monochromators are presented in Fig. 2.6 and Fig. 2.7, where only the 

gratings used in this work are included in the figure (for information about the other 

gratings available on this beamline, see Ref. [104]).  For the work reported here, the ERG 

was operated with a slit width of 30 µm and a reduced aperture, producing a focused spot 

size of 30 µm by 1 mm at the sample; the Seya was operated with a slit width of 200 µm, 

producing a focused spot of roughly 600 µm diameter.  The resolution ∆Em of the 

monochromators is given by 

2∆ m slit hE w E να= ⋅ ⋅ , (2.2) 

where wslit is the slit width, Ehν is the photon energy, and α is a constant equal to 

~4.45 × 10−7 µm−1eV−1 for the ERG with the 2 m 900 lines/mm grating and 

~7.35 × 10−7 µm−1eV−1 for the Seya with the 600 lines/mm grating.  The ERG 

monochromator was used for nearly all of the photoemission experiments and operated 
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primarily in the energy range of 125 eV to 185 eV, corresponding to a resolution varying 

between 210 meV and 460 meV for a 30 µm slit width.  When the ERG was used at 

photon energies below ~80 eV, an aluminum cutoff filter was used in the beam to remove 

contributions from second order diffraction off the grating. 

 

 The major components of the measurement end station used at the Synchrotron 

Radiation Center are shown in Fig. 2.8.  The system consisted of three stainless steel 

vacuum chambers with an air interlock to allow for introduction of a sample from 

atmosphere into the main analysis chamber without breaking its vacuum.  The samples 

are inserted and removed directly from the introduction chamber, which is then pumped 
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Figure 2.6. Resolution of the ERG/Seya beamline from Ref. [104]. 
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Figure 2.7. Photon flux as a function of energy for the ERG/Seya beamline from 
Refs. [104,105]. 
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to a pressure of ~10−6 torr.  The transfer manipulator is used to transfer the sample to the 

middle chamber, which is then pumped to ~10−9 torr.  The sample is kept in the middle 

chamber for at least an hour to outgas the sample and holder, after which the valve to the 

main chamber may be opened to remove any sample in the chamber and to introduce the 

new sample.  The main analysis chamber connects directly to the beamline and was 

typically maintained at a pressure of ~2 × 10−10 torr for the work reported here. 

 The sample manipulator in the main chamber provided for complete control of the 

sample position and orientation with three translational (x,y,z) and three rotational (θ,φ,ψ) 

adjustments controlled by micrometer screws and stepper motors.  Feedthroughs on the 

manipulator supplied electrical connections to the sample holder.  A homemade electron 

flood gun was included in the chamber for charge compensation, a sample cleaver was 

used to prepare the sample surface, and several evaporation sources were available for the 

deposition of Al, Ga, and Mg metal on the sample. 

 The main chamber featured a Vacuum Science Workshop (VSW) model HA-50 

angle-resolved hemispherical energy analyzer mounted on a double-axis goniometer.  

The HA-50 analyzer had an acceptance half angle of ~2°.  The analyzer was aligned to 

collect electrons emitted normal to the sample surface to maximize the photoemission 

sampling depth and the photon beam was typically incident at ~30º from the surface 

normal.  The analyzer’s energy resolution ∆Ea is given by 

2∆ 10a pE E−= ⋅ , (2.3) 

where Ep is the electron pass energy.  The analyzer was operated with a constant electron 

pass energy of 25 eV, providing a resolution of 250 meV.  Since the total resolution of 



 48 

the photoemission system is determined by the convolution of the monochromator and 

analyzer linewidths, we have 

2 2∆ ∆ ∆a mE E E= + , (2.4) 

giving a total instrumental resolution between 325 meV and 525 meV for photon energies 

from 125 eV to 185 eV.  We should also note that the analyzer work function for these 

experiments was determined to be 5.4 eV as measured from the Fermi edge of an 

evaporated film of Ga conductively coupled to the analyzer. 

 

 

Figure 2.8. Block diagram of the measurement end station used with the ISU/MSU 
ERG/Seya beamline at the University of Wisconsin Synchrotron Radiation Center.  The 
components used in this work are labeled in the diagram as follows: (1) Introduction 
Chamber, (2) Middle Chamber, (3) Main Analysis Chamber, (4) Sample Manipulator, 
(5) VSW HA-50 Hemispherical Energy Analyzer, (6) ERG/Seya Beamline, (7) Electron 
Flood Gun, (8) Evaporation Source, (9) Sample Cleaver, (10) Vacuum Gauge, 
(11) Sample Transfer Manipulators, (12) Mechanical Pumps, (13) Turbomolecular 
Pumps, (14) Ion Pumps, (15) Titanium Sublimation Pump. 
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 Additional X-ray photoemission measurements were performed using the modified 

PHI Physical Electronics Model 5600ci ESCA measurement workstation in the Montana 

State University Imaging and Chemical Analysis Laboratory user facility.  In this XPS 

system, photoemission was excited by Al Kα radiation (hν = 1486.6 eV) from a small 

spot-size source dispersed by a crystal monochromator.  The focused spot size on the 

sample was ~800 µm in diameter for this work; however, spot sizes as small as 30 µm 

may be achieved with different source apertures.  An electron flood gun was used to 

compensate positive sample charging and the sample was shielded by an electrically 

grounded mask to minimize the effects of stray electric fields.  The XPS system featured 

an air interlock that allowed samples to be rapidly transferred from air into the main 

chamber in less than 15 minutes.  For the XPS work, the pressure in the main chamber 

was typically ~10−9 torr. 

 When performing photoemission experiments on these materials, it is important to 

first consider the photon energy dependence of the signals expected from each ion of 

interest.  To establish the binding energies of the 4f electrons relative to the host valence 

band, we wish to study both the 4f and valence band photoemission.  Therefore, the 

calculated photoemission cross sections of the valence orbitals of the most important 

anions (which are the largest contribution to the valence band) are plotted in Fig. 2.9, 

along with the 4f photoemission cross section of Gd3+ to represent a characteristic rare-

earth ion.  The cross sections in Fig. 2.9 correspond to the neutral atom calculations of 

Yeh and Lindau [106] corrected to account for the different number of electrons in the 

normal valence of each ion.  The approach derived and discussed in Chapter 3 (see 
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Eq. 3.62) was used to determine the ion cross sections from the neutral atom cross 

sections by estimating the effect of the different effective nuclear charge and orbital 

occupation.  The change in effective nuclear charge experienced by the valence electrons 

was estimated using Slater’s empirical rules [107].  These corrections are only 

approximate since they do not take into account the changes in the valence orbitals due to 

covalency and orbital hybridization.  From Fig. 2.9, we find that the valence electrons 

have cross sections similar to rare-earth 4f electrons in the 100 eV to 200 eV range 

primarily used for the synchrotron work, while the 4f cross section is more than an order 

of magnitude larger than the valence electron cross sections at the 1486.6 eV energy used 

in XPS.  If we specifically compare the 4f electrons to the O2− 2p electrons, the cross 

section ratio is 14 at 150 eV and 234 at 1486.6 eV.  To roughly estimate the relative 

photoemission signals from a material, we must consider the relative density of the ions 

as well as the spectral distribution of the photoemission signal (as discussed in 

Chapter 3).  For the example of YAG, we would expect the integrated valence band and 

4f photoemission signals to become equal for a 30% and 2% rare-earth concentration at 

150 eV and 1486.6 eV, respectively.  However, the measured photoemission signal ratios 

are not as large as predicted by Fig. 2.9, suggesting that the chemical bonding enhances 

the valence band cross sections by as much as an order of magnitude. 

 For this project, the materials studied provide a powerful tool for probing the 

fundamental physical interactions between the electronic states.  As such, access to a 

wide variety of high-quality crystals is a critical component of this work.  By studying 

materials with both small and large differences in composition and structure, the intrinsic 
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properties of the host crystal may be explored and a broad understanding of their 

properties developed.  Since there is very little information available regarding these 

properties for any optical materials, the efforts reported in this dissertation have focused 

on materials of interest for the entire rare-earth luminescence research community.  For 

example, materials such as Y3Al5O12 (YAG), Y3Ga5O12 (YGG), Y2SiO5, and LiYF4 are 

particularly important due to their significance in a number of applications, including 

lasers, scintillators, phosphors, and spatial-spectral holography. 

 

 

Figure 2.9. Photoemission cross sections for a typical rare-earth ion and several important 
anions obtained from the neutral atom calculations of Yeh and Lindau [106], with the 
values corrected to account for the normal ion valence (see Eq. 3.62). 
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 To explore the material dependence of the electron binding energies and provide 

fundamental information for the development of empirical and theoretical models, 

measurements for a range of materials with systematic changes in chemical composition 

are required to thoroughly test model calculations and predictions.  This led to the choice 

of related materials such as the series of aluminum, gallium, and iron garnets, which all 

have the same crystal structure but different cations.  To provide information on the 

effect of different anions, LiYF4 was also investigated.  Furthermore, the perovskite 

phase of yttrium aluminum oxide (YAlO3) was compared to results on the garnet phase 

(YAG) to explore the effects of crystal structure.  In addition, the effect of rare earth 

concentration was thoroughly explored in the garnets by studying materials with 

concentrations spanning the full range from pure YAG to the stoichiometric rare-earth 

aluminum garnets. 

 The largest part of the work reported in this dissertation is concerned with the rare-

earth-doped yttrium aluminum garnets (LnxY3-xAl5O12), which belong to the cubic space 

group Ia3d (number 230) [108].  Rare-earth concentrations greater than 5% were required 

to clearly observe the 4f photoemission with the current experimental arrangement.  Ions 

larger than Gd3+ could not be doped into YAG with sufficient concentration for this series 

of experiments due to the increasing mismatch of ionic radius with Y3+, which limited the 

materials that could be studied in this host crystal to the heavier rare-earth ions (Gd3+ to 

Lu3+).  Measurements were made on undoped YAG and rare-earth-doped samples with 

atomic concentrations ranging from 7% (x = 0.21) to the stoichiometric rare-earth 

aluminum garnets (x = 3). 
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 The materials studied in this work were all single crystals ranging in size from 1 mm 

diameter pieces up to 1 cm cubes.  All crystals were transparent (except for the strongly 

absorbing iron garnet sample) and of good optical quality.  Most of the materials studied 

were grown by Scientific Materials Corporation (Bozeman, MT) using the Czochralski 

method.  These included all rare-earth-doped Lu3Al5012, YAlO3, and Y2SiO5 crystals as 

well as the majority of the YAG crystals, with a wide range of doping concentrations 

available for most of the rare-earth ions studied.  Additional garnet samples were grown 

from flux by S. Mroczkowski at the Department of Applied Physics, Yale University, 

including the aluminum garnets Ce:YAG, GdAG, TbAG, DyAG, and HoAG; the gallium 

garnets EuGG, TbGG, ErGG, and YbGG; and the iron garnet YbIG.  Also, the samples of 

Tb-doped LiYF4 and LiTbF4 were provided by H. J. Guggenheim at AT&T Bell 

Laboratories and Tb-doped YPO4, LuPO4, and ScPO4 crystal were provided by 

M. M. Abraham, formerly of Oak Ridge National Laboratories. 

 
Photoelectron Energy Distribution Curves 

 
 
 In the basic mode of photoemission spectroscopy, a fixed photon energy is used and 

the electron analyzer is scanned across the kinetic energy spectrum of the photoelectrons, 

as shown in Fig. 2.10.  This method measures the photoemission rate (averaged over the 

energy bandwidth of the analyzer) for each value of the electron kinetic energy, 

producing an “energy distribution curve” (EDC), or photoemission spectrum, of the 

photoelectron kinetic energies.  By using the photoelectric law with the known photon 

energy, the EDC directly gives the distribution of all electron binding energies that are 
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less than the incident photon energy.  Typical photoemission spectra measured using the 

ISU/MSU beamline and the XPS system are shown in Fig. 2.11 and Fig. 2.12, 

respectively.  The curves are plotted following the usual convention of the photoelectron 

kinetic energy increasing to the right.  Consequently, the valence band is the feature at 

the far right of each plot, while features arising from the most tightly bound electrons 

appear on the left of the plot. 

 

 From the photoemission spectra, we see that the background level increases on the 

high binding energy side of each photoemission peak.  This effect results from inelastic 

scattering of photoelectrons traveling through the crystal, where each scattering event 

reduces the kinetic energy of the electron and therefore increases the apparent binding 

energy (see, for example, Ref. [97]).  Thus, in addition to the peaks arising from the 

direct emission of electrons from the sample, a broad background of inelastically 

Figure 2.10. Diagram illustrating the energy distribution curve (EDC) measurement 
method of photoemission spectroscopy. 
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Figure 2.11. Example energy distribution curve for 50% Yb:YAG at a photon energy of 
179.5 eV.  All sample charging effects have been removed as discussed in the text. 
 
 

Figure 2.12. Example XPS energy distribution curve for YAG at a photon energy of 
1486.6 eV.  The absolute binding energies have been calibrated as discussed in the text. 
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scattered “secondary” electrons is always present.  For precise analysis of the spectra, it is 

desirable to remove the secondary electron contribution from the observed features.  

While a rigorous description of the secondary electron background requires a detailed 

model for the scattering dynamics within each material, several simple approximations 

are widely employed [109].  A common method for removing the secondary background 

is to use a straight line that connects the background on both sides of each peak; however, 

this very simple approximation tends to distort the features and is particularly sensitive to 

the somewhat arbitrary choice of where the estimated background converges with the 

measured spectrum.  A considerably better method is to use a fundamental approach 

motivated by an approximate model for the scattering process.  Therefore, we adopted the 

well-known Shirley method in which the magnitude of the secondary electron 

background at any kinetic energy is approximated as proportional to the total direct 

photoemission at higher kinetic energies [110].  This model is equivalent to assuming that 

a scattered electron has an equal probability of having its kinetic energy reduced to any 

value less than its original value.  While this approximation generally does not hold over 

large regions of the spectrum, it is quite successful in describing the background over the 

energy range of each photoemission peak. 

 To apply this model to the experimental spectra, we may write the measured 

photoemission signal S(E) as the sum of the direct photoemission spectrum S'(E) and the 

secondary electron background 

( ) ( ) ( )0
0

E

S E S S E S E dEα′ ′ ′ ′= + + ⋅∫ , (2.5) 



 57 

where α is a constant proportional to the scattering probability, S0 describes a constant 

offset of the entire background, and E is the effective electron binding energy as 

calculated using the photoelectric law.  To solve Eq. 2.5 for the direct photoemission 

spectrum S'(E), S0 is set equal to the background level at a binding energy well below the 

feature of interest and α is obtained by iterating Eq. 2.5 until the calculated value of S(E) 

matches the measured background on the high binding energy side of the feature.  To 

perform the iteration, we employed a simple secant root finding method to solve for the 

value of α that minimized the difference between the measured and calculated 

backgrounds.  A typical example of applying this model is presented in Fig. 2.13, where 

we see that the model works extremely well over the entire energy range.  To obtain good 

agreement with the data, we must use different values α for each photoemission peak, 

indicating that photoelectrons originating from different ions have a different scattering 

probability (in this case, α was about 50% larger for the core peaks as compared to the 

value for the valence band region).  We should note that this approach might produce 

slight errors in the background for regions where multiple features overlap, such as the 4f 

electron and valence band region, since each feature might have a different scattering 

probability.  However, without independent knowledge of the relative scattering 

probabilities, this method provides the best estimate.  Fortunately, the techniques for 

separating the 4f and valence band features described in Chapter 4 also separate the 

secondary electron backgrounds, allowing us to individually remove the components 

originating from different states.  Throughout this dissertation, we have always used this 

method to remove the background whenever analysis of individual features was required. 
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 Another important issue when analyzing the photoemission is the nature and source 

of the broadening for each feature in the spectrum.  A number of effects contribute to the 

observed linewidths, including final-state lifetimes, phonon broadening, and differential 

charging.  The charging effects depend on the experimental conditions and therefore do 

not reflect the fundamental linewidth of the photoemission transitions, while the lifetime 

and phonon contributions determine the minimum linewidths for both photoemission and 

electron transfer transitions.  Therefore, it is particularly important to investigate the 

nature of the photoemission linewidths to determine the dominant broadening mechanism 

and the minimum widths that may be expected. 
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 The most fundamental contribution to the linewidth arises from the finite lifetime of 

the ionized final state produced by the photoemission process.  If the final state (or “hole” 

state) persists for a lifetime τ, the corresponding contribution to the linewidth is a 

Lorentzian with full-width at half-maximum of ∆E, where ∆E is given by the lower limit 

of the Heisenberg uncertainty principle [111] 

∆
τ

E= . (2.6) 

In the rare-earth metals, the final-state lifetime is the dominant broadening mechanism 

for the 4f electron photoemission, with the lifetime contribution to the linewidth varying 

from 450 meV for the 4f 1 configuration of Ce to only 60 meV for the 4f 14 configuration 

of Lu [112], corresponding to final-state lifetimes of ~10−15 s.  For metals, it has been 

shown that interatomic Auger processes [113] are the dominant relaxation mechanism for 

the ionized 4f shell [114].  In this relaxation process, a valence band electron fills the hole 

in the 4f shell while simultaneously exciting another valence electron into an empty 

conduction band state.  The Auger transition probability is directly proportional to the 

number of empty 4f orbitals that may accept the valence electron, causing the linewidth 

to decrease linearly across the rare-earth series.  If we consider the very different case of 

materials with large band gaps, we would not expect this process to be active due to the 

large energies required to excite an electron-hole pair.  In insulators and semiconductors, 

the 4f electron ground state would have to be below the top of the valence band by an 

amount at least as large as the band gap energy to supply enough energy to excite a 

valence band electron to the conduction band in an Auger process.  While this may be 
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possible in semiconductors, the 4f electron binding energy is usually no more than 5 eV 

larger than the minimum valence electron binding energy so that a valence electron 

relaxing into a 4f hole would not supply enough energy to bridge the band gap.  

Furthermore, because ions such as Ce3+, Pr3+, and Tb3+ may have 4f electron binding 

energies less than the valence band electrons, the final-state lifetimes in these systems 

should be extremely long.  These conclusions are supported by the results of optical 

techniques, such as photoionization hole burning, that show that the ionized states can 

persist for hours or much longer in some cases.  Consequently, we would expect the 

final-state lifetime in insulators to be longer than ~100 fs, corresponding to a negligible 

lifetime contribution to the observed photoemission linewidths. 

 The electron-lattice interaction also contributes to the photoemission linewidths 

through several mechanisms [94,97,115-119].  One important effect that results in a 

broadening of the electronic transitions is the electron-phonon contribution to the 

imaginary part of the electron self-energy [118,119].  This effect may contribute several 

hundred meV to the linewidths and can be particularly important for narrow gap 

semiconductors.  Another effect of the electron-lattice interaction in insulators is that it 

produces a distribution of electron energies that can contribute as much as ~1 eV to the 

photoemission and electron transfer transition linewidths.  One approach for describing 

this effect is to consider the instantaneous fluctuation of local potentials due to 

vibrational motion of the nuclei.  Because of lattice vibrations, each ion in the lattice 

experiences a different instantaneous configuration of neighboring nuclei.  This 

distribution of instantaneous internuclear distances causes the local potential at each 



 61 

lattice site to vary throughout the crystal, creating a distribution of electron binding 

energies that is directly correlated to the magnitude of the nuclear vibrations.  A different, 

but equivalent, point of view is to apply the Franck-Condon principle to a configurational 

coordinate picture for the total adiabatic energy of each state [115,116].  From this point 

of view, photoemission and electron transfer transitions may leave the ionized system in 

different vibrationally excited states because the equilibrium internuclear distances for 

the initial and final states are significantly different (also see Chapter 4 for a more 

detailed discussion of this approach).  Regardless of the approach used, the resulting 

contribution to the linewidth is a Gaussian with a full-width at half-maximum that may be 

approximately written as [115-117] 

0∆ ∆ coth
2

LOE E
kT
ω =   

, (2.7) 

where ωLO is the effective angular frequency of the material’s longitudinal optical phonon 

mode, T is the lattice temperature, and ∆E0 is the zero temperature width.  The zero-

temperature linewidth results from the distribution of vibrationally excited final states, 

while the increase of the linewidth with temperature is due to the additional contribution 

from the distribution of vibrationally excited initial states.  Because the relative 

magnitudes of the high- and low-frequency dielectric constants provide an indication of 

the effect of nuclear motion on the internal potentials, we expect this broadening 

mechanism to be important for materials that have a low-frequency dielectric constant 

appreciably larger than the high-frequency value, such as insulators.  In metals and 

narrow band gap semiconductors, the electronic polarization due to free electrons is large 
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enough to shield each atom from the fluctuations in the lattice potential so that only the 

phonon contribution to the self-energy is important, while both the self-energy and 

potential fluctuation contributions are important for insulators and wide band gap 

semiconductors. 

 For the materials studied in this work, the minimum broadening observed under the 

best conditions was ~1.5 eV with a Gaussian profile; however, the broadening was 

typically much larger than this due to differential charging effects, as will be discussed in 

a later section.  Since the total instrumental resolution was better than 500 meV, 

deconvolving the instrumental contribution reduces the linewidth by less than 100 meV 

(for Gaussian broadening), even for the sharpest features in the spectra.  The same 

minimum width of ~1.5 eV was observed for both the synchrotron and XPS 

measurements and for several different oxide samples, suggesting that it represents a 

fundamental contribution to the linewidth rather than residual charging effects.  This is 

consistent with previous XPS studies of the core levels of YAG that also found similar 

minimum linewidths [120], suggesting that most of the observed 1.5 eV broadening 

results from electron-lattice interactions.  Unfortunately, the complexity of the crystal 

structures makes precise calculations of the expected broadening difficult for the 

materials studied; however, simple estimates indicate a broadening of ~1 eV, as we will 

discuss in Chapter 4. 

 One consequence of a large electron-lattice contribution to the linewidth is that the 

broadening of the photoemission spectrum should be reduced at lower temperatures.  In a 

complex material like YAG, there are a large number of phonon modes with energies 
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extending from ~50 cm−1 to ~1000 cm−1.  Since we expect the relative importance of each 

mode to be quite different for different sites in the lattice, it is difficult to predict the 

temperature dependence of the linewidth.  Furthermore, impurity atoms (such as the rare 

earths) can create local vibrational modes that further complicate any attempt at a 

quantitative treatment.  As a rough estimate for the 4f electron broadening, we might 

assume a phonon mode energy of ~200 cm−1, which is typical for vibrations involving 

rare-earth sites; thus, for a ~1.5 eV vibrational broadening at 300 K, the corresponding 

low temperature width would be ~1 eV, representing a appreciable reduction in the 

linewidth.  Although all of the photoemission work reported in this dissertation was 

performed at room temperature, future work may benefit from cooling the samples to 

reduce the linewidths. 

 In addition to affecting the linewidths, we also expect the lattice temperature to affect 

the electron binding energies through two different mechanisms.  The first mechanism is 

the electron-phonon contribution to the electron self-energy.  While the imaginary 

component contributes to the linewidth, the real component of the self-energy affects the 

electron binding energy [118,119].  This can cause the relative binding energies of 

different electrons to vary as much as ~100 meV between room temperature and low 

temperature.  Another effect important in insulators is the change in the lattice potentials 

due to the thermal expansion and contraction of the crystal [121].  As the lattice 

contracts, the internuclear distances are reduced, causing the lattice potential at anion 

sites to become more positive and the potential at cation sites to become more negative; 

thus, anion binding energies are increased while cation binding energies are decreased.  
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This effect can cause the relative binding energies to change by ~100 meV between room 

temperature and low temperature.  Hence, we might expect temperature dependent 

binding energy shifts as large as several hundred meV from the combination of these two 

effects.  This is important to keep in mind whenever comparing energies measured at 

different temperatures.  We should also specifically point out that exactly the same 

effects should be observed in optical electron transfer transitions. 

 Finally, we will conclude this section by briefly considering the effects due to 

different ion environments in a single material.  For example, many of the most important 

optical materials have several crystallographically inequivalent lattice sites at which each 

ion may reside.  Because ions at each type of lattice site experience a different local 

environment, we do not expect the electron binding energies for ions at different sites to 

be the same.  Consequently, the photoemission spectra should contain separate 

photoemission features corresponding to each type of lattice site.  The fact that these 

effects have not been resolved in the photoemission spectra of optical materials indicate 

that binding energy shifts between different lattice sites are typically smaller than the 

broadening of ~2 eV observed in these materials.  For example, the Al3+ ions in YAG 

occupy tetrahedral and octahedral sites with very different local environments; however, 

since there is no indication of two components in the Al photoemission, the binding 

energy shift between the two Al sites must be less than 1 eV.  The situation is even more 

complex for disordered materials, such as glasses, where the broad distribution of local 

environments should produce a corresponding distribution of electron binding energies.  

Because the individual features from groups of ions with different local environments are 
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not resolved in the photoemission spectra, new techniques must be developed to extract 

and identify the electron binding energies associated with each type of lattice site.  While 

the photoemission results presented in this dissertation do not involve systems with 

inequivalent rare-earth sites, this issue will undoubtedly need to be addressed in future 

work. 

 
Sampling Depth, Surface Effects, and Surface Preparation 

 
 
 Electron photoemission is intrinsically a surface sensitive technique, requiring 

atomically clean surfaces as well as special consideration of how the measured electronic 

structure relates to the structure of the bulk crystal.  The origin of the surface sensitivity 

is the extremely short mean free path of electrons in solids (see, for example, 

Refs. [97,122]).  The electron mean free path is limited by electron-electron scattering in 

the solid, which depends strongly on the kinetic energy of the electron.  If we correlate an 

electron “escape depth” with the mean free path, the escape depth is found to vary with 

the electron’s kinetic energy inside the crystal as shown in Fig. 2.14 [123,124].  

Experimentally, it is known that the escape depths for most materials lie within the 

shaded region in Fig. 2.14, with the minimum escape depth typically occurring for kinetic 

energies of 50 eV to 100 eV.  While the range of escape depths shown in Fig. 2.14 is well 

established for a wide range of materials, there are indications that escape depths may be 

much greater in insulators with large band gaps [125,126].  We should also note that the 

escape depth is often distinguished from the “sampling depth” since ~37% of the 

photoelectrons originate from depths greater than the escape depth.  This leads to the 
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common definition of the sampling depth as three times larger than the escape depth so 

that it accounts for 95% of the collected electrons. 

 

 To compare the electron escape depth to the penetration depth of the incident light, 

we must know the absorption coefficient in the ultraviolet and x-ray region of the 

spectrum.  For photon energies above ~30 eV, the optical properties of a material may be 

accurately calculated from the properties of the constituent atoms.  Specifically, we may 

calculate the complex index of refraction ñ from 
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Figure 2.14. Electron escape depth as a function of kinetic energy.  Measured escape 
depths for different materials are typically within the crosshatched region. 
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where E is the photon energy, Ni is the number of atoms per unit volume, fi is the 

complex atomic scattering factor for the atom, and the summation is over each atomic 

constituent of the material.  The real and imaginary parts of the complex scattering 

factors are tabulated by Henke et al. [127] for atoms with atomic numbers from 1 to 92 

and photon energies of 50 eV to 30,000 eV.  Therefore, by using the tabulated scattering 

factors with the material’s known density and chemical composition (e.g. 4.56 g/cm3 for 

Y3Al5O12), we may use Eq. 2.8 to calculate both the index of refraction n and the 

absorption coefficient α for a material.  This is shown in Fig. 2.15 for YAG, where the 

attenuation length (given by 1/α) is plotted in the top panel and the index of refraction is 

plotted in the bottom panel.  Comparing Fig. 2.14 and Fig. 2.15, we find that the 

penetration depth of light is ~30 times deeper than the photoemission sampling depth at 

150 eV and ~200 times deeper at 1486.6 eV. 

 Due to the surface sensitivity of the photoemission process, particularly in the 100 eV 

to 200 eV energy range used in the synchrotron radiation experiments, it is essential to 

ensure the highest possible surface purity.  The requirement of atomically clean sample 

surfaces is the reason why ultrahigh vacuum conditions are universally used for 

photoemission studies on solids.  Even at moderate vacuums, contaminant molecules can 

attach themselves to a clean surface rapidly enough to cover the surface within seconds or 

less.  Considering the size of typical contaminant molecules such as H2O and CO, the 

kinetic theory of gases may be used to estimate the average time t that it takes to form a 

monolayer of contaminants on an initially clean surface, giving [97,103] 
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where P is the gas pressure and the “sticking coefficient” S is the probability that a 

molecule impacting the material will become attached to the surface (with values usually 

between 1 and 0.1).  Thus, even at a high-vacuum pressure of 10−6 torr, a clean surface is 
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Figure 2.15. Radiation attenuation length and index of refraction for YAG calculated 
using atomic scattering factors from Ref. [127]. 
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completely covered by contaminants within a few seconds.  For the ultrahigh vacuum 

pressures of ~10−10 torr used in this work, Eq. 2.9 predicts that it would take more than 

7 hours to form a single monolayer of contaminants on a sample. 

 Although ultrahigh vacuum conditions allow a surface to remain clean sufficiently 

long to perform photoemission experiments, the problem remains of how to obtain an 

atomically clean surface once the sample is under vacuum.  While cleaving a single 

crystal to obtain a new surface would be the ideal approach, this is not possible for 

materials such as the garnets since they do not have cleavage planes.  Consequently, we 

adopted the approach of fracturing single crystals under ultrahigh vacuum conditions to 

obtain new surfaces.  This was done by mounting the sample firmly in a vise-like holder 

and using a sample clever to “break” a piece off the end of the crystal and create a new 

surface.  Fracturing the sample resulted in surfaces with random orientations that were 

typically uneven across the crystal and of a visibly rough texture.  Since only a small part 

of the crystal was removed by each fracture, this approach could be repeated several 

times for each sample.  To maintain the best possible surface quality for all collected 

spectra, the samples were periodically re-fractured to obtain a new surface (typically 

every 2-3 hours).  Each fractured surface was oriented differently due to the 

unconstrained nature of the fracture; as a result, spectra were collected with several 

different surface orientations for each sample.  There was no observable dependence on 

orientation in the experimental spectra, and all results presented here represent an average 

over several orientations.  The photon beam was focused onto the smoothest region of 

each surface to minimize any possible depth-of-field effects arising from surface 
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roughness.  Furthermore, by using an electron analyzer with a small acceptance angle, the 

photoemission sampling depth could be maximized by orienting the analyzer to only 

collect electrons emitted normal to the surface. 

 Several alternate in situ surface preparation methods were also investigated.  The 

simple technique of mechanically scraping or filing the surface to remove contaminants 

could not be used for materials such as YAG due to their extreme hardness (~8.5 on the 

Mohs scale).  Sample heating is another common approach for cleaning metal and 

semiconductor surfaces that relies on thermally induced desorbtion of surface 

contaminants.  We found that sample heating tended to produce metallic features in the 

spectrum (including a significant Fermi edge), presumably due to depletion of oxygen 

from the surface; as a result, this approach was not adopted since the changes in the 

spectrum indicated substantial deviations from sample stoichiometry.  The common 

technique of Ar+ sputtering, which uses ion bombardment to remove surface layers, was 

also investigated.  One difficulty encountered with sputtering was that the positive 

sample charging due to the impact of Ar+ ions rapidly generated large enough surface 

potentials to deflect incident Ar+ ions.  Because of this effect, no change in the level of 

surface contaminants could be observed for some samples, even after more than 

10 minutes of sputtering (typical sputtering times for conductive samples are ~1 minute).  

To overcome this charging effect, simultaneous charge neutralization by an electron flood 

gun was required.  We also found that surface preparation by Ar+ sputtering broadened 

the photoemission spectrum.  This is shown in Fig. 2.16, where we can see the dramatic 

difference in the spectra of a fractured and sputtered surface; however, note that the 
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electron energies in Fig. 2.16 correspond to the region of maximum surface sensitivity 

(see Fig. 2.14).  Since the broadening results from the considerable damage to the sample 

surface caused by ion bombardment, annealing the sample might be used to reduce the 

broadening; nevertheless, we did not pursue this approach due to the problems with 

sample heating already discussed and additional questions of how the surface quality, 

structure, and composition might be affected.  Another problem encountered with 

sputtering was that Ar implantation introduced noticeable Ar 3p photoemission features 

near the 4f electron and valence band region of the spectrum.  Consequently, sample 

fracturing produced the best results of any technique and minimized the potential for 

deviations in the surface structure or stoichiometry. 

 For x-ray photoemission, a different approach was used for preparing the sample 

surfaces.  Because the XPS experiments were less sensitive to the sample surface than the 

synchrotron experiments, we found that it was sufficient to fracture the crystal in air and 

then immediately insert the sample into vacuum conditions.  Although we clearly expect 

considerable surface contamination from exposure to air (see Eq. 2.9), the contaminants 

only made a weak contribution to the photoemission spectrum.  The level of surface 

contamination was monitored by observing the magnitude of the C 1s photoemission 

peak, which was generally weak and often required averaging to detect.  Furthermore, the 

reduced surface sensitivity allowed Ar+ sputtering techniques to be used without the 

excessive broadening observed at lower photon energies; nevertheless, fracturing in air 

still produced significantly sharper features than sputtering. 
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 Even with a perfectly clean crystal surface, we must still consider how the presence 

of the surface affects the electronic structure and the measured photoemission spectra.  

Although we might expect a dramatic difference in binding energies for atoms at the 

surface as compared to atoms in the bulk of the crystal because of the radically different 

environment of surface atoms, the actual effects are surprisingly subtle.  In fact, surface 

binding energy shifts are small enough that they were not experimentally observed until 

the 1970’s for metals [128,129], with the corresponding effect in insulators only being 
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Figure 2.16. Comparison of YAG valence band photoemission spectra at 60 eV photon 
energy for a surface prepared by Ar+ sputtering (dotted line) and for a surface obtained by 
fracturing the sample (solid). 
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observed within the past decade [130].  The magnitude of these shifts is generally less 

than ~500 meV and can be either to lower or higher binding energy, depending on the ion 

and material.  Furthermore, the influence of the surface on the electronic structure rapidly 

decreases away from the surface so that it is commonly believed that only the atoms in 

the top monolayer experience a significant shift, a view that is supported by the 

observation of distinct and well-resolved surface and bulk peaks in the spectra of some 

materials [112]. 

 In metals and semiconductors, the surface shifts arise from a redistribution of valence 

charge and an enhanced screening provided by valence electrons.  On the other hand, the 

surface shift in insulators arises from a reduction of the lattice potential of surface atoms 

and the reduced polarizability of the surface [130].  Since the lattice potential is negative 

at cation sites and positive at anion sites, we expect the surface shifts to increase the 

cation binding energies and decrease the anion binding energies.  Furthermore, the 

reduced polarizability at the surface acts to increase the binding energies of both anions 

and cations so that we expect larger surface shifts for cations than for anions.  Because 

the magnitude of the surface shift is sensitive to the ion’s environment, different surface 

shifts will be observed for different crystal faces or local environments [131].  This 

sensitivity to the environment also suggests that the presence of surface contaminants can 

significantly broaden surface features. 

 To determine the effect of surface shifts on the analysis of the photoemission 

spectrum, we must consider the relative magnitude and widths of the bulk and surface 

contributions.  For energies of 100 eV to 200 eV, the escape depth in the rare-earth 
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metals is known to be roughly five times greater than the effective thickness of the 

surface layer [132], corresponding to 18% of the photoemission signal originating from 

the surface layer.  Since we expect the magnitude of the surface shifts to be ~500 meV, 

the resulting shift in the barycenters of the measured photoemission peaks would be less 

than 100 meV, which is smaller than the experimental uncertainty in the measured 

binding energies.  Furthermore, since the photoemission was measured for fractured 

crystal surfaces that exhibit a variety of microscopic surface orientations and 

environments, the resulting distribution of surface shifts should broaden the surface 

component of the spectrum.  Although broadening of the surface component would not 

affect the barycenter shifts, it would reduce the effect of surface shifts on measured 

binding energies determined by lineshape analysis methods such as curve fitting.  As a 

result, we estimate that the binding energies determined from the photoemission 

measurement are shifted by less than 100 meV relative to the bulk binding energies. 

 Because XPS is much less sensitive to the surface than UPS, we may compare results 

from both methods as an additional check on possible surface effects.  An example of this 

is shown in Fig. 2.17 for the Al 2p photoemission peak.  The spectra agree quite well, 

again indicating that the surface effect is not significant.  The difference in linewidths is 

attributed to differential charging, which was much more severe for the synchrotron 

experiments, although Al 2p peaks as narrow as 1.8 eV were observed at the lower 

photon energies.  We should also note that the total XPS linewidth of 1.7 eV for the Al 2p 

peak is very similar to the value of ~1.8 eV that was observed in previous core level XPS 

studies of YAG [120]. 
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 Another important observation was that the sample surface condition and morphology 

significantly affected the observed photoemission linewidths.  This is demonstrated in 

Fig. 2.18, where the top panel shows the full width at half maximum for the Al 2p peak, 

the bottom panel shows the energy difference between the 25% and 75% levels of the 

low binding energy rising edge, and the dashed lines indicate times at which the sample 

was re-fractured to obtain a new surface.  The first effect that is apparent in Fig. 2.18 is 

that the linewidth of the Al 2p peak was appreciably different for each new surface.  This 

effect often resulted in linewidths larger than 3 eV and was attributed to differential 

charging caused by “shadowing” of both incident light and flooding electrons due to very 
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Figure 2.17. Comparison of Al 2p photoemission peak from pure YAG obtained using 
synchrotron radiation at 125 eV and Al Kα radiation at 1486.6 eV. 
 
 



 76 

rough surfaces.  As a result, the crystal was always re-fractured to obtain a smoother 

surface whenever linewidths larger than ~2.5 eV were observed.  The second effect 

evident from Fig. 2.18 is that, while the overall linewidths remained constant for each 

surface, the low binding energy tails of the peaks tended to become distorted over time.  

The most likely explanation of this effect is again differential charging of the sample 

since the magnitude of the broadening often varied drastically; however, this effect could 

also indicate changes to the surface such as structural relaxation or depletion of oxygen.  

Consequently, the samples were re-fractured whenever any appreciable distortion of the 

peak shapes became apparent. 

 Finally, we should consider the possibility that the fundamental nature of the 

fractured surfaces might contribute to the linewidths.  As briefly discussed earlier in this 

chapter, a material’s work function is not equal to the Fermi energy because of additional 

contributions from the crystal surface (see, for example, Ref. [94]).  As a result, the 

kinetic energy (and inferred binding energy) of a photoelectron depends on which crystal 

surface it escapes through.  Therefore, because fractured surfaces exhibit a broad 

distribution of microscopic and macroscopic surface orientations, we might expect the 

photoelectrons collected from a fractured surface to exhibit a distribution of kinetic 

energies directly related to the distribution of work functions.  However, because the 

variation in the work function between different crystal faces is typically several hundred 

meV or less for the elements [133], this effect would not be significant compared to the 

observed broadening discussed earlier.  More importantly, because the work function 

differences arise from microscopic electrostatic fields at the crystal surfaces, the 
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combined effect from all the fields of a multifaceted surface cause the photoelectrons to 

effectively respond to the average work function of the entire surface, an effect well 

known from the study of work functions for polycrystalline samples [94].  Hence, we do 

not expect the work function differences to affect the photoemission broadening; 

Figure 2.18. Evolution of the YAG Al 2p photoemission line shape with time.  Dashed 
lines indicate times when the sample was re-fractured to obtain a new surface.  The top 
panel shows the measured linewidths and the bottom panel represents the width of the 
low binding energy rising edge. 
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however, they will contribute to relative shifts of binding energies measured from 

different surfaces. 

 
Sample Charging Effects 

 
 
 The process of photoemission ejects electrons from the sample being studied and 

therefore generates a positive charge in the sample.  For metals and semiconductors in 

electrical contact with the measurement system, the conductivity of the sample is 

sufficient to compensate any removed charge and maintain the sample at a uniform 

potential.  For wide band gap semiconductors and insulators, the resistance of the sample 

is large enough that a significant positive potential can develop in the region of 

photoemission.  This induced Volta potential retards the ejected photoelectrons, reducing 

their kinetic energy at the detector and producing an apparent increase in the measured 

binding energies.  In addition, non-uniform charging of the sample can cause electrons 

originating from different regions of the sample to experience different retarding 

potentials.  This “differential charging” effect produces an overall broadening in the 

observed spectrum and may cause peak shapes to become dramatically distorted.  

Differential charging can be caused by the irregular nature of the fractured surfaces, 

inhomogeneity in the light intensity over the focused spot, the reduced probability for 

electron escape for ions further from the surface, the limited penetration depth of the 

flooding electrons, and stray electric fields in the chamber, all of which can vary 

significantly depending on the experimental conditions.  Even in the absence of sample 

charging, the large resistance and the lack of mobile charge carriers in insulating 
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materials generally prevents them from reaching electrochemical equilibrium with other 

materials that they are in electrical contact with.  As a result, the Fermi level (chemical 

potential) of a bulk insulating sample becomes decoupled from the Fermi level of the 

measurement system.  As discussed earlier in this chapter, this “Fermi level decoupling” 

effect in insulators prevents the use of a Fermi level reference for the binding energies 

since the location of the Fermi level in the sample is unknown.  Due to these effects, 

quantitative application of photoemission to determine reproducible binding energies and 

peak widths in insulators remains a somewhat controversial issue that is an active area of 

investigation [100,134-139]. 

 Because of differential charging, binding energy shifts, and the fact that the surface 

potential can often become large enough to prevent the escape of photoelectrons, the 

sample charging problem must be addressed whenever studying insulating materials.  The 

most common method is to employ electron flooding to reduce the positive charging and 

then use an energy reference believed to be in electrochemical equilibrium with the 

sample surface to calibrate the binding energies.  A more sophisticated approach 

suggested by Lewis and Kelly [135] is to apply a large enough flux of mono-energetic 

electrons to induce a uniform negative surface potential.  Since the negative potential will 

increase until the incident electrons are deflected, the entire surface should be maintained 

at a constant potential that is directly related to the kinetic energy of the incident 

electrons.  This method allows the binding energies relative to the vacuum to be 

determined and reduces the differential charging; however, experimental difficulties and 

deviations from the simple model for the charging can complicate the interpretation 
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[138].  Another method is to grow thin films on a conducting substrate so that the 

resistance between the sample surface and the substrate is small enough to allow 

electrochemical equilibrium to be maintained.  For very thin films, this approach can 

eliminate both the Fermi level decoupling and charging effects; however, even films that 

are only a few nanometers thick can exhibit charging shifts and significant differential 

charging due to the different ion distances from the substrate (see, for example, 

Refs. [136,137]).  Furthermore, this method requires the ability to grow high-quality thin 

films of the material to be studied, which can limit the range of materials that may be 

investigated. 

 For the photoemission experiments using synchrotron radiation, extreme charging 

effects were routinely observed, with induced surface potentials large enough to prevent 

direct photoemission.  To overcome this difficulty, a homemade electron flood gun was 

used to partially neutralize the positive charging, where the simple design of the flood 

gun is shown in Fig. 2.19 (for more sophisticated designs, see Ref. [103]).  Tungsten wire 

of 0.175” diameter was wrapped in ~3 mm diameter coils spaced by ~2 mm to create a 

coiled filament ~2 cm long, and thermal emission of electrons was induced by passing a 

current through the filament, with a typical resistance of 3 Ω to 4 Ω when fully heated.  

Two parallel flat grids were mounted in front of the filament, with the inner grid 

producing an electric field to collect electrons and reduce the negative space charge 

around the filament, while the second grid was grounded to provide a field-free region 

near the sample and analyzer. 
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 The effects of the flood gun parameters were thoroughly explored to determine the 

arrangement that minimized distortion and broadening of the spectra.  It was found that 

using small potential differences (corresponding to low electron kinetic energies of less 

than 10 eV) produced the best results, in agreement with previous studies of differential 

charging [138].  In fact, the optimum performance was achieved by applying a negative 

potential of ~7 V to the filament while connecting both grids to ground (the chamber, 

manipulator, and analyzer shielding were also all grounded).  An example of varying the 

power applied to the filament is shown in Fig. 2.20, where we can see that the charging 

shifts at the lowest power correspond to a surface potential of more than 100 V (also note 

that no direct photoemission was observed without the flood gun).  In addition, we see 

that the charging shift is never entirely compensated, even at the highest powers, with the 

residual charging shifts on the order of ~10 eV.  We also found that powers greater than 

~20 W were sufficient to evaporate enough tungsten from the filament onto the sample so 

that tungsten features could be observed after several hours.  Consequently, we operated 

e− 
Vf Vi Vo 

Tungsten 
Filament 

Electron Flood Gun 

Figure 2.19. Diagram of the homemade electron flood gun used for charge compensation 
in the synchrotron radiation experiments. 
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the filament at powers of ~18 W, for which no tungsten features were detected, even after 

more than 8 hours of continuous operation. 

 

 We also investigated the possibility of using thin, conductive films to reduce sample 

charging.  This approach was explored by evaporating layers of Al or Ga metal onto 

fractured surfaces of crystals under high vacuum conditions.  While the metallic film 

significantly reduced the charging shifts, we found that it caused the photoemission 

features to become significantly broadened.  This broadening effect was attributed to an 
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Figure 2.20. Example of typical sample charging shifts.  The power applied to the 
electron flood gun is given to the left of each data set, demonstrating the effect on the 
sample surface potential. 
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increased differential charging within the crystal, indicating that the charging near the 

crystal’s surface was reduced considerably more by the film than the charging deeper in 

the crystal.  Thus, while the conductive film decreased the charging shifts and the 

differential charging across the surface of the crystal, it increased the differential 

charging as a function of depth from the surface.  As a result, we did not employ this 

method for reducing sample charging due to the unacceptable broadening that it 

produced. 

 Complications due to the dynamic nature of the sample charging were also 

encountered.  Because the equilibrium surface potential depends on the balance between 

creation and neutralization of the sample charge, any change in the photoemission rate 

produced significant changes in the charging shifts.  As a result, changes in either the 

photon energy or intensity resulted in shifts of the observed binding energies.  For 

example, the decay of the synchrotron radiation intensity over time was sufficient to 

produce measurable energy shifts on timescales of ~20 minutes.  Because these effects 

caused the spectra to slowly drift to lower binding energy, sequences of spectra were 

recorded independently to monitor time-dependent charging shifts and ensure that there 

was no drift of the spectrum during the period of data acquisition.  To further minimize 

the effect of time-dependent charging shifts, the maximum acquisition time was restricted 

to several minutes or less and the spectra were individually calibrated and then averaged 

together to obtain the final spectrum.  To facilitate the averaging of hundreds of single 

shot data sets, a computer program was written to analyze the measured energy of the 
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narrowest core peak in each spectrum (e.g. Al 2p or Ga 3d) and remove the relative 

charging shift between all the collected spectra before averaging. 

 The magnitude of the charging shifts and the differential charging widths were highly 

dependent on all aspects of the experiment.  We found that the observed linewidths 

varied from the lower limit of ~1.7 eV to well over 3 eV depending on the experimental 

conditions, indicating the presence of differential charging.  As discussed in the previous 

section and demonstrated in Fig. 2.18, the surface condition had a particularly strong 

effect on the differential charging, often requiring samples to be fractured several times.  

It was also essential to keep the entire sample holder and manipulator grounded and to 

minimize stray electric fields from sources such as the flood gun. 

 In addition to simple broadening, spectral distortion due to differential charging was 

observed in all photoemission spectra measured on the ERG/Seya beamline.  The most 

obvious distortion was a double peaked structure present in the spectra of all samples for 

the photoemission peaks of both lattice constituents and metals evaporated onto the 

crystals.  The double peaks had a relative shift that varied from 2 eV to 8 eV and an 

intensity ratio of roughly 1:5, with the weaker feature corresponding to regions of lesser 

charging.  The same relative intensity and energy shift was observed for every 

photoemission peak in each spectrum, although the values could be considerably different 

for spectra taken at separate times.  Furthermore, the distortion was strongly dependent 

on all aspects of the experiment including sample alignment, electron gun current, source 

intensity, photon energy, and surface morphology.  This effect was clearly due to 

differential charging and was attributed to a small transverse intensity variation over the 
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source beam, where the features shifted to lower binding energy correspond to weaker 

intensity and reduced charging.  The intensity variation resulted from non-ideal properties 

of the mirrors in the ERG monochromator that produced weak fringes on the beam [140].  

The relative magnitude of the fringes is expected to diminish as the synchrotron intensity 

decreases, which agrees with the behavior observed in the spectra.  While this effect is 

not significant at the focal plane, the fringes may be easily detected at only 1” from the 

focus.  This suggests that the distortion might be reduced, or even eliminated, in future 

experiments by aligning the sample surface to lie exactly in the ERG focal plane.  

Reducing the aperture on the ERG should also decrease the magnitude of the fringes, 

providing an additional method for minimizing this effect in future work. 

 Since the charging distortion varied significantly between spectra, it was necessary to 

remove this effect from the data to permit the most accurate comparisons and consistent 

measurements.  The observed peak shapes and the nature of the intensity variation 

suggested modeling the measured spectra as simply resulting from simultaneous 

photoemission from two separate regions of the sample with different surface potentials.  

This model viewed the spectrum as composed of the sum of two spectra that were 

identical except for a relative shift, different intensities, and a relative change in 

broadening.  A relative broadening was included to allow for variations in differential 

charging between the two regions of the sample, with the weaker feature typically 

broadened by a few hundred meV relative to the stronger feature.  Using this model, we 

may represent the measured spectrum S(E) in terms of the fundamental spectrum S'(E) 

with the equation 
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where the first term represents the fundamental photoemission spectrum and the second 

term represents the weaker component that is shifted to lower binding energy by Es, 

scaled by α, and broadened by ∆Ec.  To extract the fundamental spectrum from the 

measured spectrum, we must invert Eq. 2.10 to obtain 
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If the parameters are known, Eq. 2.11 is sufficient to separate the two components 

present in the spectrum without making any assumptions regarding the nature of the 

spectrum or the shapes of the photoemission peaks.  However, to obtain estimates for the 

model parameters Es, α, and ∆Ec, the best approach is to use an approximate form of 

Eq. 2.11 and apply a nonlinear least squares fitting routine to the sharpest feature in the 

spectrum where the two components may be easily identified.  Specifically, we may fit 

the low binding energy tail of a single sharp feature, such as the Al 2p or Ga 3d peaks, by 

using Eq. 2.11 to describe the contribution of the weaker component of the spectrum to 

the tail of the primary component.  We must also provide a criterion that allows the 

fitting procedure to judge which values of the parameters give the best result.  The 

criterion that we chose was simply that the low binding energy tail of the sharp peak in 

the primary spectrum should be a smooth function that decreases monotonically with 

decreasing binding energy.  This criterion was implemented by modeling the peak tail of 
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the primary spectrum as the tail of a Voigt function with a linear background.  The 

resulting model for the fitting procedure is then given by 
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where S0 and m are the coefficients of the linear background and A, E0, ∆EG, and ∆EL are 

the amplitude, center, Gaussian width, and Lorentzian width of the Voigt tail.  Thus, 

estimates for the model parameters are obtained by fitting Eq. 2.12 to the tail region of 

the sharpest peak in the spectrum, and then those parameters are used in Eq. 2.11 to 

obtain the primary spectrum.  Numerically, the functions S(E−E′+nEs) appearing in 

Eq. 2.11 and Eq. 2.12, and their partial derivatives appearing in the fitting procedures, 

were calculated using linear interpolation of the measured data points for S(E).  

Furthermore, because of the contribution of experimental noise to the functions, a 

combination of Levenberg-Marquardt and stochastic fitting procedures was used to 

search for global minima. 

 This approach produced excellent results for removal of the charging distortion, and 

the parameters determined from fitting a single sharp peak, such as the Al 2p peak, were 

effective in describing the charging distortion for all features in each spectrum.  This 

approach was used to remove the weak component of the spectrum whenever it was 

clearly observed.  A typical example of this process is shown in Fig. 2.21 for 
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25% Yb:YAG.  Note that the features all exhibit low binding energy tails that most likely 

represent areas of reduced surface charge near the edge of the focused spot. 

 Sample charging in the XPS experiments was much less severe due to the lower 

photoemission rates, the more uniform source intensity, and the superior electron flood 

gun available in the XPS system.  Nevertheless, considerable charging shifts and 

differential charging effects were still observed.  In addition to electron flooding, several 

supplementary techniques were used to further reduce differential charging in the XPS 

work.  One significant source of differential charging is electric fields originating from 

the areas of the sample not illuminated by the x-ray source.  The regions of the sample 

not illuminated usually become negatively charged because electrons from the flooding 

and secondary photoelectron emission are captured by the material due to the electron 

affinity of the crystal.  Hence, even if the charging in the photoemission region is 

perfectly neutralized, the area of the surface not being probed develops a negative charge 

that produces inhomogeneous electric fields that broaden the photoemission spectra.  To 

minimize this effect, an electrically grounded mask was mounted on the sample surface 

to reduce the stray electric fields and cover the area not being probed.  Another technique 

that has been employed in recent years is to use a specialized (and expensive) low-energy 

Ar+ flood gun in combination with a low-energy electron flood gun so that both positive 

and negative sample charging may be simultaneously compensated.  Although we did not 

have access to one of these specialized ion flood guns, we developed an alternate 

technique that was successful.  The approach that we adopted was to operate a standard 

Ar+ sputtering gun without any voltage applied to the ion extractor stage of the gun.  As a 
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Figure 2.21. Example photoemission spectrum before and after removal of charging 
distortion.  (a) The solid line shows the photoemission spectrum at 181.5 eV photon 
energy for 25% Yb:YAG.  The spectrum consists of two components with a relative 
charging shift, and the dotted line is the estimate of the smaller component of the 
spectrum as determined from fitting.  (b) Difference of the two spectra in (a).  For this 
example, the weaker component (dotted line in a) corresponds to the stronger component 
(shown in b) shifted by 4.8 eV, scaled by 0.16, and broadened by 100 meV. 
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result, Ar+ ions in the gun’s ionization chamber were only accelerated by the weak 

transverse field in the ionization chamber and additional fields due to space charge, 

producing a source of very low energy Ar+ ions for charge neutralization.  Compared to a 

commercial low-energy ion flood gun, this approach has the disadvantages of the lower 

ion flux at the sample and the production of weak electric fields throughout the chamber 

due to diffusion of the Ar+ ions; nonetheless, we found that this technique was sufficient 

to provide noticeable improvements in the spectra.  Furthermore, this technique has an 

important practical advantage since sputtering guns are nearly universal components of 

modern photoemission systems. 

 Another issue that must be considered when dealing with insulating samples is the 

calibration of measured binding energies in terms of an absolute reference.  Because we 

are mainly interested in energy differences between features in the spectra rather than 

absolute energies, the calibration of the absolute energy is not as critical as it can be for 

other purposes, such as chemical analysis.  However, we also wish to explore trends in 

the binding energies between different ions and materials, which requires a method for 

accurately determining the relative binding energies between samples. 

 One of the most common, and perhaps most reliable, methods for calibrating binding 

energies is to evaporate small amounts of a metal onto the crystal surface and then use 

one of the metal’s core electron photoemission peaks as a reference.  This method relies 

on the assumptions that the metallic “islands” deposited on the crystal surface are in 

electrochemical equilibrium with the underlying insulator and that the surface potentials 

sampled by the metal are unaffected by the presence of the metal.  The most common 
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reference used for this purpose is the sharp 4f photoemission peaks of Au.  An alternate 

approach that is traditionally the most common method in XPS is to use the 

photoemission from adsorbed contaminants as a reference.  Specifically, the C 1s 

photoemission peak of adventitious hydrocarbons is widely used as a reference by 

assigning it a fixed value of 285 eV or 284.6 eV relative to the Fermi level of the 

analyzer.  This method involves the same assumptions as the metal evaporation methods 

with additional complications arising since the hydrocarbon binding energies depend on 

the hydrocarbon’s environment [141].  Furthermore, the precise C 1s binding energy 

depends on the nature of the hydrocarbon [142], introducing additional uncertainty.  

Another possible method for calibrating the binding energies is the flood gun technique 

of Lewis and Kelly [135] that we briefly discussed earlier, which would allow the 

binding energies to be determined relative to the vacuum level. 

 To calibrate our measured binding energies, we used a combination of several 

techniques.  To calibrate spectra from different surfaces or samples of a single material, 

the sharpest core line in the spectra was used to remove relative shifts due to charging 

and work function differences.  To determine relative binding energy shifts between 

different materials, metallic Al, Ga, or Mg was evaporated onto each sample and the 

sharpest core level from the metal was used as a common reference.  Finally, the absolute 

binding energy reference was established by assigning the C 1s peak a binding energy of 

290 eV relative to the vacuum level (which is equivalent to using a value of 285 eV 

relative to the Fermi level).  Since no carbon was observed on any samples fractured in 

situ, absolute binding energies were determined using the position of the small C 1s 
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signal originating from adventitious carbon contamination on samples fractured in air.  

Using this procedure, the measured binding energy of the center of the Al 2p peak was 

78.8 eV for all YAG samples studied, which agrees well with previous x-ray 

photoemission studies of core levels in YAG [120].  We should also note that the 

measured binding energy of Al 2p in YAlO3 was 78.9 eV, which is within the 

experimental uncertainty of the value for YAG. 

 While the absolute binding energies of gaseous hydrocarbons are known to generally 

lie between 290.3 eV to 290.8 eV [142], considering the complications and uncertainties 

already discussed, the value of 290 eV was chosen since it was felt that this method of 

calibration is only reliable to ±1 eV at best.  While the absolute binding energies 

determined by calibrating to hydrocarbons may exhibit a systematic shift relative to their 

true values, we must emphasize that these systematic shifts do not affect the 

measurements of relative binding energies.  As a result, we believe that this method is 

reliable to better than a few hundred meV for determining relative binding energies 

between different materials so that it is appropriate for our purposes of comparing trends 

between materials. 

 
Constant-initial-state Energy Spectroscopy 

 
 
 Another photoemission technique employed extensively in this work is constant-

initial-state energy spectroscopy (CIS) [143-145].  The CIS technique exploits the 

flexibility of synchrotron radiation by simultaneously scanning the photon energy and the 

electron analyzer energy, as shown in Fig. 2.22.  By maintaining a constant energy 
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difference between the photon energy and the kinetic energy of the collected electrons, 

the photon energy dependence of the photoemission originating from electron states 

within a fixed binding energy window is directly measured.  We used this technique to 

explore the photon energy dependence of the photoemission cross sections for the 

different electrons in each material.  In particular, CIS measurements were used to 

examine the 4d to 4f resonances in the 4f photoemission cross sections, as will be 

discussed in Chapter 4. 

 

 In a typical CIS experiment, the CIS signal at each value of the photon energy is 

obtained by using the electron analyzer to measure the integrated photoemission signal 

within a fixed binding energy “window” that contains the photoemission feature of 

interest.  However, the strong sample charging effects complicated the CIS 

measurements.  Since the charging shifts were extremely sensitive to the photoemission 

Figure 2.22. Diagram illustrating the constant initial-state-energy (CIS) measurement 
method of photoemission spectroscopy. 
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rate, the magnitude of the charging shift would follow the photon energy dependence of 

the material’s total photoemission cross section.  For photon energies where the cross 

section strongly varied, such as the 4d to 4f resonances, the charging shifts could vary by 

more than 10 eV for changes in the photon energy as small as 1 eV.  As a result, the 

binding energies of individual photoemission peaks would continually drift out of any 

particular fixed binding energy window.  Furthermore, because the secondary electron 

background strongly varies near photoemission peaks, the drift of the spectrum would 

change the background contribution to the integrated photoemission rate, often 

dramatically distorting the CIS spectra.  To overcome these problems, the charging shift 

was constantly monitored during each CIS scan and any changes in the magnitude of the 

shift were compensated by adjusting the incident electron flux from the flood gun.  Using 

this technique, we were able to maintain stable binding energies throughout the CIS scan. 

 The secondary electron background introduces an additional complication in 

obtaining the CIS spectra since it exhibits a photon energy dependence that is a weighted 

average of all the lower binding energy states.  As a result, the secondary electrons 

contribute a background signal to the CIS spectrum that must be removed.  To remove 

the background component, the CIS spectrum of the secondary electron background was 

measured at binding energies just below the feature of interest.  The CIS spectrum was 

then measured for a binding energy window that contained the feature of interest, with 

the difference of the measured spectrum and the background spectrum giving the 

component of the CIS spectrum due to the feature. 
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 Example CIS spectra for the Al 2p and valence band photoemission of YAG are 

shown in Fig. 2.23.  The CIS spectra have been corrected for the slight decay of the 

synchrotron beam intensity over the timescale of the measurement and for the 

transmission of the ERG monochromator (see Fig. 2.7).  The valence band CIS spectrum 

follows the cross section dependence of the O 2p electrons extremely well (see Fig. 2.9).  

On the other hand, the structure in the Al 2p CIS spectrum occurs at higher photon 

energies than predicted and is more consistent with P 2p calculations [106], perhaps 

indicating that the loss of the valence electrons enhances the effective nuclear charge 

experienced by the 2p electrons more than would be expected. 
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Figure 2.23. Measured CIS spectra of the Al 2p and valence band photoemission in YAG 
showing the photon energy dependence of the photoemission cross sections. 
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Constant-final-state Energy Spectroscopy 
 
 
 Another photoemission technique that is enabled by synchrotron radiation is the 

method of constant-final-state energy spectroscopy (CFS) [143-145].  In the CFS method, 

the photoemission spectrum is obtained by scanning the photon energy while keeping the 

electron analyzer energy fixed, as shown in Fig. 2.24.  Therefore, CFS can produce a 

spectrum conceptually similar to the EDC approach.  The features observed in the EDC 

approach are related to the convolution of the density of states for both the initial and 

final states, which complicates the interpretation and analysis of photoemission from 

valence band states.  On the other hand, CFS removes many of these difficulties by only 

detecting photoemission involving a specific final state.  Furthermore, the photoelectrons 

detected in the CFS mode all have the same momentum, simplifying the application of 

selection rules and the interpretation of band structure.  The CFS approach is also very 

useful for studying interband and exciton transitions within the material by monitoring 

emitted Auger or secondary electrons. 

 A particularly interesting approach for studying optical materials is to measure the 

CFS spectrum with the final state chosen to be at very low kinetic energies so that the 

signal is dominated by secondary electrons.  In this mode, the CFS method is similar to 

simple electron yield spectroscopy [146] in which the total photoemission current from a 

sample is monitored.  It is well known that the total photoelectron yield from a sample is 

proportional to the absorption coefficient [146] so that the total yield or CFS spectra can 

be used to measure a material’s absorption spectrum.  The CFS approach has several 

important advantages over simple yield spectroscopy, the most important being the 
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ability to distinguish between features arising from direct photoemission and electron 

transfer transitions within the material.  Even below the photoemission threshold, energy 

transfer, scattering, and Auger decay processes may still allow photoelectrons to be 

emitted. 

 

 To investigate the potential for measuring the material band gap using the CFS 

technique, preliminary CFS measurements were performed for YAG.  The measured CFS 

spectrum of 25% Yb:YAG for low energy final states is shown in Fig. 2.25.  The CFS 

spectrum was measured using the Seya monochromator and the signal indicated by the 

solid line has been normalized by the photon flux (see Fig. 2.7).  We clearly see a strong 

rise in the signal between 6 eV and 7 eV, which is the expected energy of the YAG band 

gap [147,148].  The CFS method shows promise as a useful technique for studying the 

band gaps of these materials and for exploring high-energy electron transfer transitions.  
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Figure 2.24. Diagram illustrating the constant final-state-energy (CFS) measurement 
method of photoemission spectroscopy. 
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As a result, the CFS spectra of these optical materials should be fully explored in future 

work. 

 

Photoconductivity Spectroscopy 
 
 
 As discussed earlier in this chapter, photoconductivity spectroscopy is a powerful tool 

for exploring electron transfer energies and dynamics in optical materials 

[57,62,76-79,149-152].  Because photoconductivity directly complements the results of 

photoemission, we have made preliminary investigation of photoconductivity in several 
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Figure 2.25. Secondary electron CFS spectrum for 25% Yb:YAG.  The measured signal 
(dotted line) and the signal normalized by the incident photon flux (solid line) are shown. 
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important optical materials using both synchrotron radiation and conventional discharge 

lamps. 

 In photoconductivity spectroscopy, the change in a material’s conductivity is 

measured as a function of photon energy by applying a voltage across the sample and 

detecting the resulting current.  When the photon energy is large enough to transfer 

electrons to the conduction band or remove electrons from the valence band, the 

photoinduced charge carriers increase the material’s measured conductivity.  

Consequently, this technique is particularly useful for identifying electron transfer 

transitions involving the host band states. 

 Photoconductivity measurements at energies below 40000 cm−1 (5 eV) were 

performed on rare-earth doped Y2SiO5 (YSO) using the photoconductivity apparatus at 

the University of Georgia Department of Physics and Astronomy.  For these 

measurements, a 300 W ozone-free xenon arc lamp dispersed by an f/2 double 

monochromator with 3 nm resolution was used as the light source and color filters were 

used to eliminate the second order transmission.  The sample was mounted between Ni 

mesh electrodes with 80% transmission and placed in an electrically shielded liquid N2 

cold finger cryostat.  A computer interfaced Keithley 6517 electrometer was used to 

detect the photocurrent and generate the voltage applied to the sample. 

 For these photoconductivity experiments, samples of rare-earth-doped YSO were 

studied for Nd, Eu, Tb, Ho, Er, and Tm dopant ions.  The ionization threshold was not 

observed for any of these materials, demonstrating that the 4f electron binding energies 

are more than 5 eV larger than the conduction band minimum for all the ions studied.  
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However, we found that Tm3+ could be photoionized by pumping any of the 3H6 to 3FJ 

transitions, as shown in Fig. 2.26.  By comparing two samples with 3% and 0.1% Tm3+, 

we may clearly identify the contribution of Tm3+ to the photoconductivity spectrum.  The 

small Tm3+ photoconductivity peaks correspond to a measured photocurrent of only 

~10 fA for an applied electric field of 5000 V/cm.  Note that the exponential rise at 

higher energies was an artifact of the apparatus and appeared for all the samples studied, 

including pure YSO.  Since Tm3+ is well known for extremely efficient upconversion, the 

observed photoconductivity peaks are attributed to a multi-photon ionization process 

involving a series of excitation and relaxation steps that excite the Tm3+ ion to a high-

energy state degenerate with the conduction band.  This is consistent with the observation 

that Tm3+ doped aluminosilicate optical fibers exhibit a highly nonlinear photodarkening 

process attributed to photoionization [153]. 

 We also investigated the potential for using synchrotron radiation to perform 

photoconductivity.  At these higher photon energies, the interpretation of the 

photocurrents is complicated by photoemission from the sample.  The photoemission 

process induces a positive potential in the sample, creates holes in the valence band, and 

produces secondary electrons that may be captured by the conduction band.  All of these 

effects directly contribute to measured photocurrents and may mask the weak signals due 

to electron transfer transitions.  Because of these effects, we expect that 

photoconductivity studies of electron transfer will generally be limited to energies below 

~5 eV, with two-step techniques required to study photoconductivity for higher energy 

states.  It is important to realize that the photoconductivity signals from these two 
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different processes do not provide the same physical information.  While 

photoconductivity due to electron transfer within the material is only sensitive to 

transitions involving the host band states, the photoconductivity due to photoemission is 

expected to be simply proportional to the material’s absorption spectrum. 

 

 The photoconductivity spectrum of 4% Tm:YAlO3 obtained using light from the Seya 

monochromator is shown in Fig. 2.27.  The data points in Fig. 2.27 are the measured 

photocurrents normalized per incident photon.  The squares represent the signal measured 

with no voltage applied to the sample, corresponding to an average photocurrent of 

~50 pA.  The photocurrent measured with no applied voltage is proportional to the 

Figure 2.26. Absorption and photoconductivity spectra of Tm3+:Y2SiO5.  The top panel 
shows the absorption spectrum and the bottom panel shows the measured photocurrent 
normalized by the incident photon flux. 
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photoelectric current due to the photoemission process; consequently, we expect the 

signal to be equivalent to measuring the total electron yield spectrum of the sample.  In 

fact, we observe a spectrum that is quite similar to the CFS spectrum of YAG (see 

Fig. 2.25), except shifted by ~0.5 eV to higher photon energies, as is expected from the 

larger band gap of YAlO3 [154].  The circles represent the photocurrent for an applied 

electric field of 500 V/cm, where the photoelectric current has been subtracted from the 

data points to extract the component resulting from the applied field.  Because of the 

photoemission effects discussed above and the possibility that the applied field can 

influence the photocurrent indirectly by affecting the escape of photoelectrons, the 

Figure 2.27. Measured photocurrents in 4% Tm:YAlO3 for vacuum ultraviolet excitation. 
Squares represent the photoelectric current measured with no applied voltage and circles 
represent the increase in the photocurrent when a voltage is applied to the sample. 
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photoconductive component of the photocurrent is difficult to interpret.  Nonetheless, 

since the measured photocurrents can give information about the material’s absorption 

spectrum, these techniques may be of interest as an alternative to CFS and electron yield 

spectroscopy. 

 
Bremsstrahlung Isochromat Spectroscopy and Inverse Photoemission 

 
 
 We will conclude this chapter by briefly discussing inverse photoemission 

spectroscopy (IPES).  Exactly as the name implies, inverse photoemission is essentially 

the time-reverse of the photoemission process and involves the material capturing an 

electron with known kinetic energy and emitting a photon that is then detected.  By 

measuring the energy of the emitted bremsstrahlung and the kinetic energy of the incident 

electron, the photoelectric law gives the binding energy of the initially unoccupied 

electronic state that captured the incident electron.  Consequently, just as photoemission 

allows us to measure the binding energies of all the occupied electronic states, inverse 

photoemission measures the binding energies of all the unoccupied electronic states, such 

as the host conduction band. 

 The traditional method of inverse photoemission is known as bremsstrahlung 

isochromat spectroscopy (BIS).  In BIS, the energy of the incident electron beam is 

scanned and the bremsstrahlung intensity at a fixed photon energy is monitored.  Thus, 

we may think of BIS as the time reverse of the EDC method in photoemission 

spectroscopy.  The more general techniques involve scanning the detected photon energy 
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as well as the electron energy, corresponding to inverse photoemission analogues of the 

CIS and CFS photoemission techniques. 

 Because inverse photoemission allows us to probe the unoccupied electron states in a 

material, it perfectly complements photoemission to provide a complete picture for the 

electronic structure.  Therefore, these methods are potentially of great interest for 

understanding electron transfer in optical materials.  However, charge compensation is 

more difficult since the sample becomes negatively charged so that positive charge 

compensation is required.  This would necessitate the use of either thin films or charge 

neutralization by low energy Ar+ flooding.  Calibrating the measured binding energies 

would also be more difficult since a sharp, unoccupied reference state would be 

necessary.  Probably the only reference that would provide the required properties would 

be the Fermi edge of a metal deposited onto the surface of the crystal—a feature that 

provides the same binding energy reference for both photoemission and inverse 

photoemission.  In spite of the experimental difficulties that must be overcome, inverse 

photoemission is a promising technique for studying optical materials that should be 

actively pursued. 
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CHAPTER 3 
 
 

THEORY OF 4f ELECTRON PHOTOEMISSION FROM RARE EARTHS 
 
 
 Photoemission spectroscopy is a powerful tool for studying the broad electronic 

structure of rare-earth-activated optical materials that provides information about the 

relative energies of all the occupied rare earth and host crystal electronic states.  

However, information in the photoemission spectrum regarding the 4f electrons can be 

obscured due to the complex nature of photoemission from the partially filled 4f shell and 

because the 4f electron photoemission tends to significantly overlap the valence band 

photoemission.  In practice, these effects complicate the direct interpretation of the 

spectrum, requiring more sophisticated analysis techniques to extract accurate 

information regarding the 4f electron binding energy. 

 In this chapter, we develop the theoretical description of the 4f photoemission 

required to interpret observed photoemission spectra.  In particular, we explore the 

structure and properties of the 4f photoemission with emphasis on obtaining results that 

may be directly applied to determining 4f electron binding energies from measured 

photoemission spectra.  In addition, trends in the 4f photoemission cross sections are 

investigated to establish the relative signal magnitudes expected from different rare-earth 

ions. 
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Structure of the 4f Electron Photoemission Spectra 
 
 
 One of the difficulties encountered when extracting quantitative results from 

measured 4f photoemission spectra is that they exhibit structure extending over an energy 

range as large as 10 eV.  This structure arises because the photoemission process may 

leave the emitting ion in an excited state, reducing the kinetic energy of the ejected 

electron, and therefore resulting in an apparent increase in binding energy due to the final 

state of the system [155-157].  Thus, the spectral features that appear in the 

photoemission “final-state structure” correspond to electronic states of the tetravalent 

rare-earth ions, with the contribution of each 4f N−1 state determined by the relative 

transition probabilities to each final state of the ion-photoelectron system.  Furthermore, 

because features observed in the photoemission spectrum directly correspond to the 

tetravalent ion energy level structure, the final-state structure provides a unique 

“fingerprint” that unambiguously identifies the number of electrons in the 4f N 

configuration. 

 The parameter of greatest interest for relating the electronic states of the rare-earth 

ion and the host material is the 4f ionization threshold—the energy required to remove a 

single 4f electron and leave the remaining tetravalent rare-earth ion in its ground state.  

This provides a simple and unambiguous definition of the 4f electron binding energy that 

is directly relevant for understanding photoionization and general electron transfer 

processes involving the rare-earth ions.  Consequently, we must analyze the extended 

final-state structure observed in measured photoelectron energy distribution curves to 

determine the minimum energy required to remove a 4f electron. 
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 The low binding energy edge of the 4f photoemission gives a rough estimate for the 

4f ionization threshold, and this approach has often been used in qualitative discussions 

of the 4f electron energies.  However, broadening of the photoemission features due to 

the final-state lifetime, thermal effects, disorder, and differential charging obscures the 

exact location, severely limiting the accuracy and consistency of such an approach.  

Furthermore, the “ground-state component” of the final-state structure—the component 

that corresponds to leaving the tetravalent ion in its ground state after the photoemission 

process—appears with different intensity in the photoemission spectra of different ions so 

that the observed onset of the 4f photoemission may actually correspond to higher 

components of the final-state structure. 

 We require a method for accurately determining the binding energy of the ground-

state component of the final-state structure to facilitate a quantitative analysis of the 

photoemission measurements.  To obtain the most precise measurement of the 4f N 

ground-state binding energy, we must use a reliable theoretical model for the final-state 

structure so that the observed 4f photoelectron energy distribution curves may be 

interpreted in terms of the underlying spectral components.  By understanding how the 4f 

binding energy is related to the overall structure of the 4f photoemission spectrum and 

fitting the theoretical final-state structure to the photoemission, the uncertainties in the 

analysis are dramatically reduced, improving both the precision and consistency of the 

measurements.  Furthermore, this approach allows the 4f binding energies to be 

accurately determined even in cases where the spectra are significantly broadened or 

distorted. 
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 Before proceeding with a detailed discussion of the 4f photoemission structure, it is 

worth pointing out that the need for more discerning data analysis techniques is by no 

means unique to photoelectron spectroscopy.  In fact, due to the extended electronic 

structure of the band states and the complex transition dynamics, all of the methods used 

to measure the relative positions of the rare-earth states and the host bands require 

sophisticated analysis methods to obtain truly accurate and reliable results.  Experimental 

studies in this area, regardless of the techniques used, have generally been forced to 

ignore the structure of the electronic states involved, the behavior of the dipole moment 

matrix elements between these states, and the dynamic ion-lattice interactions that 

influence the interpretation of the measurements.  We will attempt to address some 

aspects of these issues for the specific case of photoelectron spectroscopy in the 

remainder of this chapter as well as in the following chapter.  Although we will focus on 

the photoemission process, the basic theory and analysis methods that are developed also 

apply generally to the description of all electron transfer processes. 

 
Theoretical Description of the Photoemission Final-state Structure 

 
 
 Final-state effects are common in the field of high-energy spectroscopy and are 

important in all types of electron transfer processes involving systems with strong 

electron-electron interactions [95,158-160].  Perhaps the most familiar manifestation of 

this phenomenon is the spin-orbit splittings observed in the photoemission spectra of 

closed-shell ions.  In these systems, photoemission produces a single hole in the 

electronic shell with two possible values of total angular momentum given by 1
2j l= ± , 
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where l is the orbital angular momentum of a single electron in the nl shell.  The 

photoemission process may leave the system in either of these states, resulting in two 

photoemission peaks separated by the spin-orbit splitting of the two different j values.  

The peak with the smaller binding energy has an area proportional to 2l+2 and 

corresponds to leaving the ion in the 1
2

2
lL +  state, while the higher binding energy peak 

has an area proportional to 2l and corresponds to the 1
2

2
lL −  final state.  Thus, the final-

state structure arising from closed-shell systems is straightforward to interpret due to the 

elementary nature of the 1S0 initial state and the 2Lj final states involved; however, the 

final-state structure that arises from open-shell systems can be dramatically more 

complex than this simple example, particularly for rare-earth ions with a partially filled 4f 

shell. 

 The relative contributions to the photoemission spectrum from each possible final 

state can be described by considering the projections of the 4f N ground-state 

wavefunction—with a single electron removed—onto the electronic states of the 4f N−1 

configuration; thus, the energy levels of the tetravalent ion each contribute to the 

observed photoemission to a varying degree.  Although the relative contributions of the 

different 4f N−1 states can only be determined from a full calculation of the transition 

probabilities, there are several simple selection rules that are easily determined.  While 

the total ion-photoelectron system must obey the usual selection rules for electric dipole 

transitions, additional selection rules may be derived by considering which 4f N−1 final 

states may be reached by removing an electron with orbital momentum l and spin 1
2s=  
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from an initial 4f N state with spin Si, orbital momentum Li, and total momentum Ji.  

Using the fact that the photoemission transition matrix elements only involve the sum of 

one-electron operators and considering the vector coupling of the angular momenta, it is 

straightforward to derive the selection rules for which ion final-state Sf, Lf, and Jf values 

may be generated by removing a single electron. 

1
2

1
2

1
2

f i

f i

f i

f i

f i

S S

L L l

L L l

J J l

J J l

− =

− ≤

+ ≥

− ≤ +

+ ≥ −

 (3.1) 

 These selection rules provide a qualitative description of many of the broad features 

in the final-state structure.  For example, one of the earliest observations of the 4f 

photoemission final-state structure was in the rare-earth fluoride x-ray photoemission 

spectra measured by Wertheim et al. [81].  They observed a broad double peaked 

structure in the 4f photoemission of the heavy rare-earth ions from Tb3+ to Yb3+, but only 

a single broad peak for the light ions from Ce3+ to Gd3+.  This result may be understood 

by considering that the spin selection rule limits the photoemission final states to the two 

possible values 1
2f iS S= ± .  As a result, the double peaked structure observed in the 

photoemission corresponds to groups of final states with these two different values of 

spin.  This may be illustrated for the case of the 4f 8 configuration of Tb3+, where the 7F8 

ground state nominally corresponding to seven parallel spins with the one additional spin 

forced to be antiparallel to the other seven because of the Pauli exclusion principle.  If the 
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photoemission process causes the single antiparallel spin to be ejected, the system is left 

with seven parallel spins in the 8S7/2 ground state of the 4f 7 configuration; if the 

photoemission process instead ejects one of the parallel spins, the 4f 7 ion is left in one of 

the 6LJ excited states.  Given that there are seven parallel spins and one antiparallel spin, 

the final-state structure will consist of a low binding energy peak due to the 8S7/2 final 

state, and a broad higher binding energy peak with an area that is seven times larger.  For 

the light rare-earth ions, the 4f N ground state nominally corresponds to all the electron 

spins aligned parallel so that removing an electron can only reduce the total spin; 

consequently, only the final states with 1
2f iS S= −  may contribute to the final-state 

structure so that no spin splitting is observed in the lighter ions. 

 These final-state effects are expected to contribute to all electron transfer processes 

involving correlated electrons, with photoemission just a specific case of electron transfer 

where the electron acceptor is a continuum state.  Consequently, the final state of the 

ionized system must be considered when analyzing any experimental results involving 

electron transfer.  For example, if we wish to describe photoionization to the conduction 

band, we must consider all possible combinations of conduction band and ion states that 

are allowed by the selection rules and energy conservation.  By understanding the final-

state effects in photoemission, we also gain insight into how the final state of the system 

affects other techniques for studying electron transfer. 

 The basic description and theory of the final-state structure in direct photoemission 

has been discussed, developed, and applied by a number of authors [155,161-170].  Initial 

efforts in the early 1970’s to quantitatively describe the 4f photoelectron energy 
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distribution curves demonstrated that the overall features and intensities in the spectra 

could be explained by considering the effect of the initial and final-state SL values on the 

photoemission transition probabilities [155,161,163].  In fact, fitting calculated final-state 

structure based on the approximation of pure Russell-Saunders SLJ wavefunctions to the 

measured 4f photoemission spectra gives surprisingly good agreement [156,167].  An 

excellent discussion and tabulation of the intensity factors for pure SLJ states has been 

given by Cox [164] for both d N and f N configurations. 

 Deviations between the data and calculations based on pure SLJ wavefunctions are 

apparent for ions such as Tb3+, which is not surprising considering that many of the 

higher energy wavefunctions can be thoroughly mixed admixtures of more than forty 

different SL terms with the leading SL term accounting for less than 15% of the total state 

composition.  Clearly, the use of pure SLJ wavefunctions for estimating the intensity of 

these final-state components is highly questionable.  The use of more accurate 

wavefunctions has been found to resolve discrepancies between the calculations and the 

measured final-state structure [165,167].  The final-state intensity factors may be 

calculated for intermediate coupling wavefunctions using equations given by Cox et al. 

[166], and Gerken [168] has given comprehensive tables of calculated intensity factors 

and energies for the rare-earth final-state structure in intermediate coupling. 

 To quantitatively describe the final-state structure, we begin by considering the 

relative transition probability rates for the photoemission process to leave the ionized 

system in each possible final state [158,164].  For a single ion, the transition rate induced 

by an electromagnetic perturbation Ĥ ′  between the initial state i  of the 4f N ion and a 
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density ρf of final states f  of the 4f N−1 ion-photoelectron system is given to first order 

by Fermi’s “Golden Rule No. 2” [158,171-173]: 

22 ˆ
i f fw i H fπ ρ→ ′= . (3.2) 

For a monochromatic electromagnetic field, the form of the perturbation is given by 

0
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ˆ n
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n

eH A e p
mc

ε⋅

=

′=− ⋅∑ , (3.3) 

where k is the wavevector of the electromagnetic field, 0A  is the amplitude of the 

field’s vector potential, ε  is the unit polarization vector for the vector potential (and 

electric field), nr  and np are the position and momentum operators for the nth electron, 

and the summation is over all N of the 4f electrons [5,173,174].  If we assume that the 

electromagnetic wavelength is much larger than the typical electron position vector, we 

may approximate the exponential by unity.  This is the standard “dipole approximation” 

for the electromagnetic perturbation.  We will examine the limits of the dipole 

approximation later when we calculate the photoemission cross sections; for now, we 

should just note that the breakdown of the dipole approximation at higher photon 

energies will only affect the total photoemission cross section and will not affect the 

spectral distribution of the final-state structure.  If we combine the dipole approximation 

with the momentum-position commutator relationship, we may write the interaction in 

terms of the dipole moment operator µ̂  to find 

0 0
ˆ ˆn

n

i iH A er A
c c
ω ωε µ′ ≈− ⋅ =−∑ . (3.4) 
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Inserting Eq. 3.4 into Eq. 3.2 gives us the rate of photoemission as 

22
20

2
2

ˆi f f
A

w i f
c

πω
ρ µ→ = , (3.5) 

or, writing this in terms of the intensity I of the incident radiation, 

2 24 ˆi f f
Iw i f

c
π ρ µ→ = . (3.6) 

 Next, we need to insert specific initial and final states into Eq. 3.6 and evaluate the 

matrix elements.  We shall use free-ion wavefunctions for the initial and final states so 

that J remains a good quantum number and the different MJ levels for each J are 

degenerate.  Mixing of J values due to the crystal field can cause a slight redistribution of 

final-state structure intensity compared to the free-ion case, but this effect is negligible on 

the minimum resolvable energy scales in photoemission experiments.  Since the crystal 

field splittings of the initial state can be several times larger than the thermal energy kT at 

room temperature, we might also expect deviations from the free-ion case due to an 

unequal distribution of population among the initial-state MJ components.  Uneven 

occupation of the different MJ components should only have minor effects on the 

intensity distribution in the final-state structure, with the principal effects being 

anisotropic photoemission and a polarization dependent photoemission rate.  This effect 

is further minimized because each crystal field level is typically a mixture of several MJ 

components, particularly for low symmetry crystallographic sites.  However, it is 

important to point out that application of an external magnetic field to produce a net 

electronic magnetic moment, corresponding to an unequal occupation of ±MJ 

components, can have dramatic effects on the spin and radiation polarized photoemission 
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spectra.  The effects of this magnetic dichroism can be used to obtain important 

information about the magnetic properties of the materials, recently motivating 

considerable theoretical and experimental efforts in this area [169,170,175]. 

 We may represent the intermediate coupling wavefunction of the 4f N initial state as 

an expansion in terms of Russell-Saunders αSLJMJ basis states 

( )4
i i i

i i i

N
S L i i i i Ji

S L
i c f S L J Mα

α
α= ∑ , (3.7) 

where αi is an index that uniquely identifies independent basis functions with the same 

values of SLJMJ (following the convention of Nielson and Koster [176]), 
i i iS Lcα  are the 

wavefunction expansion coefficients, and the summation is over the complete set of basis 

states for the 4f N configuration.  The final state may also be written as an expansion in 

terms of the appropriate antisymmetrized products of the αSLJMJ basis functions for the 

4f N−1 configuration and the free-electron continuum function fχ : 

( )14
f f f

f f f

N
S L f f f f Jf f

S L
f c f S L J Mα

α
α χ−= ∑ . (3.8) 

Inserting these expansions into the dipole moment matrix element gives (dropping the 

4f N and 4f N−1 labels for the initial and final states as understood) 

ˆ ˆ
i i i f f f

f f f
i i i

S L S L i i i i Ji f f f f Jf f
S L

S L

i f c c S L J M S L J Mα α
α
α

µ α µ α χ∗= ∑ . (3.9) 

This matrix element may be simplified by considering the different terms that appear in 

the determinant for the final state.  The antisymmetrized product states appearing in 

Eq. 3.8 consist of N terms corresponding to each of the N electrons being in the free-
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electron state, with an overall normalization factor of 
1
2N− .  The dipole moment operator 

also consists of a sum of N one-electron operators that act on each of the 4f electrons in 

the initial state.  Because the 4f electrons are indistinguishable, each of the N terms will 

contribute the same value to the matrix element.  Consequently, the matrix element in 

Eq. 3.9 will be 
1
2N  times larger than the matrix element calculated using only a single 

term in the determinant of the product state (i.e. choosing one specific electron to occupy 

the free-electron state) [2].  This allows us to simplify the determinant appearing in 

Eq. 3.9 so that the value of the matrix element is 

{ }ˆ ˆ
i i i f f f

f f f
i i i

S L S L i i i i Ji f f f f Jf f
S L

S L

i f N c c S L J M S L J Mα α
α
α

µ α µ α χ∗= ∑ . (3.10) 

 Now, to evaluate the wavefunction overlap integrals in the matrix element, we must 

write the initial state in the same form as the final state: as a sum of products of 4f N−1 

states and one electron wavefunctions.  The N electron initial state may be considered as 

(N−1) 4f electrons coupled to the single 4f electron that will be excited in the 

photoemission process.  We must then properly couple the angular momenta of the single 

4f electron to the other (N−1) electrons to obtain the correct angular momenta for the 4f N 

system.  Thus, we create a wavefunction with the same αSLJMJ as the initial state by 

summing properly weighted products of 4f N−1 αSLJMJ wavefunctions and one-electron 

4f sljmj wavefunctions 

{
}

, ,
;

                 
j Jf

f f f f Jf j i i i i Jii i i i Ji NA
j m M

f f f f Jf j

S L J M sljm S L J MS L J M

S L J M sljm

α αα

α

=

×

∑
, (3.11)
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where the projection factors are products of LS-JJ recoupling coefficients and Clebsch-

Gordon vector coupling coefficients: 

( ) ( ) ( ) ( ) ( ) ( )

;

      

f f f f Jf j i i i i Ji

f Jf j i Ji f i f i f i f f f i i i

S L J M sljm S L J M

J M jm J M S s S L l L J j J S L J sl j S L J

α α

≡ . (3.12)
 

The vector coupling coefficients and LS-JJ recoupling coefficients appearing in Eq. 3.12 

may be calculated using general equations involving Wigner 3-j and 9-j symbols [177]: 

( ) 2 1 1 2
1 1 2 2

1 2
1 2 1J J M J J J

J M J M JM J
M M M

− −   ≡ − +    − 
 (3.13) 

and 

( ) ( ) ( ) ( ) ( ) ( )

( )( )( )( )

1 2 1 2 1 2 1 1 1 2 2 2

1 2

1 2 1 2

1 2

                                           2 1 2 1 2 1 2 1

S S S L L L J J J S L J S L J S L J

S S S
S L J J L L L

JJ J

     ≡ + + + +       

. (3.14)
 

 The 4f N wavefunctions that we have constructed from Eq. 3.11 are still not equivalent 

to the initial-state basis functions in Eq. 3.7 because they are not antisymmetric with 

respect to the N equivalent 4f electrons.  However, properly antisymmetric 4f N 

wavefunctions can be constructed by taking appropriate linear combinations of the 

product functions given by Eq. 3.11.  This may be done using the methods of Racah 

[178-180] to obtain 

i i i
f f f

f f f

S L
i i i i Ji i i i i JiS L NA

S L
S L J M Q S L J Mα

α
α

α α= ∑ , (3.15) 

where the i i i
f f f

S L
S LQα

α  represent Racah’s “coefficients of fractional parentage.”  The 

coefficients of fractional parentage for the 4f 2 through 4f 7 configurations have been 
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tabulated by Nielson and Koster [176]; the values for the remaining conjugate 

configurations may be calculated from the tabulated values using the relationships given 

by Racah [178,181].  Combining Eqs. 3.11 and 3.15 with Eq. 3.7, we obtain the desired 

expansion of the initial-state wavefunction in terms of the final-state basis functions 

{
}, ,        ;

i i i
i i i f f f

i i i
f f f

j Jf

S L
S L S L

S L
S L

f f f f Jf j i i i i Ji f f f f Jf jj m M

i c Q

S L J M sljm S L J M S L J M sljm

α
α α

α
α α α α

=

×

∑
. (3.16)

 

Inserting the expansion for the initial-state wavefunction into Eq. 3.10 allows us to write 

the matrix element as 

( )

}
, ,

ˆ

   ;

ˆ     

i i i
i i i f f ff f f

f f f i i i
f f f
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′ ′ ′ ′ ′×

∑ ∑

, (3.17)

 

and, using the orthogonality of the final-state αSLJMJ basis functions and noting that the 

coefficients of fractional parentage are real, this may be simplified to 

{
},

ˆ

ˆ   ;

i i i
i i i f f f f f f

i i i
f f f

j

S L
S L S L S L

S L
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i i i i Ji f f f f Jf j j fj m

c c Qi f N

S L J M S L J M sljm sljm

α
α α α

α
α

µ

α α µ χ

∗=

×

∑
. (3.18)

 

In obtaining Eq. 3.18, we have implicitly adopted the “sudden approximation” for the 

photoemission process by ignoring any perturbations of the final-state wavefunctions that 

occur while the emitted electron is leaving the atom.  This approximation is appropriate 

for describing the photoemission process since the electron escape occurs on a very rapid 

timescale of typically ~10−17 seconds. 
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 Now, to calculate the transition probability, we need to take the square of the matrix 

element and average over the degenerate MJi values for the initial state.  Furthermore, we 

may separate the density of final states into the individual contributions due to the 4f N−1 

ion and the free electron.  If we write the density of states for the free electron as χρ  and 

explicitly sum over the degenerate MJf final states of the 4f N−1 ion, the resulting 

expression for the transition probability is 

2 2

,

4 1 ˆ
2 1

Ji Jf

i f
i M M

Iw i f
c Jχ

π ρ µ→ =
+ ∑ . (3.19) 

Inserting the expansion for the dipole moment matrix element given by Eq. 3.18 gives 
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     ;

ˆ ˆ        
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or, by rearranging the summations and explicitly writing out the values for the coupling 

coefficients in terms of Wigner’s n-j symbols, we obtain 
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This may be considerably simplified by using the orthogonality relationships for the 3-j 

symbols [177] to find 

( ) {
( )( )( )( )

24 2 1

2 1 2 1 2 1 2 1
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. (3.22) 

 Because the one-electron dipole moment operator does not affect the spin component 

of the wavefunctions and the two different values of j = l ± s correspond to different 

relative orientations of the emitted electron’s l and s, the square of the one-electron dipole 

moment matrix element will have the same average value for both of the emitted 

electron’s j states.  Thus, the sum of one-electron matrix elements appearing in Eq. 3.22 

is a constant given by 

2 21 ˆ
2 1

j

j f
m

sljm
j

µ χ µ=
+ ∑ , (3.23) 

where 2µ  is the average of the squared one-electron dipole moment matrix element.  The 

fact that the matrix element is independent of j may be verified by transforming the sljmj 

state to the slmsml basis and then summing over the degenerate ms states of the free 

electron.  This will be explicitly shown in a later section when we discuss the calculation 

of the one-electron matrix elements.  Thus, using Eq. 3.23, we obtain the following 

expression for the photoemission transition probability from state i  to state f : 
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This may be rearranged into a form more efficient for numerical calculations to give 
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which is the general result for the relative intensity of each spectral component in the 

photoemission final-state structure [166].  We may use Eq. 3.25 with the wavefunctions 

for the 4f N−1 final states and the 4f N initial state to calculate the relative intensities of all 

the components in the 4f photoemission spectrum. 

 Although we have developed the derivation of the final-state structure in detail for the 

direct photoemission process, it is important to note that a similar approach may be used 

to describe final-state effects in other types of electron transfer processes.  For example, 

we may use fractional parentage techniques together with consideration of energy 

conservation and ion relaxation to describe final-state effects in photoionization and 

charge transfer processes.  Thus, the detailed theoretical derivation of the photoemission 

final-state structure presented here also serves as a guide for understanding and 

describing final-state effects in other situations. 
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Divalent, Trivalent, and Tetravalent Rare-earth Ion Wavefunctions 
 
 
 The extensive spectroscopic studies of rare-earth ions have motivated the 

development of sophisticated theoretical and semi-empirical treatments of the energy 

level structure of the 4f N configurations.  This work has resulted in an effective operator 

approach for representing the rare-earth ion Hamiltonian that allows the different 

physical mechanisms that influence the 4f electron energies to be described by a small set 

of semi-empirical parameters [1-3,180,182,183].  This parametric model is extremely 

successful in describing the observed energy level structure and provides a method for 

determining the rare-earth wavefunctions by fitting the model to experimentally 

measured transition energies. 

 The form of the effective operator Hamiltonian used in modern spectroscopic analysis 

of the 4f N configurations includes a variety of terms grouped into seven different classes 

of parameterized interactions.  The leading contribution to the Hamiltonian includes the 

4f electron kinetic energies and Coulomb interactions with the nucleus and filled 

electronic shells.  These spherically symmetric contributions to the Hamiltonian provide a 

uniform energy shift of E0 to all the levels of the 4f N configuration.  The next largest 

contribution to the Hamiltonian arises from electrostatic interactions between the 4f 

electrons that are described by the four Slater radial parameters F0, F2, F4, and F6.  Since 

the F0 term corresponds to the spherically symmetric component of the inter-electron 

Coulomb interaction, it shifts all of the 4f N levels by the same amount and is often 

grouped with E0 to form a single parameter representing the average energy of the 4f N 

configuration.  The relativistic spin-orbit interaction for the 4f electrons is also included 
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in the Hamiltonian with ζ as the corresponding spin-orbit parameter.  The next most 

significant contribution to the 4f electron energy arises from two-body electrostatic 

interactions with other configurations, parameterized by the three Trees parameters α, β, 

and γ.  Three-body electrostatic configuration interaction operators are also incorporated 

into the Hamiltonian with the six parameters T2, T3, T4, T6, T7, and T8.  Additional 

relativistic effects, including spin-spin and spin-other-orbit interactions, are described by 

the Marvin parameters M0, M2, and M4.  The final contributions to the effective operator 

Hamiltonian are two-body electrostatically correlated magnetic interactions 

parameterized by P2, P4, and P6.  Thus, all the free-ion wavefunctions and relative 

energies of the 4f N configuration may be calculated if the nineteen free-ion parameters 

are known. 

 Calculating the 4f photoemission spectra using Eq. 3.25 requires knowledge of the 

trivalent 4f N and tetravalent 4f N−1 wavefunctions.  The wavefunctions for the trivalent 

rare-earth ions may be calculated by diagonalizing the effective operator Hamiltonian in 

the αSLJ representation using the free-ion parameters established from the analysis of 

optical spectra.  In particular, the extensive analysis of rare-earth ion spectra in LaF3 

performed by Carnall et al. [184] provides a self-consistent and accurate set of 

parameters for all the trivalent ions.  The free-ion parameters vary by at most a few 

percent between different host materials so that the LaF3 free-ion parameters are 

appropriate for describing the energy level structure over a wide range of optical 

materials [185,186].  With known free-ion parameters, the effective operator Hamiltonian 

may be diagonalized for the complete set of Russell-Saunders αSLJ basis functions 
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spanning the 4f N configuration by using the FORTRAN computer code developed by 

Hannah Crosswhite and distributed by Argonne National Laboratory (Argonne, Illinois).  

Thus, to obtain the initial-state wavefunctions for calculating the photoemission spectra, 

we used the Crosswhite program with the parameters of Carnall et al. [184] to calculate 

the ground-state wavefunctions for all the trivalent ions.  The leading components of the 

calculated wavefunctions are presented in Table 3.1.  The rare-earth ground states are 

relatively pure αSLJ states (unlike the excited states), so that using intermediate coupling 

wavefunctions for the initial state does not have a dramatic effect on the calculated 

spectra.  However, the small admixtures of other αSLJ values can appreciably affect 

individual final-state components through interference effects between the different terms 

in the transition matrix element—an effect that becomes more important when the 

spectral broadening is small. 

 While a great body of experimental and theoretical information is available for the 

trivalent rare-earth ions [2,3,18,19,182,184,187], there is very little quantitative 

information available on the energy levels and wavefunctions of the tetravalent ions.  

This lack of information is due to the instability of the tetravalent valence state for the 

majority of the rare earths.  Among the rare-earth elements, Ce, Pr, and Tb are the only 

members that form stable compounds as tetravalent ions.  Furthermore, while many of 

the I, II, III, and IV spectra of the free ions have been measured and analyzed, there have 

been very few studies of the free-ions’ fifth spectra with the La V, Ce V, Pr V, and Lu V 

spectra (i.e. La4+, Ce4+, Pr4+, and Lu4+) as the only exceptions [187]. 
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 Several approaches have been used in the past to overcome the lack of information 

regarding the tetravalent energy levels.  The most common method has been to simply 

use the wavefunctions of the isoelectronic trivalent ions in calculations.  The results 

calculated using the trivalent wavefunctions are then expanded by an energy scale factor 

of 1.05 to 1.25 in order to approximately account for the enhanced effective nuclear 

charge of the tetravalent ion as compared to the trivalent ion with the same 4f N 

configuration [156,167,168,188].  This method has generally been quite successful for 

describing observed final-state structure when the scaling factors are determined by 

empirically fitting the calculated spectra to the measured photoemission for each ion and 

material.  However, it is known that the electrostatic and relativistic interactions that 

Table 3.1. Leading ground-state wavefunction components (identified by the notation 
2S+1LαJ) calculated for the trivalent rare-earth ions.  The terms shown represent more than 
99% of the total ground-state composition. 
 

Ion Leading Ground-state Components 

Ce3+ 2F5/2 100%     
Pr3+ 3H4 97.14%, 1G4 2.76%   
Nd3+ 4I9/2 96.91%, 2H29/2 2.71%   
Pm3+ 5I4 97.12%, 3H44 1.56%, 3H34 0.69% 
Sm3+ 6H5/2 95.71%, 4G45/2 2.36%, 4G15/2 1.60% 
Eu3+ 7F0 93.38%, 5D10 3.54%, 5D30 2.81% 
Gd3+ 8S7/2 97.19%, 6P7/2 2.75%   
Tb3+ 7F6 95.64%, 5G16 2.09%, 5G36 1.82% 
Dy3+ 6H15/2 93.92%, 4I315/2 4.55%, 4I115/2 1.28% 
Ho3+ 5I8 93.54%, 3K28 4.88%, 3K18 1.35% 
Er3+ 4I15/2 97.03%, 2K15/2 2.94%   
Tm3+ 3H6 99.16%     
Yb3+ 2F7/2 100%     
Lu3+ 1S0 100%     
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determine the rare-earth energy levels do not scale by the same factors.  For example, the 

scaling of the spin-orbit interaction can be more than three times larger than the scaling 

of the Coulomb interaction between 4f electrons.  Consequently, the empirical scaling 

factor found by analyzing the 4f photoemission represents a weighted average with the 

discrepancies absorbed into an increased spectral broadening. 

 An alternate approach is to use calculated Hartee-Fock wavefunctions to describe the 

tetravalent energy levels.  It is well known that Hartree-Fock calculations significantly 

overestimate the electrostatic and relativistic interactions that determine the rare-earth 

energy levels [182,184], but by reducing all the calculated Hartree-Fock parameters by a 

uniform factor of 0.8, this approach has been quite successful in describing the structure 

of the rare-earth ions’ 4d104f N to 4d94f N+1 transitions [189,190,191].  However, the 

calculated 4f photoemission spectra exhibit significant deviations from the observed 

structure, again indicating that the use of a single empirical scaling factor is not sufficient 

to describe the tetravalent energy level structure [170]. 

 Because our purpose in analyzing the 4f photoemission spectra is to accurately extract 

the ground-state binding energy, we have a different set of requirements from the 

traditional treatments that have been primarily concerned with describing the overall 

shape of the photoemission.  For example, using accurate spin-orbit splittings in 

calculated final-state structure is not critical for describing measured spectra because 

errors are obscured by spectral broadening and experimental noise; however, these errors 

directly translate to systematic errors in extracted 4f electron binding energies and must 

be minimized to enhance the precision of the analysis.  Due to the necessity for knowing 
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the energy of the ground-state component relative to the overall photoemission structure 

as accurately as possible, we will pursue an approach for calculating the tetravalent 

energy levels based on understanding and extrapolating observed trends in the physical 

interactions that determine the energy level structure of the rare-earth ions. 

 To understand how the free-ion parameters vary between the trivalent and tetravalent 

ions, we begin by examining the Slater F(k) parameters that are the largest contributions to 

the 4f N energy level structure.  The Slater parameters are defined in terms of radial 

integrals involving the electron radial probability density function ( )nl ip r  for the nl 

electron shell: 

2
(k) 2 2 1

1 2 1 2 1 2 1 21 1
20 0 0 0

F ( ) ( ) 2 ( ) ( )
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nl nl nl nlk k
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∞ ∞ ∞
<
+ +
>

≡ =∫ ∫ ∫ ∫ . (3.26) 

Since the tetravalent ions have a larger effective nuclear charge Z relative to the trivalent 

ions with the same 4f N configuration, we expect the 4f electron radial charge density to 

be contracted relative to the trivalent charge density, increasing the electron-electron 

Coulomb interactions and the corresponding F(k) parameters.  The effect of the difference 

in Z can be characterized by the partial derivatives of the F(k) parameters 
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that depend on the radial probability density of the 4f electrons.  Although we do not 

know the exact form of the 4f radial function, we may use Slater’s empirical hydrogenic 

wavefunctions [107], corresponding to the radial probability density given by 
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where a0 is the Bohr radius, Γ is the gamma function, n is the effective principal quantum 

number (not necessarily integral), and Z is the effective nuclear charge.  In this approach, 

n (the distribution shape parameter) and Z (the distribution scale parameter) are viewed as 

empirical parameters chosen to give the best agreement with the observed ion properties.  

These types of empirical wavefunctions do in fact reproduce the trends in the F(k) 

parameters across the rare-earth series quite well and predict ratios of F(k) parameters 

similar to those observed experimentally.  If we use the probability density given by 

Eq. 3.28 in Eq. 3.27, we obtain 
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and, transforming to the normalized radial variables 
0

i
i

Zrr
na′ = , Eq. 3.29 simplifies to 
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Because the partial derivative does not depend on Z, Eq. 3.30 establishes that the F(k) 

parameters vary linearly with the effective nuclear charge.  The linear dependence on the 

effective nuclear charge is also supported by the nearly linear variation of the F(k) 

parameters across the rare-earth series.  Although we used the specific example of 

hydrogenic functions to demonstrate this result, the linear dependence is a general result 

that depends only on the effective nuclear charge acting as a scaling parameter for the 
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radial function, regardless of the specific mathematical form.  This predicts that the 

difference in F(k) parameters between the isoelectronic trivalent and tetravalent ions is the 

same as the difference between the isoelectronic divalent and trivalent ions.  As a result, 

we may use the measured F(k) parameters for the divalent and trivalent ions to predict the 

unknown tetravalent F(k) parameters. 

 The trivalent and divalent rare-earth ion spectra have been intensively studied, 

allowing us to determine the parameter differences between isoelectronic ions by 

comparing the experimental values [182,184,185,187,192-200].  However, care must be 

taken when comparing free-ion parameters between different sources.  The values of the 

free-ion parameters determined by fitting the optical spectra can be quite sensitive to the 

levels included in the fitting and the choice of starting parameter values.  Furthermore, 

the earlier work on rare-earth spectra only included some of the higher order interactions 

in the Hamiltonian.  While including these effects in the Hamiltonian results in relatively 

small changes in the calculated energy levels, the values of the other parameters included 

in the Hamiltonian are substantially modified by the fitting process to account for the 

interactions not included.  Consequently, free-ion parameters obtained from different 

sources can show considerable variation; to minimize these effects, we have sought to 

only compare free-ion parameters determined using the same terms in the effective 

operator Hamiltonian.  To avoid contributions from the slight material dependence of the 

parameters, we have compared results from the free-ion spectra whenever consistent 

analyses were available for both the trivalent and divalent ions. 
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 The observed differences between divalent and trivalent F(k) parameters for the 4f N 

configurations are plotted in Fig. 3.1.  The average parameter differences are 

∆F2 = 11380 cm−1, ∆F4 = 9640 cm−1, and ∆F6 = 8008 cm−1; however, examination of the 

data suggests that the F(k) parameter differences might decrease slightly for the heavier 

elements.  The scatter in the experimental points prevents a reliable analysis of the 

experimental trends, requiring us to seek guidance from theoretical calculations.  If we 

examine the relativistic Dirac-Fock calculations of Freeman and Desclaux [201] for the 

divalent and trivalent ions, we find that the differences between their calculated F(k) 

values (averaged over j subshells) are similar to the experimental values and do predict a 

slight decrease for the heavier rare-earths elements, where the variation between the 4f N 

configurations may be approximately described by the empirical form 
2
3a bN− .  If we 

adopt the approximate functional form of the F(k) parameter differences indicated by the 

Dirac-Fock calculations and shift the predicted values to agree with the experimental 

values, we obtain the simple empirical expressions (in units of cm−1) 

2
3

2
3

2
3

2

4

6

∆F 14700 924.4

∆F 11857 617.1

∆F 9577 436.7

N

N

N

= −

= −

= −

. (3.31) 

The differences given by Eq. 3.31 are plotted in Fig. 3.1.  Finally, by adding the F(k) 

parameter differences predicted by Eq. 3.31 to the experimental values for the trivalent 

ions, the desired estimates for the tetravalent ion parameters are obtained. 
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 Next, we require estimates for the tetravalent ion spin-orbit parameters.  These 

parameters are not as straightforward to analyze theoretically because the relativistic 

interaction matrix elements depend on derivatives of the electrostatic potentials 

experienced by each electron.  A simple Coulomb central potential predicts variations in 

spin-orbit parameters that are much larger those observed experimentally [202], 

indicating that the distribution of core electron charge density has a significant effect on 

the potential gradients experienced by the valence electrons.  Fortunately, the spin-orbit 

splittings of Pr4+ and Lu4+ are known experimentally [187], allowing us to empirically 
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Figure 3.1. Observed differences in Slater parameters between divalent and trivalent rare-
earth ions (in cm-1).  Solid lines are trends predicted by Dirac-Fock calculations shifted to 
fit the experimental values. 
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establish the trends in spin-orbit parameters between isoelectronic ions.  The 

experimental spin-orbit parameters are shown in Fig. 3.2 for the divalent, trivalent, and 

tetravalent ions with 4f 1 and 4f 13 electron configurations.  As we can clearly see from 

Fig. 3.2, the spin orbit-parameters vary linearly with the valence state of the isoelectronic 

ions.  This simple behavior allows us to use the same approach as for the Slater 

parameters and compare the experimental divalent and trivalent values to extrapolate the 

values for the tetravalent ions. 

 

 

Figure 3.2. Variation of experimental spin-orbit parameters with valence state for the 
isoelectronic series of the 4f 1 (squares) and 4f 13 (circles) configurations.  The solid lines 
show linear fits to the experimental values. 
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 The experimental spin-orbit parameters for the divalent and trivalent ions are plotted 

in Fig. 3.3.  We observe a smooth variation across the rare-earth series that can be 

accurately described by the functional form 
3
2a bN+ , as shown by the dotted lines in 

Fig. 3.3.  By using the linear dependence of the parameters on the valence state and then 

fitting the form 
3
2a bN+  to the extrapolated and measured tetravalent parameters, we 

obtain (in cm−1) 

3
2∆ζ 207.2 4.52N= +  (3.32) 

and 

3
2

4ζ 819.6 53.44N+ = + , (3.33) 

as represented in Fig. 3.3 by the solid line. 

 There is less experimental and theoretical guidance available for predicting how the 

higher-order interactions are influenced by the effective nuclear charge.  Fortunately, 

errors in predicting the remaining tetravalent free-ion parameters have a nearly negligible 

effect on the energy scales of practical interest.  In fact, completely ignoring these 

parameters would cause errors in the binding energy analysis of a few hundred meV at 

most, and simply approximating the tetravalent parameters with the values for the 

trivalent ions would reduce the estimated errors to less than 100 meV.  Consequently, we 

will estimate the tetravalent parameters by applying the linear extrapolation method, with 

the parameter differences determined by the average experimental differences between 

the divalent and trivalent ions. 
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 The two-body configuration interaction is the most important of the correction terms 

in the effective operator Hamiltonian.  The contraction of the tetravalent ion will tend to 

increase the Coulomb interaction matrix elements, while the increased energy separation 

between configurations will act to reduce the resulting perturbation of the 4f N energy 

level structure.  The experimental parameters for the divalent and trivalent ions indicate 

that the magnitude of the two-body configuration interaction decreases with the increased 

nuclear charge, where the average parameter differences are given by ∆α = −2.08 cm−1, 

∆β = 104.5 cm−1, and ∆γ = −611 cm−1.  Although there is less experimental information 

available regarding the three-body configuration interaction, it appears that the 

Figure 3.3. Experimental spin-orbit parameters for 4f N configurations of the divalent, 
trivalent, and tetravalent rare-earth ions.  Dotted lines are empirical fits to experimental 
values.  The solid line shows extrapolated spin-orbit parameters for the tetravalent ions. 
 
 

4f 1 4f 2 4f 3 4f 4 4f 5 4f 6 4f 7 4f 8 4f 9 4f 10 4f 11 4f 12 4f 13

500

1000

1500

2000

2500

3000

3500

 Fit Values
 Extrapolated Values

 Tetravalent
 Trivalent
 Divalent

Sp
in

-O
rb

it 
Pa

ra
m

et
er

 (c
m

-1
)

Configuration



 135 

magnitudes of the parameters T2, T3, and T4 decrease while T6, T7, and T8 increase 

slightly, with average differences of ∆T2 = −88 cm−1, ∆T3 = −2 cm−1, ∆T4 = −11 cm−1, 

∆T6 = −38 cm−1, ∆T7 = 6 cm−1, and ∆T8 = 10 cm−1.  We expect the contraction of the 

tetravalent ions to increase the two-body relativistic interactions, consistent with an 

average observed difference of ∆M0 = 0.67 cm−1 (where we are using the fixed parameter 

ratios M2 = 0.56M0 and M4 = 0.31M0, as suggested by Carnall et al. [184]).  The two-

body perturbation of the spin-orbit interaction also appears to increase slightly, with the 

average difference given by ∆P2 = 31 cm−1 (using the fixed ratios of P4 = 0.5P2 and 

P6 = 0.1P2 suggested by Carnall et al. [184]). 

 The tetravalent free-ion parameters presented in Table 3.2 were estimated by 

extrapolating the experimental trivalent ion parameters of Carnall et al. [184] using the 

methods described above to obtain a complete and self-consistent set of tetravalent 

parameters.  This procedure supplies us with the best estimates for the tetravalent 

energies and wavefunctions that contribute to the final-state structure.  Any remaining 

discrepancies between the calculated structure and the experimental photoemission are 

expected to be small and may be accounted for by allowing the energy scale factor to 

vary by a few percent in the fitting process.  Furthermore, the empirical relationships 

between isoelectronic ion parameters that we have established may also be used to 

estimate unknown divalent ion parameters from the trivalent parameters.  Following this 

procedure, the complete 4f N energy level structures calculated for the divalent, trivalent, 

and tetravalent rare-earth ions are presented in Appendix B for reference. 
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Calculated Photoemission Final-state Structure 
 
 
 Using the energies and wavefunctions of the tetravalent final states and trivalent 

ground state as determined using the methods described in the previous section, we may 

now use Eq. 3.25 to calculate the photoemission final-state structure for all the rare-earth 

ions.  The final-state structures for the trivalent and common divalent rare-earth ions were 

calculated using the full initial-state and final-state intermediate coupling wavefunctions, 

with all final-state structure components that contribute at least 0.1% of the total 

photoemission tabulated in Appendix C for reference.  Furthermore, the effect of thermal 

occupation of the 7F1 levels of Eu3+ (at 382 cm−1) was considered by calculating the final-

state structure for low temperatures and for 300 K.  The final-state structures originating 

from the two different initial states were each weighted by the thermal populations at 

300 K and incoherently combined to obtain the predicted photoemission spectrum.  The 

final-state structure components for both low temperature and 300 K are given in 

Appendix C; however, comparison of the spectra shows that the thermal occupation of 

7F1 primarily acts to shift the final-state structure to higher binding energy by ~10 meV 

so that the low-temperature spectrum is sufficient for most practical applications. 

The importance of using the full wavefunctions is demonstrated in Fig. 3.4, where the 

photoemission final-state structures calculated using approximate SLJ wavefunctions and 

full intermediate coupling wavefunctions are compared.  We see that the wavefunction 

mixing has the effect of dramatically reducing the intensity of the higher energy 

components of the final-state structure—an effect that occurs for nearly all rare-earth 

ions.  Therefore, while the mixing causes some of the “forbidden” high-energy 
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components to appear weakly in final-state structure, the largest effect is to reduce the 

high-energy components and enhance the low-energy components. 

 

 Enhancement of the low-energy final-state components is also observed due to the 

weak mixing in the initial-state wavefunction, as shown for Ho3+ in Fig. 3.5.  We see that 

the effect of the ~6.5% of SLJ admixtures in the 5I8 ground state of Ho3+ (see Table 3.1) 

is to enhance the 6H and 4M final-state components and suppress the doublet components 

around 5 – 6 eV.  This is a simple example of interference effects between the different 

Figure 3.4. Calculated photoemission final-state structure for Dy3+ with 1 eV of Gaussian 
broadening.  The solid line is the structure calculated using full intermediate coupling 
wavefunctions while the dotted line corresponds to approximating the wavefunctions as 
pure SLJ states. 
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terms in the photoemission transition matrix element, where the relative phases of the 

wavefunction components become quite important (e.g. reducing the intensity of the 2N 

final-state components when additional terms are added to the wavefunction).  In this 

specific case, because of the interference terms contributing to the squared matrix 

element in Eq. 3.25, the redistribution of intensity among the final-state components due 

to the additional terms in the initial-state wavefunction is three times larger than the 

redistribution that would occur if the components combined incoherently.  As more of the 

final-state structure is resolved, these interference effects have an increasingly important 

effect on the observed intensities. 

 If we compare the calculated final-state structure to the 4f photoemission of the 

elemental rare-earth metals [167], we find that the calculated term splittings appear to be 

about 1% to 2% larger than observed in the experimental spectra.  This implies that our 

estimated ∆F(k) values are up to 1000 cm−1 too large for the metals, which is within the 

uncertainty in the experimental differences presented in Fig. 3.1. Nevertheless, the 

variation in free-ion parameters is known to be as large as a few percent even between 

different insulating host materials [186] so that it would not be surprising for the metal 

parameters to be smaller than the LaF3 parameters that we have used.  When fitting 

experimental spectra, these slight uncertainties in the final-state structure may be resolved 

by allowing the fitting process to vary the energy scale factor by up to a few percent.  If 

we use this procedure to fit the observed rare-earth metal spectra, our calculated final-

state structure gives a noticeable improvement in describing the relative energies and 

intensities of spectral features as compared to previous calculations using trivalent ion 
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wavefunctions [167,168].  This indicates that our method for estimating the final-state 

energies and wavefunctions provides an improved description of the photoemission final-

state structure. 

 

 We should also note that the relative intensities given in Appendix C are calculated 

using the usual approximation that ρχ and 2µ  are constant for all final-state structure 

components.  Because ρχ and 2µ  both depend on the free-electron kinetic energy, the 

relative intensities of high-energy components will vary slightly for different photon 

Figure 3.5. Calculated photoemission final-state structure for Ho3+ with 1 eV of Gaussian 
broadening.  The solid line is the structure calculated using the full intermediate coupling 
wavefunction for the Ho3+ ground state while the dotted line corresponds to 
approximating the ground state as a pure SLJ state. 
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energies, with the values in Appendix C corresponding to the limit of final-state structure 

energies much smaller than the photon energy.  These intensity corrections will vary 

smoothly across the final-state structure, with the maximum variation at the high-energy 

components less than 10% for photon energies greater than 100 eV and at most a few 

percent for x-ray energies.  Similar smooth intensity variations with kinetic energy are 

expected due to the energy-dependent efficiency of the electron analyzer.  This 

instrumental effect will typically be larger than the slight variations in the fundamental 

cross section.  The energy-dependent detector transmission efficiency results in measured 

signal intensities Im given by [203] 

2
P

m
KE

EI I
E

∝  (3.34) 

for the constant-pass-energy mode of operation, where I is the true signal intensity, EP is 

the analyzer pass energy, and EKE is the electron kinetic energy.  Thus, for a pass energy 

of 25 eV and photoelectron energies of ~150 eV, the signal from final-state components 

10 eV above the ground state will be enhanced by 7% due to the instrumental response. 

 The calculated final-state structure may be examined to extract several important 

properties.  Of particular interest is the location of the 4f photoemission spectrum’s 

barycenter.  The energy E  of the barycenter relative to the ground-state component may 

be written as 

( ) 1 ( )
( )

i f f
total f

E w E dE
E w E g E dE

ww E dE
→

⋅
= = ⋅∫ ∑ ∫∫

, (3.35) 
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where E is the binding energy relative to the ground-state component, wtotal is the total 

photoemission rate to all final states, wi→f is the rate to each final-state component given 

by Eq. 3.25, and gf (E) is the spectral line-shape function for each final state.  From 

Eq. 3.35, we see that the barycenter energy is unaffected by symmetric broadening of the 

final-state components, even if the broadening varies between components (as might 

result from interatomic Auger relaxation of the excited final states [113,114]).  

Furthermore, the energy of the barycenter relative to the ground-state component is 

unaffected by any broadening process that affects the entire final-state structure (such as 

differential charging and instrumental broadening).  Because the energy difference 

between the barycenter and the ground-state component is unaffected by broadening, we 

may determine the ground-state component’s binding energy by simply measuring the 

barycenter of the 4f photoemission spectrum (with the secondary electron contributions 

removed).  Although not as accurate as more sophisticated shape analysis techniques 

(such as curve fitting) due to the difficulties in discriminating the background signals and 

removing the instrumental response contributions, the simplicity of this method provides 

advantages for obtaining quick estimates and for analyzing spectra with large 

experimental broadening or distortion.  To facilitate this type of analysis, the calculated 

final-state structure barycenter energies are given in Table 3.3 for the trivalent rare-earth 

ions.  As an indication of each value’s sensitivity to weak final-state structure 

components, the amount each barycenter is reduced by excluding all components with a 

relative intensity less than 0.1% is also given in parenthesis.  Using these results, the 4f 

electron binding energy may be estimated by subtracting the relative energy given in 
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Table 3.3 from the measured energy of the 4f electron photoemission spectrum’s 

barycenter. 

 

 Another important characteristic of the final-state structure is how broadly the total 

photoemission intensity is distributed over the electron energy spectrum.  Because of the 

finite signal-to-noise ratios in experimental photoemission measurements, the peak 

photoemission rate for a fixed resolution bandwidth (due to both the experimental 

arrangement and the material physics) determines the minimum observable signal.  As a 

result, if the total photoemission cross section is distributed over a range of binding 

energies larger than the fundamental spectral width, the peak photoemission and 

corresponding signal-to-noise ratio are reduced.  This is demonstrated in Fig. 3.6, where 

the peak intensities of the final-state structure of each ion are plotted for several values of 

the spectral broadening.  These values are proportional to the maximum fraction of the 

total photoemission intensity that appears over the resolution bandwidth.  In Fig. 3.6, we 

Table 3.3. Binding energies (in meV) of the final-state structure barycenters relative to 
the ground-state components.  The amounts that the barycenter binding energies are 
reduced by ignoring final-state components smaller than 0.1% are given in parenthesis. 
 

Ion Barycenter  Ion Barycenter 

Ce3+ 0 (0)  Tb3+ 5334 (25) 
Pr3+ 25 (0)  Dy3+ 3590 (52) 
Nd3+ 202 (0)  Ho3+ 2547 (66) 
Pm3+ 850 (5)  Er3+ 2757 (40) 
Sm3+ 1280 (14)  Tm3+ 2896 (7) 
Eu3+ 877 (9)  Yb3+ 1933 (0) 
Gd3+ 471 (8)  Lu3+ 627 (0) 
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can see that most heavy rare-earth ions have significantly reduced peak photoemission 

rates due to the broader distribution of their final-state structure, while ions with their 

final-state structure concentrated over an energy range smaller than the spectral 

broadening have peak rates that approach the theoretical maximum.  The effect of the 

final-state structure on the experimental signal magnitudes will be explored further when 

we examine the absolute magnitudes of the 4f electron cross sections. 

 

 The spectral distribution of the final-state structure also has very important 

consequences for the interpretation of the spectra and the determination of 4f electron 

Figure 3.6. Peak final-state structure intensities for normalized total photoemission. 
Results are given for Gaussian spectral broadening (resolution) of 1 eV (squares), 2 eV 
(diamonds), and 3 eV (circles).  Horizontal dotted lines show the maximum values 
possible for each amount of broadening. 
 
 

Ce3+ Pr3+ Nd3+ Pm3+Sm3+ Eu3+ Gd3+ Tb3+ Dy3+ Ho3+ Er3+ Tm3+ Yb3+ Lu3+

0.2

0.4

0.6

0.8

1.0

Broadening
 1 eV
 2 eV
 3 eV

Pe
ak

 o
f N

or
m

al
iz

ed
 F

in
al

-s
ta

te
 S

tru
ct

ur
e



 145 

binding energies.  If very little broadening were present in the experimental 

photoemission spectra, an unambiguous interpretation of the 4f electron final-state 

structure and binding energy would be straightforward for all of the rare-earth ions.  

Unfortunately, the final-state lifetime, thermal broadening, and differential charging all 

act to significantly broaden the experimental spectra that are obtained under practical 

conditions.  This broadening tends to reduce the accuracy of the 4f electron binding 

energies extracted from the observed spectra since many of the individual features can no 

longer be precisely recognized.  While curve fitting dramatically reduces the uncertainties 

in the analysis, the most accurate binding energy estimates are obtained from ions with 

particularly simple final-state structure.  Obviously, Ce3+ presents the ideal case since 

there is only a single peak in the photoemission spectrum centered at the 4f electron 

binding energy.  The ions with the next simplest structure are Pr3+, Gd3+, and Lu3+, in that 

order.  Although Tb3+ has a complicated spectrum, the 8S7/2 ground-state component of 

the final-state structure is well separated from the other components, allowing the 4f 

binding energy to be unambiguously determined from the spectrum (if the broadening is 

small enough, Dy3+ provides a similar situation).  In general, binding energies are more 

easily extracted from the lighter ions due to their less complex final-state structure.  

These simple guidelines should be considered in the design of any experimental study of 

the 4f electron binding energies. 
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Photoemission Cross Sections for 4f Electrons 
 
 
 In addition to understanding the structure of the rare-earth ions’ 4f photoemission 

spectra, it is also important to understand how the photoemission signal magnitude varies 

across the rare-earth series.  The minimum rare-earth concentration that may be studied 

with a specific experimental arrangement is determined by the 4f photoemission cross 

section and the corresponding signal-to-noise ratio of the 4f component of the spectrum.  

Because the cross section decreases for the lighter rare-earth ions, higher concentrations 

are required to compensate for the decrease in signal.  This effect is particularly 

important when studying rare-earth ions in materials where the maximum rare-earth 

concentration is limited by the chemistry of the host crystal.  Depending on the 

experimental arrangement, this can limit the range of ions that may be studied in some 

host materials. 

 The signal observed in a photoemission experiment is proportional to the 

photoemission rate over the energy bandwidth sampled by the analyzer.  From Eq. 3.25, 

we see that three factors determine the photoemission rate: the spectral distribution of the 

final-state structure (see Fig. 3.6), the number of 4f electrons N, and the magnitude of the 

one-electron dipole moment matrix element µ .  Due to the factor of N in the 

photoemission rate, it has often been assumed that the variation in signal magnitude 

between rare earths should be mostly due to the different number of 4f electrons.  

However, the lanthanide contraction has a significant effect on the one-electron dipole 

moment causing the relative signal magnitudes to depend strongly on the electron energy. 
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 To pursue this analysis further, we must explicitly calculate the photoemission cross 

sections.  There has been extensive theoretical work on calculating photoionization cross 

sections, and several approaches have been developed [204-207].  One of the simplest, 

most accurate, and widely used approaches is to calculate the subshell cross sections 

using atomic and continuum wavefunctions determined using the Hartree-Fock method 

with the central potential approximation [205,207,208].  This method has been used to 

calculate subshell photoionization cross sections for all elements up to atomic number 

103 [106,209], giving excellent agreement with measured values, particularly when 

uncertainties due to the experimental difficulty of measuring absolute cross sections are 

considered [210].  However, these calculations are usually performed for the neutral 

atoms under the assumption that the ion valence does not affect the cross section.  This 

assumption applies to core electrons since the valence electrons have very little effect on 

inner electronic subshells; however, the rare-earth 4f electrons provide a unique situation 

where this assumption is clearly incorrect.  For most of the rare-earth ions, the number of 

4f electrons is different in the trivalent and neutral valence states, causing a significant 

change in the 4f electron wavefunctions and resulting cross sections.  Thus, we would not 

expect the existing neutral atom calculations to directly apply to the trivalent ions. 

 Because we wish to gain fundamental insight into the behavior and trends of the 4f 

electron cross sections, with less emphasis on the absolute magnitudes, we will employ a 

simple approximate approach for calculating the 4f electron cross section trends.  The 

initial-state 4f electron wavefunctions may be accurately estimated for the trivalent ions 

using the Hartree-Fock radial functions available in the literature [211]; however, we will 



 148 

adopt a simple plane-wave approximation for the final-state continuum wavefunctions 

that is similar to the plane wave and orthogonalized plane wave approaches commonly 

used in the theory of molecular orbital photoionization [206].  Using plane-wave states is 

equivalent to the zero-order Born approximation in traditional scattering theory and 

corresponds to ignoring the interaction between the continuum and the central potential 

of the ionized atom [204].  It is well known that the interaction with the central potential 

introduces spherical-wave components into the continuum wavefunctions [204,212].  

Thus, we would not expect plane-wave states to accurately predict the absolute 

magnitude or angular dependence of the cross sections.  However, this approach may be 

used to predict the overall trends in the cross sections, particularly between different ions 

and valence states.  Furthermore, by using this simple analytical approach rather than the 

usual numerical techniques, we gain fundamental insights into the behavior of the cross 

sections that allow us to apply the more accurate neutral atom calculations to interpret the 

trivalent ion cross sections. 

 Before continuing, it is worth considering the role of the measurement process in the 

theory of photoemission cross sections.  While the photoemission process itself may be 

described within the three-step model of excitation, transport through the crystal, and 

escape through the surface [97,213], a photoemission experiment necessarily involves an 

additional detection step that is generally not considered in the theory.  Specifically, the 

process should be considered quantum mechanically as a transition from the initial 

atomic state to the final states detected by the analyzer rather than as just the 

photoionization rate to all continuum states.  So, while the signal observed in an 
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absorption experiment will be accurately described by the photoionization cross section, 

the signal observed in a photoemission experiment will depend on the method of 

collecting the photoelectrons: for example, a hemispherical energy analyzer preferentially 

collects electrons within a small range of ek  magnitudes and orientations.  Using the 

photoionization cross section to describe the observed photoemission is equivalent to 

assuming that all degenerate continuum states project equally onto the electron states 

collected by the energy analyzer.  If we wish to describe the behavior of the observed 

photoemission signal, we may expand the continuum and detector states in terms of their 

spatial-spectral Fourier components (i.e. plane-wave basis functions) and then calculate 

the contribution of each component to the total transition matrix element.  In this picture, 

using the plane-wave approximation for the final continuum states is equivalent to using 

the leading term of the Fourier expansion to describe the observed signal. 

 To explore the variation in photoemission signal magnitude across the rare-earth 

series, we begin by examining the transition probability rate given by Eq. 3.25.  Since we 

have already established how the final-state structure influences the measured signal (see 

Fig. 3.6), we now consider how the total photoemission rate varies between ions.  We 

may sum the photoemission rate over all possible final states of the 4f N−1 ion and then 

use the orthogonality and normalization of the coupling coefficients to obtain the total 

rate of photoemission as 

2
2

 

4
total i f

all f

Iw w N
c χ

π ρ µ→= =∑ . (3.36) 
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Furthermore, since the photoemission cross section σ is given by the photoemission 

probability rate divided by the incident photon flux Φ, we also have 

2
24absP w N

I c χ
π ωσ ρ µ≡ = =

Φ
. (3.37) 

To obtain Eq. 3.36, we have assumed that the electron energy is much larger than the 

final-state structure energies so that the free-electron density of states and the one-

electron dipole moment are the same for all final-state components.  However, we should 

note that the energy dependence of the free-electron states might cause the relative 

intensities of higher energy final-state components to vary slightly for different photon 

energies.  

 If we wish to calculate the total rate of photoemission from a macroscopic sample, we 

must multiply the probability rate from Eq. 3.36 by the number of ions contained in the 

material volume being probed.  In addition, Eqs. 3.36 and 3.37 must be modified to 

account for the interaction between the ion and the material polarization induced by the 

incident radiation.  Thus, the photoemission rate wc and cross section σc for ions 

embedded in a material are given by 

( )222 21
9

loc
c

c

nE
n E n

σ σ σ
  +   = ≈      

, (3.38) 

and 

Nc ions
c

Iw σ
ω

= , (3.39) 
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where Nions is the number of ions in the sampling volume and n is the material’s index of 

refraction for the photon energy ω .  In Eq. 3.38, we have used the Lorentz local field 

approximation for the ratio of the local electric field Eloc at the ion to the macroscopic 

electric field Ec in the crystal [214].  The polarization correction in Eq. 3.38 is quite small 

for the photon energies used in photoemission so that it may usually be ignored.  For 

example, the index of refraction of YAG is ~0.97 at 100 eV (see Fig. 2.15) so that the 

effective cross section in the crystal is only reduced by ~1% from the free-ion value and 

the correction is considerably less at higher photon energies. 

 Now, to proceed we must calculate the magnitude of the one-electron matrix elements 

given by Eq. 3.23.  First, we expand the 4f electron states in terms of slmsml basis 

functions to obtain 

2

,
,

1 ˆ ˆ
2 1

j s l
s l

s l j j s l f s l s l f
m m m

m m

slm m sljm sljm slm m slm m slm m
j

µ χ µ µ χ
′ ′

′ ′ ′ ′=
+ ∑ ∑ . (3.40) 

The continuum and 4f electron states may be written in the forms ( ) ( )
f e e fk kr rξχ χ ξ=  

and ( ) ( ) s
l s l

m
nslm m nlm sr rψ ψ ξ=  so that the wavefunctions are explicitly separated into the 

spin components (represented by spinors) and the spatial components (represented by the 

spatial wavefunctions).  If we then average over the (2s + 1) degenerate spin states of the 

free electron and explicitly write Eq. 3.40 in terms of integrals over the wavefunctions 

and 3-j symbols, we obtain 
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Using the orthogonality and normalization of the spin states, Eq. 3.41 reduces to 
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where the spinors have been factored out of the wavefunctions to calculate the spin 

projection factors.  Because the integrals do not depend on either mj or ms, we may use 

the orthogonality of the 3-j symbols to simplify the summations even further, giving 

( )( )

22
2 2

0 0 0

1 ( )  ( ) sin( )
2 1 2 1 l e

l
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m

r er r r d d dr
s l

π π
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∗
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+ + ∑ ∫ ∫ ∫ . (3.43) 

Thus, as discussed in relation to Eq. 3.23, we see from Eq. 3.43 that 2µ  does not depend 

explicitly on j.  However, it is known that the radial wavefunctions can vary slightly for 

4f electrons in different j orbitals due to relativistic effects [201].  This difference may 

cause the intensity distribution among final-state J values to be slightly perturbed from 

the values calculated assuming that 2µ  is constant. 
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 To calculate the integrals in Eq. 3.43, we must know the spatial components of the 4f 

and continuum wavefunctions.  For the continuum function, we will use momentum 

eigenfunctions of the free-electron Hamiltonian.  In the coordinate representation, these 

states correspond to plane waves given by 

1( ) e
e

ik r
k r e

V
χ ⋅= , (3.44) 

where ek  is the wavevector of the free electron and we have normalized the 

wavefunctions to the volume of the space V in which the plane waves are confined (e.g. 

the sample chamber).  With this choice of wavefunction, it is straightforward to show that 

the corresponding density of states, including the spin degeneracy, is 

( )
1

3 2

3 3 5( ) 2 1
2 e

e
k

m EVE s dχρ π

  = + Ω  
, (3.45) 

where 
ekdΩ  is the differential solid angle of ek  orientations (see, for example, 

Ref. [172]).  Thus, inserting Eq. 3.45 into Eq. 3.37 gives us 

( )
1

32 2

32 1
2

e

e

k

m Ed V Ns
d c
σ ω µ

π

  = +  Ω  
 (3.46) 

for the differential photoemission cross section [206].  To obtain the effective cross 

section for a particular experimental geometry, we must integrate the differential cross 

section in Eq. 3.46 over the solid angle collected by the electron analyzer.  Although V 

appears in Eq. 3.46, the cross section will not depend on the volume since there will be a 

compensating factor of V−1 in 2µ .  The form of Eq. 3.46 will be different for other 
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continuum functions and normalization conventions.  For example, the most common 

convention used when calculating atomic cross sections is to choose the continuum states 

so that the wavefunctions are normalized per unit energy.  This alternate approach is 

equivalent to implicitly including the density of states in the wavefunction normalization 

so that ρχ is always unity [207]. 

 Because the continuum functions given by Eq. 3.44 are momentum eigenfunctions, 

we can immediately gain substantial insight into the behavior of the photoemission cross 

section.  To see this, we examine the full form of the electron-radiation interaction given 

by Eq. 3.3.  Combining the factor of ik re ⋅  that appears in the interaction Hamiltonian 

with the final-state wavefunction and then using the fact that the momentum operator is 

Hermitian, we find that the interaction matrix element is proportional to the spatial 

Fourier transform of the 4f electron wavefunction [204].  As a result, we may write the 

photoemission cross section in terms of the wavefunction’s Fourier transform so that we 

have 

3
2

2 ( )
lnlm eE k kσ ψ∝ − . (3.47) 

Thus, we expect the maximum cross section to occur when the wavelength of the free-

electron plane wave is on the order of the 4f wavefunction radius.  From Eq. 3.47, the 

importance of the lanthanide contraction and ion valence is also apparent.  As the 4f 

orbitals contract for the heavier rare-earth elements and the higher valence states, the 

cross section is distributed over a wider range of energies and the maximum occurs at 

higher energy. 
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 To evaluate Eq. 3.43, we expand the plane-wave function from Eq. 3.44 in terms of 

spherical harmonics to obtain 

( )
,

4( )  ( , ) ( ) ( , )l l
e

l

m ml
l el lk

l m
r i Y j k r Y

V
πχ α β θ φ

∗
= ∑ , (3.48) 

where α and β are the polar and azimuthal angles of ek , θ and φ are the polar and 

azimuthal angles of r , the lm
lY  are spherical harmonics, and the jl are spherical Bessel 

functions.  Since we are assuming that we have a free-ion with spherical symmetry, only 

the relative orientation of the plane wave and dipole moment is important so that we are 

completely free to choose the direction of the outgoing electron.  Thus, we may define 

our coordinate system so that the free electron propagates along the z-axis, allowing us to 

simplify Eq. 3.48 to 

04( )  2 1 ( ) ( , )
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l
l e lk
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r i l j k r Y

V
πχ θ φ= +∑ . (3.49) 

 Because the dipole moment operator only connects states with 1l∆ =± , the 4f 

electron may only be coupled to the l = 2 (the D-wave component) and l = 4 (the G-wave 

component) terms in the expansion of the free-electron wavefunction.  Thus, we just need 

to retain two terms in Eq. 3.49 to calculate the dipole moment matrix elements.  The 

radial functions for these two terms correspond to the spherical Bessel functions given by 
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 Because all of the wavefunctions may be written as the products of functions that 

only depend on either the radius or the angular coordinates, the integral in Eq. 3.43 may 

be separated into the product of radial and angular integrals.  For an arbitrary choice of 

dipole moment orientation, there are two radial integrals and at most six angular integrals 

that must be evaluated.  Using the form of the 4f spatial wavefunction 

( ) ( ) ( , )l
l

m
nlm n lr R r Yψ θ φ=  (3.51) 

and expanding the dipole operator in terms of spherical harmonics 
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it is straightforward to evaluate the angular integrals with Gaunt’s coefficients [177,215], 

which may be calculated using 3-j symbols: 
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 The photoemission trends are best characterized by considering the average cross 

section for all possible orientations of the electric field polarization ε .  Therefore, we 

wish to calculate the average cross section given by 

1 ( )
4
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σ σ ε
π

= Ω∫ , (3.54) 
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where the integral is over all relative orientations of the polarization unit vector ε .  If we 

use Eqs. 3.50 and 3.51 to define radial integral parameters given by 

1
3

1 0
( ) ( ) ( )

ll nR E r R r R r drχ ±

∞
± = ∫ , (3.55) 

combine Eqs. 3.43, 3.45, 3.46, 3.49, 3.52, 3.53, and 3.54, and then integrate the 

differential cross section over all possible photoemission directions, we obtain 
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where α is the fine structure constant, E is the kinetic energy of the emitted electron, and 

EB is the electron binding energy (i.e. E+EB is the photon energy).  The factors in 

Eq. 3.56 differ from the usual result in the literature [106,205,207,208] due to our 

different choice of normalization and the explicit incorporation of the density of states. 

 All that remains is to evaluate the radial integrals given by Eq. 3.55, requiring that we 

know the radial function for the 4f electron.  To estimate the radial functions, we will use 

the Hartree-Fock calculations of Freeman and Watson [211], which provide a consistent 

set of results for most of the trivalent rare-earth ions.  These calculated radial functions 

are expressed analytically as a sum of hydrogenic basis functions 
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where αi and βi are effective parameters calculated using the Hartree-Fock method and a0 

is the Bohr radius.  Radial wavefunction parameters calculated by Freeman and Watson 

are reproduced in Table 3.4.  For ions not investigated by Freeman and Watson, we 
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estimated the parameters by interpolating and extrapolating values for neighboring ions 

while forcing the wavefunctions to be properly normalized. 

 

 An alternate approach for estimating the 4f radial functions is to use Slater’s 

empirical approach for constructing the radial function [107].  While less accurate than 

the Hartree-Fock results, this approach offers advantages for interpreting the form and 

behavior of the empirical wavefunctions.  Slater’s method combines a hydrogenic radial 

function with a set of empirical rules for determining an effective principle quantum 

Table 3.4. Radial wavefunction parameters for trivalent rare-earth ions from Freeman and 
Watson [211].  Values for ions marked with an asterisk were estimated by cubic 
polynomial interpolation/extrapolation with the constraint that the wavefunction 
normalization be maintained. 
 

4f Radial Wavefunction Parameters Ion 
α1 β1 α2 β2 α3 β3 α4 β4 

  Ce3+ 752.34143 9.815 103.11436 5.585 16.907930 3.723 0.44330000 2.034 
  Pr3+ 902.18300 10.271 129.67688 5.828 20.006113 3.885 0.52792993 2.125 
  Nd3+ 1068.89020 10.727 159.82204 6.071 23.576710 4.047 0.64580000 2.216 
*Pm3+ 1252.15353 11.183 194.02868 6.314 27.589260 4.209 0.80965000 2.307 
  Sm3+ 1453.85830 11.639 233.10473 6.557 32.135270 4.371 1.01200000 2.398 
*Eu3+ 1678.12903 12.097 278.52110 6.802 37.447110 4.534 1.22829000 2.488 
  Gd3+ 1923.81510 12.554 329.66724 7.046 43.274830 4.697 1.50475000 2.578 
*Tb3+ 2190.59085 13.009 385.83294 7.288 49.334550 4.858 1.89312000 2.670 
  Dy3+ 2480.40130 13.463 448.83699 7.529 55.967000 5.019 2.35247000 2.762 
*Ho3+ 2797.68577 13.919 520.71626 7.772 63.506900 5.181 2.85227000 2.853 
  Er3+ 3141.61120 14.375 601.33500 8.015 71.845560 5.343 3.41911000 2.944 
*Tm3+ 3513.41705 14.831 691.23871 8.258 81.002170 5.505 4.06607000 3.035 
  Yb3+ 3914.43630 15.287 790.99957 8.501 90.998360 5.667 4.80641000 3.126 
*Lu3+ 4344.74289 15.742 900.93840 8.743 101.826620 5.828 5.65191000 3.218 
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number n and effective nuclear charge Z for each electron subshell.  Under this 

approximation, the normalized wavefunction in the coordinate representation is given by  

1
2

01
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1 2( ) ( , ) ( ) ( , )
(2 1)

l l
l

Zrn
m mnan

nlm nl l
Zr r e Y R r Y

nan
ψ θ φ θ φ

−+
−  = =   Γ +  

 (3.58) 

and the corresponding probability density is given by Eq. 3.28,  where 0a  is the Bohr 

radius and Γ  is the gamma function.  One advantage of these empirical functions is that 

many of their properties may be simply expressed in analytical form.  For example, the 

distribution moments are 

0(2 1)
(2 1) 2

nanr
n Z

α
α α  Γ + + =   Γ +

, (3.59) 

the peak of the radial probability density occurs at 

2

0peak
nr a
Z

= , (3.60) 

and the radial spread of the probability density is given by 

( )2 22 1(∆ )
2 1

r r r r
n

= − =
+

. (3.61) 

From Eqs. 3.59, 3.60, and 3.61, we see that Z sets the radial scale of the wavefunction 

and n determines the shape of the wavefunction. 

 The empirical values of n and Z appearing in the radial function Rn(r) may be 

calculated using Slater’s rules.  For a trivalent rare-earth ion with a 4f N configuration, 

Slater’s rules predict the values n = 3.7 and Z = 12 + 0.65·(N − 1) for the 4f electron 

subshell, where it is assumed that the 5s and 5p electrons do not provide any shielding for 

the 4f electrons.  However, if we allow n and Z to vary freely and fit the empirical 
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functions to the Hartree-Fock probability densities established by the parameters in 

Table 3.4, we obtain parameter values of n = 1.82 and Z = 4.51 + 0.165·(N − 1).  The 

differences in parameter values arise mostly from the Hartree-Fock calculations 

predicting radial probability distributions much more diffuse than those predicted by 

Slater’s rules. 

 By using hydrogenic 4f radial functions, we may gain insight into the effect of the 

ion’s valence state on the photoemission cross section.  Specifically, if we examine how 

the radial integrals in Eq. 3.55 vary with Z, we find that the function 2 2( )Z Z Eσ  remains 

constant for all values of Z.  This allows us relate the cross section 1( )Eσ  for an ion 

where N1 electrons experience an effective nuclear charge of Z1 to the cross section 

2 ( )Eσ  where N2 electrons experience an effective nuclear charge of Z2: 

( )
2 2

2 1 1
2 12 2

1 2 2

N Z ZE E
N Z Z

σ σ
  = ⋅    

. (3.62) 

Thus, Eq. 3.62 may be used with cross section calculations for one valence state of an 

atom (such as the neutral atom calculations of Yeh and Lindau [106]) to estimate the 

photoemission cross sections for all other valence states of the atom.  This is particularly 

important for electrons in the valence shell since the number of electrons and the 

effective nuclear charge is different depending on the atom’s chemical environment. 

 Since the wavelengths involved in photoemission approach the scale of the electron 

position vectors at higher photon energies, we should first establish the range of photon 

energies over which the dipole approximation results based on Eq. 3.4 can be considered 

valid before continuing with the explicit calculation of cross sections.  Because the 
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photoemission cross section is proportional to the squared magnitude of the perturbation 

matrix element, the first non-zero correction term to the dipole approximation result will 

be proportional to 
2

nk r⋅  [207].  For the trivalent rare-earth ions, nr  for the 4f 

electrons varies from about a0 to ½a0 (where a0 is the Bohr radius).  Consequently, we 

expect that the relative error in Eq. 3.6 due to the dipole approximation will be on the 

order of 
2

2
E

Ry
α     

, where α is the fine structure constant, Ry is the Rydberg constant, and E 

is the photon energy.  This suggests that the error in Eq. 3.6 is only 0.2% for 150 eV 

photons but rapidly rises to 16% at the 1487 eV Al Kα energy.  The breakdown of the 

dipole approximation for higher photon energies will influence both the absolute 

magnitude of the photoemission cross section and the variation of the cross section 

between different rare-earth ions.  Thus, any treatment of 4f electron cross sections under 

the dipole approximation is inappropriate for photon energies larger than a few keV. 

 
Calculated Trends in the 4f Electron Photoemission Cross Sections 

 
 
 To explore the behavior of the 4f electron photoemission for the different rare-earth 

ions, we may calculate the photoemission cross sections using the radial functions given 

by Eqs. 3.50, 3.57, and Table 3.4.  From Eq. 3.56, we see that the average cross section is 

the sum of the partial cross sections to the D-wave and G-wave components of the 

continuum wavefunction.  The two partial cross sections for Ce3+ (in units of 

Mb = 106 Barns = 10−18 cm2) are given in Fig. 3.7 as a function of photon energy.  To 

calculate the cross sections, the 4f electron binding energies in Eq. 3.56 were estimated 
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using typical values for the trivalent ions in insulators, varying from 6 eV to 13 eV for the 

different ions [83,84,90].  Both components of the cross section show the typical shape 

expected from Eq. 3.47, where the cross section rapidly rises from threshold to reach a 

maximum and then decays almost exponentially for higher energies.  From Fig. 3.7, we 

see that the D-wave partial cross section is only significant at low photon energies and 

the G-wave component dominates at higher energies.  In fact, this different behavior for 

the 1l±  components is a general feature of direct photoemission.  While emission occurs 

almost entirely into the G-wave component at XPS energies, the D-wave and G-wave 

components contribute equally in the 100–200 eV range. 

 

 

Figure 3.7. Calculated Ce3+ 4f electron partial photoemission cross sections to D-wave 
(dotted line) and G-wave (solid line) components of the free-electron wavefunction. 
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 To demonstrate the influence of the effective nuclear charge on the 4f electron cross 

sections, we may use the approximate Slater wavefunctions given by Eq. 3.58.  In 

Fig. 3.8, we show the calculated Ce3+ cross section using the empirical parameters 

determined by fitting the Hartree-Fock radial functions.  In addition, we show the cross 

sections calculated for radial functions with Z increased and decreased by 10%.  As 

predicted by Eq. 3.47, the wavefunction contraction resulting from increased Z causes the 

peak cross section to occur at higher energy and the energy distribution of the cross 

section to broaden, while exactly opposite effects result from decreased Z and the 

corresponding expansion of the radial function.  Consequently, an increase in Z causes 

the cross section to be reduced at low energies and somewhat enhanced at high energies.  

From this behavior, we can clearly understand how the lanthanide contraction introduces 

significant energy dependence into the relative cross section ratios between rare-earth 

ions. 

 The energy dependence of the relative cross sections is demonstrated in Fig. 3.9, 

where the calculated ratio of the Lu3+ and Ce3+ cross sections is shown by the solid line.  

The horizontal dashed line in Fig. 3.9 represents the cross section ratio that would be 

expected if the one-electron dipole moments had the same value for all rare-earth ions.  

The ratio of the Lu and Ce neutral atom cross sections predicted from the calculations of 

Yeh and Lindau [106] is also presented in Fig. 3.9 by the dotted line.  The overall 

behavior is similar to our calculations except that the ratio varies more strongly with 

photon energy, as would be expected from the reduced effective nuclear charge of the 

neutral atoms.  For both calculations, the cross section ratio is significantly reduced at 
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low energies and increased at high energies.  Consequently, we would expect the lighter 

rare-earth ions to produce relatively weak photoemission signals at the x-ray photon 

energies commonly used in XPS, while all rare earths should produce similar signals at 

the lower energies used in UPS. 

 

 The 4f electron cross sections at 1487 eV are presented in Fig. 3.10.  The circles are 

the experimental values for rare-earth ions in solids tabulated by Leckey [210].  The solid 

line represents our calculated cross sections for the trivalent ions reduced by a factor of 

~47.  As expected, our simple calculation approach significantly overestimates the 

absolute magnitudes of the cross sections because it underestimates the rate at which the 

Figure 3.8. Calculated Ce3+ 4f photoemission cross section (solid line) compared to 
calculations for an effective nuclear charge increased by 10% (dotted line) and decreased 
by 10% (dashed line). 
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cross sections decrease for higher photon energies (i.e. the actual cross sections are much 

smaller at high energies than predicted by Fig. 3.7).  However, from Fig. 3.10 we see that 

our approach succeeds in predicting the relative cross sections extremely well.  For 

comparison, the calculated neutral atom cross sections are also shown in Fig. 3.10 by the 

dotted and dashed lines.  The calculations of Scofield [209] agree with the experimental 

values quite well while the values from Yeh and Lindau [106] overestimate the cross 

sections by a factor of two.  If we use Eq. 3.62 to correct the neutral atom calculations to 

account for the trivalent configurations and charges, the values for the lighter ions are 

reduced by a factor of two but the values for the heavier ions are only slightly reduced so 

Figure 3.9. Calculated Lu3+/Ce3+ 4f photoemission cross section ratio (solid line) with the 
electron ratio shown for comparison (dashed line).  The Lu/Ce ratio of the neutral atom 
cross sections calculated by Yeh and Lindau [106] is also presented (dotted line). 
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that the overall agreement with the experimental values in Fig. 3.10 is not appreciably 

changed. 

 

 The relative cross sections calculated for the trivalent ions are shown in Fig. 3.11(a) 

for photon energies of 100 eV, 500 eV, and 1500 eV.  The cross sections have been 

normalized to the Ce3+ cross section at each photon energy.  In this range of photon 

energies, the 4f electron cross section exhibits an approximately linear trend across the 

rare-earth series with the slope dramatically increasing with photon energy. 

Figure 3.10. Rare-earth 4f electron photoemission cross sections at the Al Kα photon 
energy (1487 eV).  Circles are experimental values in solids from Leckey [210].  The 
solid line represents our calculated cross sections reduced by a factor of ~47.  The dashed 
line shows the relativistic Hartree-Fock calculations of Scofield [209] and the dotted line 
shows the Hartree-Fock calculations of Yeh and Lindau [106]. 
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Figure 3.11. (a) Calculated rare-earth 4f electron photoemission cross sections 
normalized to the Ce3+ cross section at photon energies of 100 eV, 500 eV, and 1500 eV. 
(b) Calculated peak 4f electron photoemission rates at photon energies of 100 eV, 
500 eV, and 1500 eV including final-state structure with 2 eV of broadening.  All rates 
are normalized to the corresponding Ce3+ photoemission rate. 
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 As was discussed in relation to Fig. 3.6, the energy distribution has an important 

effect on the peak photoemission signal expected from each ion.  We may combine the 

results in Fig. 3.6 with the variation in the total cross section presented in Fig. 3.11(a) to 

obtain the expected variation of the peak photoemission signal.  This is shown in 

Fig. 3.11(b) for a spectral broadening of 2 eV, where the peak photoemission rates have 

been normalized to the Ce3+ rate at each energy. 

 The relative photoemission signal magnitudes shown in Fig. 3.11(b) provide guidance 

in predicting which ions are the best candidates for observing at very low concentrations.  

For example, Fig. 3.11(b) suggests that we would need a Ce3+ concentration four times 

larger as compared to Gd3+ and Lu3+ to obtain the same signal levels even at photon 

energies favorable to the lighter ions.  The difference is much more dramatic at the Al Kα 

energy used in XPS, where we see that the Ce3+ signal is a factor of ~26 smaller than the 

Lu3+ signal.  However, Fig. 3.11(b) also shows that the peak photoemission signals are 

very similar for nearly all of the rare-earth ions at photon energies of ~100 eV.  

Furthermore, the photoemission cross sections for the trivalent rare-earth ions are largest 

for photon energies of 100 eV to 200 eV—as much as three orders of magnitude larger 

than the cross sections at 1487 eV.  These results indicate that photon energies of a few 

hundred eV are optimal for studying low concentrations of rare-earth ions.  The 

consequences of the dramatic variations in relative photoemission signal magnitudes 

must also be considered when designing any experimental study of the rare-earth ions—

for example, since Lu3+, Gd3+, and Yb3+ produce the strongest photoemission signals, 

they would be the best choices for studying at low concentrations. 



 169 

CHAPTER 4 
 
 

RELATIVE ENERGIES OF 4f ELECTRON AND HOST BAND STATES 
 
 
 The 4f electron and valence band photoemission often overlap because of their 

extended structure and similar binding energies, complicating the interpretation and 

analysis of the spectra.  As a result, techniques must be employed that allow the 4f 

component of the spectrum to be unambiguously identified and separated from the host 

photoemission.  Furthermore, to produce estimates that are directly relevant for optical 

applications, the 4f electron and host valence band photoemission must be analyzed in 

terms of the underlying electronic structure to extract information regarding the relative 

energies of the 4f N ground states and the host bands. 

 In this chapter, we address the issues of extracting, analyzing, and interpreting the 4f 

photoemission of rare-earth ions.  Several techniques for separating the 4f electron and 

valence band components of the photoemission spectrum are presented, with emphasis on 

the use of atomic resonances to identify, enhance, and extract the 4f photoemission.  The 

theoretical description of the 4f final-state structure developed in the previous chapter is 

applied to accurately determine 4f N binding energies from the experimental spectra.  We 

also analyze the host photoemission in terms of the underlying band structure to 

determine the binding energy of the valence band maximum.  In addition, we consider the 

dynamic nature of the lattice and the effect of electron-lattice coupling on relative 

binding energies and ionization thresholds and how different experimental techniques are 

influenced by the lattice relaxation.  The analysis of results for several important optical 
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materials is presented, demonstrating that these techniques allow quantitative 

measurements with accuracies comparable to or better than any other method available 

(few hundred meV or better) for all rare-earth ions over the full range of host materials 

from insulators to metals, including ion-host systems completely inaccessible by 

conventional optical techniques. 

 
Material Composition Approach for Extracting 4f Photoemission 

 
 
 A primary concept applied throughout all of science is that the effect of a well-

defined change to a system may be determined by comparing the modified system to an 

unmodified “control” system that acts as a reference.  The application of this fundamental 

idea to the problem of identifying the 4f electron photoemission suggests measuring the 

spectrum for an undoped host crystal and then observing the additional features that 

appear in the spectra of crystals that contain rare-earth ions.  For example, to separate 

overlapping 4f electron and valence band photoemission features, we may extract the 4f 

component by taking the difference of properly normalized spectra from samples with 

two different rare-earth concentrations; the valence band component may then be 

obtained either from an undoped sample or by subtracting out the 4f photoemission from 

a doped sample. 

 Perhaps the most important advantage of this material comparison approach is that 

that it only requires a single photon energy; in contrast, the other methods that we will 

discuss in the following sections require several photon energies over specific energy 

ranges.  Consequently, this technique allows convenient line sources to be used (such as 
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the Al Kα line employed in XPS) and provides greater flexibility in choosing the photon 

energy to optimize photoemission cross sections and sampling depths.  This method also 

offers a number of practical advantages that make it particularly attractive, including the 

simple experimental implementation and straightforward interpretation of the results. 

 The primary disadvantages of the material comparison approach are the requirement 

for several different samples of each material and the complications that may arise from 

comparing different samples and material compositions.  For example, any relative 

changes in the charging shifts, differential charging, or surface effects (as discussed in 

Chapter 2) between samples results in a distortion of the extracted spectra.  While these 

effects influence every approach that uses difference spectra to identify photoemission 

features, they are more difficult to control when comparing spectra from different 

samples.  Furthermore, any quantitative application of this method implicitly assumes 

that the introduction of rare-earth ions does not alter the host component of the 

photoemission.  Although this assumption is valid for many optical materials, it is a 

potential source of uncertainty in the analysis and may prevent this method from being 

applied to materials where the rare earths substitute for ions with very different chemical 

properties.  In addition, it is more difficult to distinguish different ions or valence states 

simultaneously present in a material with this approach than with the other techniques 

that we will discuss in the following sections.  While this method has several limitations, 

it remains a very important experimental tool in the study of rare-earth-activated 

materials. 
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 To quantitatively apply this approach to separate the photoemission components, it is 

essential that all spectra are correctly calibrated and normalized.  Any errors in the 

relative calibration or normalization can dramatically affect the difference spectra, 

potentially distorting and shifting the extracted features.  Consequently, we have adopted 

the approach of using sharp core photoemission peaks to determine the relative 

normalization and calibration for each spectrum.  To eliminate relative charging shifts, 

the energies may be calibrated by shifting the spectra so that the core peak reference has 

the same energy in every spectrum.  We might question this calibration method when 

samples with very different rare-earth concentrations are being compared; however, if the 

core electron binding energies are shifted because of the change in material composition, 

the entire approach for separating the spectra is also invalidated and a different method is 

then required.  Nevertheless, we have also used “external” binding energy references (e.g. 

adventitious hydrocarbons and evaporated metals) to establish the relative calibration 

between samples with rare-earth concentrations from 0% to 100%, with no observable 

difference from the results obtained using the “internal” reference provided by the core 

peaks.  To minimize any residual valence band contributions to the difference spectra, it 

is essential to normalize the photoemission so that the valence band amplitude is the same 

in all the spectra being compared.  This may be achieved by normalizing the data so that 

the core peaks, with the secondary electron background removed, have the same area.  

We should point out that caution is required when using Y peaks as references for 

calibration or normalization since their binding energies are very similar to the rare-earth 

core electrons and the peaks often overlap; additionally, the change in Y concentration 
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due to the rare-earth doping must be considered if using the Y core peaks to normalize 

the spectra.  We might also consider using an iterative approach of incrementally 

adjusting the calibration and normalization to optimize the shape of the difference 

spectra; however, we feel that such an approach is unacceptable since it increases the 

possibility of biasing the extracted data depending on how the criteria for the “optimum” 

difference spectra are chosen. 

 An example of using the material comparison method to separate the 4f electron and 

valence band photoemission is given in Fig. 4.1 for Tb:LiYF4.  To identify the Tb3+ 4f 

photoemission, XPS spectra were measured for 1% Tb:LiYF4, 33% Tb:LiYF4, and 

stoichiometric LiTbF4.  Photoemission spectra for the three samples are plotted in 

Fig. 4.1(a), where the increasing 4f electron contributions to the spectra are clearly 

observed as the concentration is increased.  The Tb3+ 4f electron spectrum and the LiYF4 

valence band spectrum extracted by comparing the samples with 1% and 33% Tb3+ 

doping are shown in Fig. 4.1(b) and Fig. 4.1(c).  The underlying Tb3+ photoemission 

final-state structure calculated in the previous chapter is represented by vertical bars in 

Fig. 4.1(b), where the well-resolved component at lower binding energy corresponds to 

the minimum energy required to remove a 4f electron and leave the Tb4+ ion in the 8S 

ground state.  From the spectrum, we find that the 4f electron binding energy of Tb3+ is 

9.8 eV. 

 By comparing the Tb3+ and valence band spectra in Fig. 4.1, it is clear that the Tb3+ 

4f 8 ground state lies above the valence band and is within the band gap of LiYF4.  To 

quantitatively determine the binding energy of the valence band maximum, we must 
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Figure 4.1. (a) XPS spectra of LiYF4 for three different Tb3+ concentrations.  The signals 
have been normalized so that the valence band photoemission has the same amplitude in 
all three spectra.  (b) Extracted Tb3+ 4f electron spectrum, with the underlying final-state 
structure represented by vertical bars.  (c) Extracted spectrum of the LiYF4 valence band, 
with the position of the valence band maximum indicated by the dashed line. 
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analyze the valence band photoemission in terms of the underlying density of states, as 

discussed later in this chapter.  The estimated valence band maximum binding energy of 

LiYF4 is 12.7 eV, as shown in Fig. 4.1(c) by the dashed line.  Combining this value with 

the Tb3+ 4f electron binding energy locates the Tb3+ ground state in the band gap at 

2.9 eV above the valence band maximum.  To determine the position of the 4f 8 levels 

relative to the conduction band, we must know the band-gap energy of the host crystal.  

For LiYF4, the reflectivity measurements of Yang and DeLuca [216] showed that the 

band gap is about 10.5 eV, a value very similar to those of LaF3 and YF3.  More recent 

excitation measurements on LiYF4 also support this value for the band gap [217].  Thus, 

we estimate that the Tb3+ 4f 8 ground state is 7.6 eV below the conduction band. 

 
Photoemission Cross Section Approach for Extracting 4f Photoemission 

 
 
 A second approach that may be employed to separate the 4f electron and valence 

band photoemission is to use the photon energy dependence of the photoemission cross 

sections to discriminate between different features.  From Fig. 2.9, we see that the 

variation of the 4f electron cross section is very different from that of the valence 

electrons for photon energies below 300 eV.  Hence, the relative magnitude of the 

different features will strongly vary over this range of photon energies, allowing them to 

be identified and extracted by comparing spectra for two different photon energies.  In 

effect, this method is similar to the approach discussed in the previous section, except 

that the relative magnitude of the 4f electron photoemission is varied by changing the 

photon energy rather than the rare-earth concentration. 
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 The most important advantage of this technique is that it only requires a single 

sample.  As a result, many of the difficulties that arise from surface dependent distortions 

and energy shifts are avoided since all spectra may be measured from a single surface.  

Furthermore, unlike the material comparison approach, methods that vary the photon 

energy to separate features can be used even if the rare earths perturb the valence band 

structure.  This method is also important for studying ions with a 4f 14 configuration since 

the more powerful resonant photoemission techniques that we will discuss later cannot be 

applied when the 4f shell is fully occupied. 

 To employ this technique, we must have access to at least two different photon 

energies below 300 eV.  While the greatest flexibility is provided by using synchrotron 

radiation, some of the more exotic line sources could also be used, such as the Y Mζ line 

at 132.3 eV and the Zr Mζ line at 151.4 eV.  In any case, the experimental 

implementation of this technique is more complex than the simple material comparison 

approach.  Another potential complication is that this method assumes that the shape of 

the valence band photoemission does not vary with photon energy.  While this is a good 

approximation in many cases, the valence band photoemission structure can significantly 

change when the photon energy is varied over a large range (as will be discussed later in 

this chapter).  Because this effect is most pronounced for photon energies near the 

valence band photoemission threshold, comparison of spectra for photon energies less 

than ~50 eV may produce unreliable results.  Since the electron escape depths vary for 

different photon energies, the range of energies used should also be minimized to avoid 

potential distortions of the difference spectra due to surface effects.  Furthermore, sample 
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charging can depend strongly on the photon energy so that the spectra may exhibit 

different degrees of differential charging, potentially causing the difference spectra to 

become distorted. 

 Over the energy range of 100 eV to 200 eV, the 4f cross section remains nearly 

constant while the valence band cross section rapidly decreases.  This behavior is 

demonstrated for 50% Lu:YAG in Fig. 4.2, where the CIS spectra for the 4f electron and 

valence band photoemission are shown.  Because the photoemission features strongly 

overlap, the CIS spectra were measured for binding energies at the 4f photoemission 

maximum (13 eV to 18 eV) and for binding energies where the valence band 

photoemission is much larger than the 4f photoemission (6 eV to 12 eV), with each CIS 

spectrum exhibiting the expected behavior of the different cross sections.  From Fig. 4.2, 

we see that the 4f component may be obtained by subtracting a spectrum taken at low 

photon energy from a spectrum taken at high photon energy, scaled such that the valence 

band contributions are equal in both spectra. 

 To compare photoemission spectra for different photon energies, the same calibration 

approach discussed in the previous section may be employed; however, an alternate 

normalization procedure is required since the cross section of each photoemission feature 

will generally have a different photon energy dependence.  While we might try an 

iterative method for calculating the difference spectra, we have avoided this approach for 

the reasons discussed in the previous section.  Another method would be to use 

theoretical cross section ratios to estimate the normalization factors for the valence band 

photoemission; however, since the valence electrons are significantly affected by 
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bonding, theoretical values only provide rough estimates for the behavior in the solid 

state (see Eq. 3.62).  Consequently, we have adopted the approach of experimentally 

measuring the photon energy dependence of the valence band cross section relative to the 

cross section of a core electron reference peak (e.g. Al 2p or Ga 3d) for an undoped 

sample.  Once these cross section ratios are known, we may use the magnitude of the core 

peak to determine the correct normalization factors for all of the rare-earth-doped 

samples. 

 

 

Figure 4.2. CIS spectra of the overlapping 4f electron and valence band photoemission 
from 50% Lu:YAG.  The CIS spectrum for binding energies at the 4f electron 
photoemission peak is given by the solid line while the CIS spectrum for photoemission 
dominated by the valence band is given by the dotted line.  The dashed lines indicate 
photon energies used to separate the two photoemission components. 
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 To implement this normalization procedure, we require the cross section ratio χ of the 

integrated photoemission from the reference peak αref and valence band αVB: 

( )
( )

( )
ref

VB

h
h

h
α ν

χ ν
α ν

= . (4.1) 

The integrated photoemission intensities of αref and αVB in Eq. 4.1 may be determined 

from the corresponding CIS spectra for the reference peak and the valence band.  The 

experimentally determined variation of χ is shown in Fig. 4.3 for YAG, where the Al 2p 

peak is used as the reference (i.e. χ is the ratio of the signals shown in Fig. 2.23).  If we 

measure two photoemission spectra 
1
( )h BS Eν  and 

2
( )h BS Eν  at photon energies of hν1 

and hν2 (ν1 < ν2), the known values of χ may be used to calculate the difference spectrum 

( )D BS E  given by 
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where αref (hν1) and αref (hν2) are the observed areas of the reference peaks in the two 

experimental spectra.  Using this method, the 4f electron component of the photoemission 

spectrum is directly given by ( )D BS E . 

 An example of separating the 4f electron and valence band photoemission using the 

cross section variations is given in Fig. 4.4 for LuAG.  Spectra were measured for photon 

energies of 140 eV and 180 eV, with the increase in the relative magnitude of the 4f 

electron photoemission at higher photon energy clearly observed.  While the ERG was 

operated with the usual 30 µm slit widths at 180 eV, the slit widths were increased to 
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50 µm at 140 eV to maintain the same instrumental resolution for both spectra (see 

Fig. 2.6 and Eq. 2.2).  The resulting spectra are plotted in Fig. 4.4(a), where the signals 

have been normalized using the factors from Fig. 4.3.  The Lu3+ 4f electron spectrum 

extracted using Eq. 4.2 is shown in Fig. 4.4(b), with the underlying 2F7/2 and 2F5/2 

components of the photoemission final-state structure represented by vertical bars.  From 

the spectrum, we find that the 4f electron binding energy of Lu3+ is 13.3 eV. 

 

 To extract the valence band component of the photoemission, we must use the values 

of χ to determine the relative magnitudes of the 4f electron and valence band 

photoemission.  Specifically, combining χ with the measured value of αref gives an 
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Figure 4.3. Ratio of the measured Al 2p and valence band CIS spectra for YAG. 
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Figure 4.4. (a) Photoemission spectra of LuAG for photon energies of 180 eV (solid line) 
and 140 eV (dotted line).  The signals have been normalized so that the valence band 
photoemission has the same amplitude in both spectra.  (b) Extracted Lu3+ 4f electron 
photoemission, with the underlying final-state structure represented by vertical bars. 
(c) Extracted LuAG valence band photoemission, with the position of the valence band 
maximum indicated by the dashed line. 
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estimate for the integrated valence band photoemission that then may be compared to the 

overlapping 4f electron and valence band features to determine the relative magnitudes.  

The 4f component given by ( )D BS E  may then be correctly normalized and subtracted 

from the photoemission spectrum to obtain the valence band component.  The LuAG 

valence band extracted using this approach is shown in Fig. 4.4(c).  Comparing the Lu3+ 

and valence band spectra in Fig. 4.4 clearly shows that the Lu3+ 4f 14 ground state lies 

well below the valence band.  Using the procedures discussed later in this chapter, we 

find that the estimated valence band maximum binding energy of LuAG is ~8.7 eV, as 

shown in Fig. 4.4(c) by the dashed line.  This is the same value obtained for the valence 

band maximum in YAG; however, noise in the LuAG spectrum limits the accuracy of the 

comparison to within a few hundred meV.  Combining this result with the Lu3+ 4f 

electron binding energy establishes that the Lu3+ ground state is 4.6 eV below the valence 

band maximum. 

 
Resonant Photoemission of 4f Electrons 

 
 
 One of the most powerful techniques in the field of electron spectroscopy involves 

the use of atomic resonances to selectively enhance signals from different ions in the 

material being studied [157].  This effect was first observed in 1974 for inverse 

photoemission [218,219] and in 1977 for photoemission [220], where the enhancement of 

the signal arises from additional resonant excitation pathways that contribute to the 

photoemission.  The initial observation of “resonant photoemission” in Ni [220] was 

almost immediately followed by several important applications of the technique for rare-
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earth materials [221-224], firmly establishing resonant photoemission as a versatile 

approach for studying electronic structure. 

 Nearly every resonant photoemission study of rare-earth ions has employed the 4d to 

4f absorption “giant resonance” that occurs for ions with a partially filled 4f shell.  It was 

first realized in the early 1970’s that these resonances resulted from 4d104f N to 4d94f N+1 

transitions of the rare-earth ions [81], which allowed the absorption features to be 

described in terms of the structure of the 4f N+1 configuration and the strong interaction 

between the 4f electrons and the 4d hole.  The absorption typically exhibits a complex 

pattern of narrow, weak transitions over a range of 10 eV followed by the very broad, 

intense giant resonance that occurs at energies of ~120 eV for Ce3+ to ~180 eV for Yb3+, 

with the resonance shifted by ~5 eV between ions with adjacent atomic numbers (see, for 

example, Ref. [225]). 

 The resonant enhancement of the 4f electron photoemission results from an Auger-

like decay pathway for the excited 4d94f N+1 final state of the giant resonance.  Because of 

the significant spatial overlap of the 4d and 4f orbitals, the strong Coulomb interaction 

induces a very fast super Coster-Kronig radiationless decay of the 4d94f N+1 state in which 

a 4f electron fills the 4d hole and a second 4f electron is excited to a continuum state, as 

illustrated in Fig. 4.5.  Consequently, the resonant photoemission process produces the 

same 4d104f N−1 final state as the direct process.  We may use Fermi’s Golden Rule 

(Eq. 3.2) to write the total photoemission rate wi→f from the initial state i  to the final 

state f  as 
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where ˆ
dH  is the operator for the electromagnetic interaction given by Eq. 3.3, V̂ is the 

operator for the Coulomb interaction between electrons, ρf is the density of states for the 

free electron, m  represents the intermediate 4d94f N+1 states, Em is the 4d104f N to 

4d94f N+1 transition energy for each intermediate state, and ∆Em is the full-width at half-

maximum of each 4d104f N to 4d94f N+1 transition.  The first term in Eq. 4.3 is the 

transition matrix element for the direct photoemission process that we examined in the 

previous chapter.  The second term represents the resonant process involving transitions 

to the lifetime broadened 4d94f N+1 states and the subsequent super Coster-Kronig decay 

through the electron-electron interaction given by (see, for example, Ref. [226]) 
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 Examining Eq. 4.3, we see that the resonant photoemission matrix element for each 

intermediate state is only significant within ~∆Em of the resonance and changes phase as 

the photon energy hν passes through the resonance energy Em.  Because the relative 

phase of the two terms in Eq. 4.3 depends on the photon energy, interference between the 

direct and resonant excitation pathways can either suppress or enhance the total 

photoemission rate.  For the case of 4d to 4f transitions, the interference causes the 4f 

photoemission to be suppressed when hν  <  Em and enhanced when hν  >  Em.  As a 

result, dramatic changes in the 4f electron photoemission cross section are observed when 
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the photon energy is tuned through the rare-earth ion’s 4d104f N to 4d94f N+1 transitions, as 

shown in Fig. 4.6 for DyAG.  The 4f photoemission resonance of each ion may be 

located and characterized by measuring the CIS spectrum of the overlapping valence 

band and 4f electron photoemission features.  Since the valence band cross section varies 

smoothly with photon energy, the strong 4f photoemission resonances are easily 

identified in the CIS spectrum.  This is evidenced in Fig. 4.6(a), where the CIS spectrum 

distinctly shows the intense 4f photoemission resonance.  By comparing the CIS 

spectrum to the smooth variation of the combined valence band and 4f electron 

photoemission outside the resonance region, we find that the Dy3+ 4f photoemission is 

suppressed for energies near 150 eV and dramatically enhanced for higher energies.  

Photoemission spectra for several photon energies throughout the resonance are given in 

Direct Photoemission Process 

4d104f N → 4d104f N−1 + e− 

4d 

4f 

Resonant Photoemission Process 

4d104f N → 4d94f N+1 
→ 4d104f N−1 + e− 

4d 

4f 

Figure 4.5. Diagram illustrating the direct photoemission and resonant photoemission 
processes for rare-earth ions. 
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Fig. 4.6(b), demonstrating that the 4f photoemission is almost negligible at 149.5 eV but 

is the dominant feature in the spectrum at 161.0 eV. 

 The interference between the direct and resonant photoemission channels may be 

interpreted using the theoretical framework developed by Fano [227].  With this 

approach, the photon energy dependence of the photoemission signal is described by the 

“Fano lineshape” 
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where A represents the magnitude of the photoemission signal far off resonance, E0 is the 

center of the resonance, ∆E is the full-width at half maximum of the resonance, and q is 

an “asymmetry parameter” that depends on the relative importance of the two excitation 

pathways.  The lineshape described by Eq. 4.5 exhibits a maximum interference effect for 

q = 1 and simply becomes a shifted Lorentzian as q → ∞, always asymptotically 

approaching the value of A away from resonance. 

 To describe the total 4f photoemission resonance, we must sum Eq. 4.5 over all 

possible intermediate and final states.  While the 4f photoemission resonance of most 

rare-earth ions exhibits a complex structure due to the large number of 4d94f N+1 

intermediate states, Yb3+ provides a simple case that is straightforward to interpret.  For 

Yb3+, the initial 4d104f 13 state is 2F7/2 while 2D5/2 and 2D3/2 are the only states in the 

4d94f 14 configuration.  Because of the ∆J = 0, ±1 selection rule for electric dipole 

transitions, 2F7/2 to 2D5/2 is the only allowed 4d104f 13 to 4d94f 14 transition.  Therefore, the 
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Figure 4.6. The 4d to 4f resonance in the 4f photoemission of DyAG.  (a) CIS spectrum 
of the DyAG valence band region (5 eV to 20 eV binding energy) showing the 4d to 4f 
resonance.  The dashed line shows the trend of the combined valence band and 4f cross 
section outside of the resonance.  The dotted lines indicate the photon energies of 
hν1 = 149.5 eV, hν2 = 150.5 eV, hν3 = 157.5 eV, and hν4 = 161.0 eV used for extracting 
the 4f spectra.  (b) Energy distribution curves corresponding to the photon energies 
indicated in the CIS spectrum.  The photoemission spectra have all been normalized to 
the intensity of the Al 2p peak and the charging effects have been removed. 
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4f photoemission resonance may be described by a single Fano lineshape, as shown in 

Fig. 4.7 for YbAG.  The solid line in Fig. 4.7 represents the fit of Eq. 4.5 to the data with 

a linear background included to describe the additional contribution of the valence band 

photoemission.  The agreement is excellent, establishing a value of 180.53 eV for the 

2F7/2 to 2D5/2 transition energy, a 3.5 eV full width at half maximum for the transition, and 

an asymmetry parameter of 2.0.  Because the 4d to 4f transition linewidth results from the 

rapid super Coster-Kronig decay of the 4d94f N+1 state, we may use Eq. 2.6 to find that the 

lifetime of the excited state is 0.19 fs—a value that is only nine times longer than the 

period of the 180.53 eV radiation.  To precisely determine the magnitude of the 

resonance effect, we may use the fit parameters to predict the hypothetical signal in the 

absence of the resonance, as shown by the upper dotted line in Fig. 4.7.  Furthermore, the 

fit parameters also provide an estimate for the valence band contribution to the CIS 

signal, as shown by the lower dotted line, indicating that the 4f photoemission is almost 

completely suppressed at the Fano minimum. 

 To determine the precise position and shape of the 4f photoemission resonances, CIS 

spectra were measured for each rare-earth ion studied, as shown in Figs. 4.6 through 4.10.  

While the relative intensity and width of some of the 4d to 4f absorption features may 

vary slightly depending on the material (see, for example, Ref. [225]), the photoemission 

resonances are atomic properties of each ion and should be essentially independent of the 

host material.  Consequently, the resonance minima and maxima determined from the 

CIS spectra for the garnets may be used for other materials as well. 
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 A fundamental complication encountered when using resonant photoemission to 

quantitatively analyze the 4f photoemission spectra is that the resonant emission modifies 

the final-state structure.  This effect causes the shape of the 4f photoemission to vary as 

the photon energy is tuned through the resonance, potentially complicating the 

interpretation of the structure, distorting the difference spectra, and reducing the accuracy 

of the extracted 4f electron binding energies.  The weak appearance of “forbidden” final-

state components (as predicted by Eq. 3.1) in the resonant photoemission spectra was one 

Figure 4.7. CIS spectrum of the combined 4f electron and valence band photoemission 
for YbAG in the region of the 4d to 4f giant resonance.  Circles represent experimental 
points and the solid line is the sum of a Fano lineshape and linear background fit to the 
data.  The upper dotted line shows the theoretical signal with the resonance effect 
removed and the lower dotted line is the valence band’s contribution to the signal. 
Dashed lines indicate photon energies used to separate the 4f electron and valence band 
photoemission spectra (177 eV, 177.5 eV, 179.5 eV, 181 eV, and 181.5 eV). 
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of the earliest aspects of this problem to be experimentally observed [228].  This effect is 

due to the strong spin-orbit interaction in the 4d94f N+1 state and the significant mixing of 

the L and S values that results.  Hence, depending on the nature of the intermediate 

4d94f N+1 state, the breakdown of the L and S selection rules can weakly allow resonant 

photoemission transitions to some of the normally forbidden final states. 

 An even more important aspect of the resonant emission is that different final-state 

components can experience dramatically different enhancements [229].  Because the 

magnitudes of the dipole moment and Coulomb matrix elements depend on the specific 

intermediate and final states involved in the resonant excitation pathway, the amplitude 

and asymmetry of the 4d to 4f resonance can vary for different final-state components.  A 

consequence of this effect is that individual sections of the 4f photoemission exhibit 

different CIS spectra, with the CIS spectra presented earlier in this section representing 

the integrated response of all final-state components. 

 While we might expect the variations in final-state structure to pose a serious 

challenge to the quantitative interpretation of the spectra, the actual effects do not change 

the overall photoemission structure enough to significantly affect the analysis.  Although 

an evolution of the final-state structure can be observed as the photon energy is tuned 

through the giant resonance, the primary manifestation of this effect is to simply alter the 

relative intensities of the broad features in the 4f photoemission spectra.  As a result, 4f 

electron binding energies extracted by fitting the photoemission are only weakly 

influenced by the changes in the final-state structure. 
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Figure 4.8. CIS spectra of the combined 4f electron and valence band photoemission for 
EuGG (top plot) and GdAG (bottom plot) in the region of the 4d to 4f giant resonance. 
Dashed lines indicate photon energies used to separate the 4f electron and valence band 
photoemission spectra (137 eV, 139 eV, and 144 eV for EuGG and 144 eV, 146 eV, and 
148.5 eV for GdAG). 
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Figure 4.9. CIS spectra of the combined 4f electron and valence band photoemission for 
TbAG (top plot) and HoAG (bottom plot) in the region of the 4d to 4f giant resonance. 
Dashed lines indicate photon energies used to separate the 4f electron and valence band 
photoemission spectra (149.5 eV, 150.5 eV, 151.5 eV, 152.5 eV, and 154.5 eV for TbAG 
and 155 eV, 156 eV, 160.5 eV, and 163.5 eV for HoAG). 
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Figure 4.10. CIS spectra of the combined 4f electron and valence band photoemission for 
ErAG (top plot) and TmAG (bottom plot) in the region of the 4d to 4f giant resonance. 
Dashed lines indicate photon energies used to separate the 4f electron and valence band 
photoemission spectra (162.5 eV, 163.5 eV, 165 eV, and 167 eV for ErAG and 169 eV, 
171 eV, and 173 eV for TmAG). 
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 The relatively modest influence of the resonance on the final-state structure is a 

consequence of several effects.  First, it is important to consider the resonant 

photoemission selection rules established by the excitation and relaxation of the coupled 

ion-photoelectron system.  The 4d to 4f resonant excitation is subject to the same electric 

dipole selection rules as the direct photoemission process (see, for example, 

Refs. [5,173]): ∆S = 0, ∆L = 0 or ±1, ∆J = 0 or ±1, and the parity must change.  Because 

of the Coulomb interaction’s spherical symmetry (see Eq. 4.4), the super Coster-Kronig 

relaxation process obeys the Auger selection rules: ∆S = 0, ∆L = 0, ∆J = 0, and the parity 

cannot change.  Consequently, the combined selection rules for the two steps of the 

resonant process are the same as for the direct process.  Furthermore, the “forbidden” 

components that appear in the resonant photoemission are weak enough that they have a 

negligible effect on the overall structure.  Variations in the structure are further 

minimized since photon energies in the giant resonance region simultaneously excite 

several of the broad, overlapping 4d104f N to 4d94f N+1 transitions, with the observed 

photoemission representing an average over the excited intermediate states.  Finally, 

since the largest intensity variations tend to be between final-state components with 

similar energies (particularly between states with different J values), the broadening of 

the spectra acts to average out many of these effects. 

 To enhance the accuracy of the analysis, we might consider calculating the resonant 

photoemission final-state structure using an approach similar the one employed in 

Chapter 3.  In fact, the evolution of the resonant photoemission spectra has previously 

been examined both experimentally and theoretically for several systems [170,228-231], 
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establishing that the structure can be accurately predicted.  However, to describe the 

resonant photoemission we must calculate the electronic structure of the 4d94f N+1 

configuration, the 4d94f N+1 lifetimes, the 4d to 4f transition matrix elements, the 

Coulomb interaction matrix elements, and the direct photoemission matrix elements.  

While this might improve the agreement between the calculated and observed final-state 

structure intensities, we found that simply using the direct photoemission final-state 

structure provided an adequate description of the 4f resonant photoemission for the 

materials that we studied. 

 
Resonant Photoemission Approach for Extracting 4f Photoemission 

 
 
 Because of the dramatic variation of the 4f photoemission cross section in the region 

of the 4d to 4f giant resonance, resonant photoemission is a particularly powerful tool for 

unambiguously identifying and separating the rare-earth and valence band components of 

the spectra.  This method is conceptually similar to the cross section approach discussed 

earlier, except with several substantial advantages.  For example, since the energy and 

structure of the 4d to 4f resonance is specific to both the ion and its valence, this 

technique provides the ability to separate and identify different rare-earth ions or valence 

states simultaneously present in a single sample.  Furthermore, the different photon 

energies required for analyzing the spectrum lie within a small range of less than 5 eV so 

that changes in the valence band cross section and electron escape depth are much 

smaller than those observed for the non-resonant technique discussed earlier.  Resonant 
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photoemission also produces larger signals and allows the valence band component of the 

spectra to be easily extracted. 

 Although resonant photoemission is the most discerning tool for analyzing the 4f 

electron photoemission, several limitations and complications must be considered.  One 

limitation of this approach is that there are no 4f photoemission resonances for ions with 

a 4f 14 configuration so that a different method must be employed to study Yb2+ and Lu3+.  

Another practical issue is that, while the other techniques that we have discussed may be 

implemented using line sources, the very specific photon energies used in resonant 

photoemission require access to a synchrotron radiation source.  Furthermore, the large 

changes in photoemission cross section that provide the resonance signals also cause 

significant changes in the sample charging dynamics, potentially causing the differential 

charging to vary for different photon energies.  In addition to these complications, the 

changes in the final-state structure discussed in the previous section may also distort the 

difference spectra and limit the accuracy of the analysis. 

 To separate the 4f electron and host features using resonant photoemission, we 

essentially use the same calibration and normalization techniques previously discussed 

for the more general cross section approach.  The 4f component of the spectrum is 

obtained by measuring the photoemission spectra at the resonance minimum and 

maximum and then using the normalization factors from Eq. 4.1 to calculate the 

difference spectrum given by Eq. 4.2.  The valence band component is usually 

straightforward to extract due to the weak 4f photoemission at the Fano minimum.  For 

example, the DyAG spectra in Fig. 4.6(b) demonstrate that the 4f photoemission is so 
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strongly suppressed at 149.5 eV that it is negligible compared to the valence band 

photoemission.  This behavior simplifies the interpretation of the spectra and allows the 

weak residual 4f contributions to be easily removed. 

 While only a single pair of spectra at the resonance minimum and maximum are 

required to separate the features, we also collected spectra for several photon energies 

between these extremes (as indicated by the dotted lines in Figs. 4.6 through 4.10) and 

then combined them in a pair-wise manner to produce a series of difference spectra.  This 

approach allowed the spectra to be compared for consistency in the removal of charging 

effects and the normalization of the valence band.  Final 4f spectra were generated for 

each sample by averaging all the difference spectra, with any spectra showing large 

differential charging distortions removed.  Since smaller peculiarities in the spectra due 

to calibration errors or charging effects were usually different for each spectrum, the 

averaging process tended to reduce distortions to a simple broadening that minimized the 

possibility of systematic errors. 

 An example of using resonant photoemission to separate the 4f electron and valence 

band features is shown in Fig. 4.11 for 7% Gd:YAG.  The normalized spectra for the 

resonance minimum and maximum are shown in Fig. 4.11(a) and the extracted 4f 

electron component of the photoemission is plotted in Fig. 4.11(b).  The 4f photoemission 

is negligible at the resonance minimum so that the spectrum at 144.0 eV directly gives 

the host valence band spectrum.  From Fig. 4.11, we find that the Gd3+ 4f binding energy 

is 13.3 eV, which is far below the valence band maximum at 8.8 eV.  The slight 
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difference in the valence band maximum compared to the value of 8.7 eV for pure YAG 

is within the several hundred meV uncertainty of the absolute binding energy calibration. 
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Figure 4.11. Example of using resonant photoemission to extract the 4f electron 
component of the photoemission for 7% Gd:YAG.  (a) Spectra taken at the minimum 
(hν = 144.0 eV) and maximum (hν = 148.5 eV) of the 4f photoemission and scaled so 
that the valence band component has the same amplitude in both spectra, with the energy 
of the valence band maximum indicated by the vertical line.  (b) The difference of the 
two curves in (a) gives the Gd3+ 4f photoemission, with the underlying final-state 
structure indicated by vertical bars. 
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 Resonant photoemission is particularly useful for studying materials that contain 

several different rare-earth ions or valence states, as demonstrated in Fig. 4.12 for EuGG.  

By examining the changes in the photoemission spectra as the photon energy was tuned 

through the 4d to 4f giant resonance, we were able to identify two distinct photoemission 

components corresponding to different 4f N configurations.  In addition to the strong Eu3+ 

photoemission, we observed a second resonance attributed to the presence of Eu2+ at the 

surface of the crystal.  It is well known that Sm, Eu, Tm, and Yb often form divalent 

surface layers that can be distinguished from the trivalent ions in the bulk [232], and 

resonant photoemission is the preferred technique for examining these systems [222,233]. 

 To separate the Eu3+, Eu2+, and valence band components of the photoemission, 

spectra were measured using photon energies of 137 eV, 139 eV, and 144 eV.  By taking 

the difference of the spectra at 144 eV and 139 eV, the Eu3+ 4f electron spectrum was 

extracted as shown in Fig. 4.12(b).  The Eu3+ final-state structure is represented by 

vertical lines and the dotted line is the fit to the observed spectrum, indicating a 4f 

electron binding energy of 11.9 eV (3.6 eV below the valence band maximum).  The 

divalent component of the spectrum was extracted by comparing the spectra taken at 

139 eV and 137 eV, as presented in Fig. 4.12(c).  The corresponding final-state structure 

and fit are also shown, indicating a binding energy of 6.2 eV (2.1 eV above the valence 

band maximum).  Finally, the valence band spectrum given in Fig. 4.12(d) was obtained 

by subtracting the small Eu3+ and Eu2+ contributions from the spectrum at 137 eV.  Using 

the techniques discussed later in this chapter, we found that the valence band maximum is 

at 8.3 eV in EuGG, which is 0.4 eV smaller than the value of 8.7 eV for YAG. 
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Rare-earth Photoemission and the 4f Electron Binding Energies 
 
 
 Once the 4f electron component is extracted from the photoemission spectrum using 

any of the techniques that we have discussed, the observed 4f photoemission must be 

quantitatively analyzed in terms of the underlying final-state structure.  As discussed in 

Chapter 3, the photoemission structure corresponds to the distribution of binding energies 

Figure 4.12. Extracted 4f electron photoemission spectra for EuGG.  (a) Photoemission 
spectrum observed using a photon energy of 144 eV.  (b) Eu3+ 4f photoemission spectrum 
obtained from the difference of spectra at 144 eV and 139 eV.  (c) Eu2+ 4f spectrum 
obtained from the difference of spectra at 139 eV and 137 eV.  In (b) and (c), vertical 
lines represent underlying photoemission final-state structure and dotted lines are fits to 
the observed spectrum.  (d) Photoemission spectrum with the 4f components in (b) and 
(c) removed.  The binding energy of the EuGG valence band maximum is indicated by 
the vertical line. 
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for the entire range of all possible ion-photoelectron final states.  From all these ionized 

final states, we wish to extract the minimum energy required to remove a 4f electron from 

the rare-earth ion.  The desired 4f binding energy may be determined from the observed 

structure by using our theoretical understanding of the photoemission process and the 

electronic states of the 4f N−1 configuration.  Because the relative energies of the final-

state structure components are accurately known for each ion, the problem is dramatically 

simplified to just determining an overall energy shift rather than the details of the 

structure. 

 Depending on the ion studied, several different methods may be used to analyze the 

photoemission spectra.  For example, the 4f electron binding energies of Ce3+ and Tb3+ 

may be directly determined from the well-resolved 1S0 and 8S7/2 final-state structure 

peaks, respectively.  Another approach that works well for ions with relatively simple 

final-state structure, such as Lu3+, Gd3+, and the lighter lanthanides, is the barycenter 

method discussed in Chapter 3 (see Table 3.3).  This technique is very useful for 

obtaining quick binding energy estimates and usually produces binding energy estimates 

within a few hundred meV of the values obtained from a more thorough analysis. 

 In general, the most accurate method for estimating the 4f electron binding energies is 

to analyze the overall shape and structure of the photoemission through curve fitting 

techniques.  To implement this approach, we may formulate a general model for the 

photoemission signal S(E) that is given by 
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where N is the total number of final-state components; αi, Ei, and ∆Ei are the relative 

intensity, relative binding energy, and Gaussian broadening of each final-state 

component; β is an energy scale factor for the final-state structure; E0 is the binding 

energy of the ground-state component of the final-state structure; and A is an overall scale 

factor for the signal magnitude.  The appropriate values of N, αi, and Ei are given in 

Appendix C for each ion of interest.  As discussed in the previous chapter, the energy 

scale factor β may be allowed to vary within a few percent of unity to account for the 

effects of covalency on the effective nuclear charge and uncertainties in the calculated 

4f N−1 energy level structure.  We adopted the approximation that all final-state structure 

components experience the same broadening so that ∆Ei = ∆E.  While relaxation 

mechanisms such as the interatomic Auger process can contribute a broadening that 

depends on the binding energy according to ∆Ei ∝ Ei [114,167], this effect is negligible 

compared to the differential charging and phonon broadening in insulators.  Thus, by 

using the calculated values of N, αi, and Ei for each ion and treating β, A, ∆E, and E0 as 

fitting parameters, Eq. 4.6 may be fit to the observed photoemission to determine the 4f 

electron binding energy E0. 

 Examples of 4f spectra extracted using the resonant photoemission technique are 

displayed in Fig. 4.13 for each rare-earth ion studied, with the fit of Eq. 4.6 shown by the 

dotted line and the underlying final-state structure shown as vertical lines.  The height of 

each vertical line represents its relative contribution to the photoemission and only states 

that contribute at least 0.1% to the total intensity are shown.  The agreement between the 

predicted structure and the data is quite good and deviations arise primarily from the 
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Figure 4.13. Representative data for each ion studied in YAG.  Solid lines represent 
measured 4f photoemission spectra with the secondary electron background subtracted 
and dotted lines are fits to the theoretical final-state structure.  The vertical lines show the 
underlying energy level structure and their height represents their relative contribution to 
the photoemission.  The valence band of YAG has been plotted for reference, with the 
energy of the valence band maximum indicated by a vertical line. 
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resonance effects described earlier, residual valence band contributions to the difference 

spectra, and distortion from differential charging.  For most samples, the 4f 

photoemission difference spectra appeared to exhibit an additional broadening of ~1 eV 

relative to the broadening observed in the fundamental photoemission spectra.  This 

broadening was attributed to changes in the final-state structure due to the resonance and 

variations in the differential charging and calibration among the dozens of individual 

spectra combined to produce each final 4f photoemission spectrum. 

 To investigate the robustness of the fitting process and explore how the detailed shape 

of the final-state structure affects the analysis, we also performed fits restricted to the 

high and low binding energy sections of the 4f photoemission.  The extracted binding 

energies from the partial fits and the full fit usually only varied by a few hundred meV, 

providing an estimate of the precision of the extracted values and indicating that the 

fitting process is relatively insensitive to minor deviations in the structure.  For the case 

of Tb3+, it is unnecessary and undesirable to fit the entire 4f photoemission since the 

location of the well-resolved 8S7/2 peak provides the optimum estimate for the 4f electron 

binding energy; accordingly, fits of Eq. 4.6 to Tb3+ were restricted to the region of the 

8S7/2 peak to further enhance the accuracy of the analysis. 

 We should also note that the optimum value of β was usually within 1% of unity for 

all the materials studied, demonstrating the accuracy of our approach for calculating the 

4f N−1 energy level structure.  As discussed in Chapter 3, fitting the 4f photoemission 

spectra of the rare-earth metals required values of β several percent smaller than unity.  

These results suggest that the smaller term splittings in the metals are not due to 
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uncertainties in the calculated final-state structure but represent an enhanced effect of 

central-field covalency on the 4f electrons, as might be expected. 

 Using the fitting procedures discussed in this section, the 4f electron binding energies 

were determined for all the materials studied.  These results are summarized in Table 4.1, 

where the binding energies are referenced relative to the valence band maximum in each 

material using the methods discussed in the following section. 

 

Host Photoemission and the Valence Band Maximum 
 
 
 In addition to analyzing the 4f electron photoemission, we must also analyze the 

valence band photoemission to determine the binding energies of the host valence states.  

Table 4.1. Measured 4f electron ground-state binding energies (in eV) relative to the 
valence band maximum for all samples studied.  Following the usual sign convention for 
binding energies, positive values lie below the valence band maximum and negative 
values lie within the band gap. 
 

Material   ∆BE  Material   ∆BE 
EuGG   3.6  ErGG   2.6 

7% Gd:YAG   4.5  10% Tm:YAG   2.1 
GdAG   4.4  TmAG   1.9 
TbAG −0.7  10% Yb:YAG   2.8 
TbGG −0.5  25% Yb:YAG   3.0 

33% Tb:LiYF4 −2.9  50% Yb:YAG   3.0 
20% Tb:YAlO3 −0.7  YbAG   3.0 

DyAG   1.5  YbGG   3.3 
HoAG   2.1  YbIG   3.5 

30% Er:YAG   2.5  50% Lu:YAG   4.7 
30% Er:LuAG   2.3 (Er)  30% Er:LuAG   4.7 (Lu) 
50% Er:YAG   2.5  LuAG   4.6 

ErAG   2.1    
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A particularly important parameter is the location of the valence band maximum, which 

corresponds to the binding energy of the host crystal’s most weakly bound valence 

electrons.  In metals, the energy of the valence band maximum can be obtained by simply 

measuring the low binding energy edge of the valence band photoemission (i.e. the Fermi 

edge); however, this approach is ineffectual in insulators due to the large differential 

charging and thermal broadening.  Furthermore, the observed photoemission threshold 

depends on both the density of states and the photoemission cross section so that the true 

valence band edge may be obscured by stronger features within the valence band.  

Because of these difficulties, most photoemission studies of insulators have usually 

adopted the arbitrary criterion of defining the onset of the low-energy photoemission tail 

as an effective valence band maximum.  However, this approach is inappropriate for our 

purposes since we wish to provide consistent and accurate analyses over a wide range of 

materials and conditions, employ the experimental results to interpret the materials’ 

optical properties, and obtain fundamental insight regarding material trends of the 

electronic structure.  Consequently, it is essential that we interpret the valence band 

photoemission in terms of the underlying electronic band structure. 

 The ideal approach for analyzing the host photoemission would be to calculate the 

energy dependence of the photoemission cross section across the entire valence band 

using full valence electron and continuum wavefunctions and then to compare the 

theoretical cross sections to the experimental spectra.  Since the photoemission spectrum 

S(E) is proportional to the theoretical cross section σ (E) convolved with a Gaussian 

broadening, the observed valence band spectrum may be described by 
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where A is a scale factor, ∆E is the full-width at half-maximum of the Gaussian 

broadening, and Es is a relative binding energy shift.  If we define the energy reference of 

the theoretical cross section to be valence band maximum, then Es in Eq. 4.7 is simply 

equal to the experimental binding energy of the valence band maximum.  Thus, the 

location of the valence band maximum can be established by calculating the theoretical 

cross section from the electronic structure and then fitting Eq. 4.7 to the experimental 

spectrum.  We will follow this basic procedure to analyze the valence band spectra for 

each material studied; however, various approximations will be adopted for the 

theoretical cross section depending on the degree of information available on the valence 

band’s electronic structure. 

 The approach that we will use most extensively is to separate the valence band 

density of states into the contributions from different atomic orbitals and then to 

approximate the relative cross sections as equal to the corresponding cross section ratios 

for the free-atom orbitals.  To implement this approach, we will also assume that 

substitution of rare-earth ions for Y3+ does not significantly alter the valence band density 

of states—an approximation that is supported by the experimental spectra, theoretical 

considerations of the ions’ chemical similarity, and the weak cation contributions to the 

valence band states (particularly near the valence band maximum).  Furthermore, we 

found that the cross sections could be sufficiently well described by simply using 

weighted averages of the orbital cross sections combined with the atom-resolved partial 
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density of states rather than the full orbital-resolved partial density of states.  Using this 

approach, the atom-resolved partial density of states for YAG [234], YAlO3 [235], and 

GdGG [236] were combined with the atomic photoemission cross sections [106] to 

describe the valence band photoemission and extract the valence band maximum binding 

energies for all the samples related to these three classes of materials. 

 As an example of this procedure, the analysis of the YAG valence band 

photoemission is shown in Fig. 4.14 for photon energies of 125.0 eV and 1486.6 eV.  The 

experimental data points, with the charging effects and secondary background removed, 

are represented by circles and the photoemission cross sections calculated using the 

procedure described above are shown by the dotted lines.  The fits of Eq. 4.7 to the data 

points are given by the solid lines, yielding excellent agreement with the observed spectra 

and indicating a value of 8.7 eV for the binding energy of the valence band maximum.  

Because of the different photon energy dependence of the atomic orbital cross sections 

that contribute to the valence band, the shape of the photoemission depends on the photon 

energy used to excite the photoemission.  At low energies, the photoemission is entirely 

dominated by the anion contributions to the density of states.  At higher photon energies, 

the cross sections of all the atomic valence orbitals tend to become similar so that the 

observed photoemission approaches the shape of the density of states—a fact that is often 

used to extract information about the density of states from the XPS spectra.  Since the 

XPS spectrum at 1486.6 eV was obtained from a sample exposed to air (as described in 

Chapter 2), the slight deviations between the theoretical and experimental spectra might 

be attributed to weak contributions from C 2p and C 2s electrons of adventitious 
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Figure 4.14. Valence band photoemission spectra for undoped YAG at 125.0 eV and 
1486.6 eV.  The circles represent measured data points, the dotted lines are proportional 
to the calculated valence band photoemission cross section at each photon energy 
obtained using the results of Refs. [106,234], and the solid lines are the calculated cross 
sections broadened and scaled to match the experimental data.  An estimate of 8.7 eV is 
obtained for the binding energy of the valence band maximum. 
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hydrocarbon contaminants on the crystal surface.  However, the form of the deviations 

suggests that the calculated density of states may slightly underestimate the true valence 

band width. 

 This analysis approach was used to determine the position of the valence band 

maximum in all of the garnet and YAlO3 samples studied.  The observed variations in the 

valence band maximum between samples with different rare-earth concentrations were 

comparable to the variations observed between individual spectra for each sample 

(several hundred meV), indicating that there was no measurable concentration effect on 

the energy of the valence band maximum in these materials.  We found that the valence 

band maximum was at 8.3 eV in the gallium garnets and at 8.5 eV in YAlO3.  Based on 

the close similarity of the valence band structures of the aluminum and gallium garnets, 

the YAG structure was also used to interpret the XPS valence band photoemission of the 

iron garnet YbIG, indicating a binding energy of ~8.0 eV.  However, the uncertainty in 

this value is relatively large due to the overlap of the weak valence band photoemission 

and the very strong Yb 4f photoemission. 

 To quantitatively analyze the observed photoemission, we must also consider the 

effect of the crystal orientation on the spectrum.  Because of the valence band states’ 

dependence on crystal momentum and the momentum selection rules for dipole 

transitions, we expect the observed valence band photoemission structure to vary for 

different relative orientations of the photoelectron momentum.  For the materials studied 

here, only weak variations in the valence band structure were observed, and the valence 

band maximum maintained a constant binding energy for all orientations.  This behavior 
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can be understood from the complex band structures of these materials, with the large 

number of overlapping bands tending to average out any orientation dependence.  This is 

particularly true for the region near the valence band maximum, and the top of the 

valence band is typically very flat in aluminum and rare-earth oxides, with maximum 

variations of less than a few hundred meV throughout the Brillouin zone [234,235].  

These effects were further minimized in the analysis by averaging the spectra over 

several different random crystal orientations created by the fracturing process (see 

Chapter 2). 

 Another approach for analyzing the photoemission is to approximate the cross section 

as constant across the valence band so that the structure is simply proportional to the 

density of states.  This method is useful when we only know the total density of states for 

a material and often provides a good description of the photoemission, particularly at 

higher photon energies.  For example, we have applied this method to analyze published 

LaF3 photoemission spectra [237] using density of states from the literature [238], as will 

be discussed in the next chapter. 

 If the precise form of the density of states is not known, approximations must be 

employed.  One of the simplest approximations is to assume that the photoemission cross 

section is roughly uniform over some range of energies, with a sharp rise from zero at the 

valence band maximum.  This “uniform” distribution for the cross section and density of 

states is often a reasonable approximation for optical materials at high photon energies 

and is perhaps the best choice when the valence band photoemission is a single 

symmetric peak, as in highly ionic materials (see Fig. 4.15 for examples of corresponding 
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peak shapes with Gaussian broadening).  To implement this approach, we may fit the 

valence band by allowing the width of the uniform density of states to vary while 

restricting the Gaussian broadening to a value similar to the broadening observed for 

other photoemission peaks in the spectrum.  We should note that delocalization of the 

valence band hole state produced by photoemission will tend to reduce the thermal 

broadening of the valence band as compared to core electron photoemission (perhaps by 

as much as 20% in insulators), causing some uncertainty in the choice of broadening.  

Furthermore, this method will not accurately describe density of states with significant 

tails.  Both of these effects can cause this method to overestimate the valence band 

maximum binding energy. 

 

Figure 4.15. Simulation showing a uniform distribution with a 4 eV width (solid line) and 
the effect of 1 eV, 2 eV, 3 eV, 4 eV, and 5 eV of Gaussian broadening (dotted lines). 
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 An example of this method is shown in Fig. 4.16 for LiYF4.  We adopted this 

approach to locate the LiYF4 valence band maximum since a similar density of states is 

observed for LaF3 [238,239], a crystal that has many properties comparable to LiYF4.  As 

shown in Fig. 4.16, this method describes the shape of the observed valence band 

photoemission very well, further indicating that this simple density of states is a 

reasonable approximation.  Restricting the broadening to the same value observed for the 

core peaks, the best fit corresponds to a density of states with a width of 2.7 eV and 

indicates that the valence band maximum is at 12.7 eV; however, the uncertainty in this 

value may be as large as several hundred meV because of the approximations involved. 

 Another technique that we have found very useful is to estimate the binding energy of 

the valence band maximum by the energy at which the rising edge of the valence band 

photoemission reaches 50% of the peak value.  While this is obviously a drastic 

approximation, this method produces surprisingly accurate estimates for all of the 

materials that we have studied.  This approach is motivated by the observation that the 

valence band density of states in many optical materials rises sharply from the valence 

band maximum and then either remains roughly constant or slowly decreases at higher 

binding energies.  Thus, for moderate amounts of broadening, the valence band edge may 

be approximated as a broadened step function in these materials.  For a perfect step 

function with symmetric broadening, the point at 50% of the rising edge will maintain the 

same position, as demonstrated in Fig. 4.17 for the particular case of Gaussian 

broadening.  Consequently, the binding energy where the rising edge reaches half of the 

maximum can give a rough estimate for the location of the valence band maximum.  In 
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fact, if we use this approach to analyze the YAG valence bands for different degrees of 

broadening, we find that the rough estimates are usually within a few hundred meV of the 

values obtained from the full analysis.  If we examine the LiYF4 spectrum in Fig. 4.16, 

we can see that this approach would also produce an estimate within a few hundred meV 

of the analysis used there.  As a result, we have adopted this simple approach for 

estimating the position of the valence band maximum in materials where there is no 

information available regarding the valence band structure. 
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Figure 4.16. Valence band photoemission spectrum of LiYF4 at 1486.6 eV.  The circles 
are measured data points, the dotted line is a uniform approximation for the valence band 
photoemission cross section, and the solid line is the uniform shape broadened and scaled 
to match the experimental data.  An estimate of 12.7 eV is obtained for the binding 
energy of the valence band maximum. 
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Host Band Gap and the Conduction Band Minimum 
 
 
 Once the valence band and 4f electron binding energies are known, we may use the 

band gap of the crystal to locate the binding energies relative to the host conduction band 

(see Fig. 2.1).  Consequently, it is important to have an accurate estimate for the band 

gap, where we define the band gap as the energy required to excite an electron from the 

valence band maximum to the conduction band minimum (the most tightly bound 

conduction band state).  A wide variety of methods may be used to determine the band 

gap, such as absorption, reflectivity, photoluminescence excitation, electron energy loss, 

photoconductivity, and electron yield spectroscopies.  Unfortunately, it is often difficult 
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Figure 4.17. Simulation showing a step function distribution (solid line) and the effect of 
1 eV, 2 eV, and 3 eV of Gaussian broadening (dotted lines). 
 
 



 216 

to precisely determine the band gap so that experimental values for this fundamental 

material property are often uncertain—even for materials that have been extensively 

studied.  In the case of YAG, these complications have resulted in values ranging from 

6 eV to more than 7 eV being suggested for the band gap energy, with 6.5 eV as the most 

often quoted value [147].  Furthermore, in contrast to the valence band, we expect that 

introduction of rare-earth ions into the crystal will significantly affect the conduction 

band density of states and the energy of the conduction band minimum.  This can cause 

the band gap to change by more than 1 eV depending on the ion and concentration (see, 

for example, Ref. [240]).  Although a full treatment of this problem is beyond the scope 

of this dissertation, it is important to briefly point out the most important issues as well as 

some of the more subtle effects that may provide new insight into ionization in these 

materials. 

 To investigate the fundamental material properties and their dependence on material 

composition and experimental conditions, we wish to determine the relative energies of 

the crystal’s Bloch states.  However, interpretation of the experimental measurements are 

complicated by broadening mechanisms as well as additional features that obscure the 

onset of band-to-band transitions.  One of the most important effects is the presence of 

significant tails on the crystal band states that result from impurities or defects (see, for 

example, Ref. [147]).  Lattice defects interrupt the ideal periodicity of the lattice, causing 

some of the density of states to be shifted from the host bands into the band gap.  

Transition metal and rare-earth impurities also introduce additional electronic states that 

can produce broad electron transfer bands that overlap the fundamental absorption.  
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Furthermore, transitions to exciton states can obscure the location of the true band edges, 

particularly when they become broadened from autoionization and merge with the band-

to-band absorption tail (see, for example, Refs. [241,242]).  Measurements can be further 

complicated by the weak density of states and strong momentum dependence that is 

typical of the conduction band minimum in optical materials.  This is particularly 

important for “indirect” band gap materials where the valence band maximum and 

conduction band minimum do not have the same value of crystal momentum.  In these 

materials, the “optical band gap” measured from absorption may be larger than the 

minimum thermodynamic energy gap because of the momentum selection rules for 

optical transitions (see, for example, Ref. [243]). 

 An additional problem in determining the band gap energy is that electron transfer 

transitions can exhibit a significant temperature dependence.  An example of this is 

demonstrated in Fig. 4.18 for undoped YAG, where we observed the onset of the host 

absorption to increase from ~6.6 eV at 160 K to ~6.7 eV at 5 K.  If we consider the 

thermal expansion of the lattice and use the calculated dependence of the band gap on the 

cell volume [234], we estimate that the YAG band gap should change by less than 

10 meV from 5 K up to room temperature.  In fact, the temperature dependence arises 

from a change in the broadening of the band-to-band absorption, with the reduced 

broadening at low temperature appearing as a shift in the absorption tail.  This effect is an 

example of the almost universal presence of exponential tails on electron transfer 

transitions.  These absorption tails are empirically described by the well-known Urbach’s 

rule [244-246] 
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where the absorption coefficient α depends on the effective band gap E0, a “steepness” 

parameter σ, and the effective temperature T*.  For ionic crystals, the effective 

temperature is given by [247] 
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where 0ω  corresponds to an effective phonon frequency for the lattice.  Examples of 

Urbach tails calculated using typical parameters for ionic crystals are shown in Fig. 4.19, 

Figure 4.18. Absorption spectra of YAG showing the onset of the fundamental crystal 
absorption at temperatures of 160 K and 5 K. 
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demonstrating how the true band gap energy is obscured by the large absorption tails.  By 

measuring the temperature dependence of the absorption tail, Eq. 4.8 and Eq. 4.9 may be 

fit to the observed dependence to extract the effective band gap energy E0; however, this 

method will tend to overestimate the band gap since it implicitly assumes a perfectly 

sharp onset of the true band-to-band absorption. 

 

 Dynamic or static electric fields inside the crystal (from phonons or defects, 

respectively) play an essential role in producing the Urbach tails [246].  The absorption 

tails are a manifestation of the Franz-Keldysh effect [243,248,249], in which the presence 

of an electric field causes the electron wavefunctions to extend exponentially into the 
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Figure 4.19. Temperature-dependent exponential tails of the fundamental crystal 
absorption calculated using Urbach’s rule with parameters typical of ionic crystals. 
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band gap due to the potential energy variation across the crystal.  An alternate way of 

describing this effect is that an electron in the band gap (e.g. in an exciton state) may be 

spontaneously transferred to the conduction band by tunneling to a position in the crystal 

at a lower potential.  Because of the Franz-Keldysh effect, the threshold energies for 

electron transfer will be reduced whenever an electric field is applied to the crystal.  

Specifically, an electric field E  produces an exponential tail on electron transfer 

transitions with a decay constant of [250] 

( )
21
333

2∆ effE m e E−= , (4.10) 

where meff is the effective mass of the electron. 

 There are several important implications of Eq. 4.10 for experimental techniques that 

involve large electric fields.  For example, band gaps measured using methods such as 

electron yield spectroscopy and electron energy loss spectroscopy could be significantly 

reduced from their true values because of the extreme sample charging that occurs in 

insulating materials.  The magnitude of this effect may be estimated by considering that 

surface potentials can become larger than 100 V (see Fig. 2.20) and that the penetration 

depth of the light can be less than 10 nm for energies near the fundamental crystal 

absorption.  The resulting electric fields near the surface of the crystal approach values of 

108 V/cm, corresponding to ~1 eV exponential tails on the absorption.  This is consistent 

with the observed behavior in our measured CFS spectra (see Fig. 2.25), perhaps 

indicating that this mechanism limits the accuracy of those techniques for insulators.  

However, neutralization of the surface charge should significantly reduce these effects. 
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 In photoconductivity, the relatively modest electric fields produce a much weaker 

shift of the threshold energies.  For example, typical fields of ~104 V/cm only induce 

~10 meV exponential tails on the transitions, which is usually comparable to the ~1 nm 

spectral resolution of these measurements.  On the other hand, large internal fields may 

be created by the ionization process itself.  For a typical concentration of 1019 ions/cm3, 

photoionization of a single impurity ion creates an electric field of ~106 V/cm at 

neighboring impurities—a field large enough to lower the ionization threshold by more 

than 100 meV.  While these effects have not been critically examined in past studies of 

ionization in optical materials, our simple estimates suggest that they may be substantial. 

 While the Franz-Keldysh effect can complicate the measurement of ionization 

thresholds, we might also consider employing this effect to develop a novel technique for 

measuring ionization.  As discussed in Chapter 2, experimental techniques such as 

afterglow and thermoluminescence excitation detect ionization by monitoring the 

population of trap states that capture charge carriers liberated by photoionization.  In 

thermoluminescence methods, the population of trap states within a few hundred Kelvin 

of the band states is measured by thermally ionizing the traps.  From our discussion of the 

Franz-Keldysh effect, we expect that the traps could also be ionized simply by applying 

an electric field to the sample.  For example, an electric field of ~104 V/cm should 

produce an effect equivalent to raising the sample temperature by several hundred 

Kelvin.  This suggests that a technique conceptually similar to thermoluminescence could 

be used to measure ionization by applying an electric field rather than the more 

complicated process of cycling the sample temperature between every data point. 
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 These predictions are strongly supported by the common observation of a 

“relaxation” of the crystal conductivity when an electric field is applied to an insulating 

material.  For example, the photoconductivity measurements that we performed on YSO 

(see Chapter 2) typically exhibited DC currents as large as 100 pA when the electric field 

was first applied.  The current slowly decayed over a timescale of minutes to hours if the 

electric field was maintained at a constant value.  After the current decayed to a 

negligible level, any further increase of the electric field magnitude would again cause a 

large DC current to appear.  These observations are all consistent with the tunneling of 

charge carriers from trap states to the host bands due to the Franz-Keldysh effect.  These 

effects seem to offer promising opportunities for elucidating electron transfer processes 

and merit thorough investigation in future work. 

 
Electron-lattice Coupling and Configurational Coordinate Diagrams 

 
 
 So far, the relative binding energies that we have considered represent un-relaxed 

Franck-Condon energy differences for a frozen lattice with the same spatial configuration 

as the 4f N ground state.  Because the photoemission process occurs on a very fast 

timescale of ~10−17 s, only the material’s electrons can respond fast enough to influence 

the energy of the outgoing photoelectron, while the nuclei respond on a much slower 

timescale.  This corresponds to the semi-classical Franck-Condon principle that the 

atomic positions can be considered completely static during the absorption process.  

However, distortions of the equilibrium nuclear positions that minimize the total energy 

of the system can stabilize the excited state on slower timescales of ~10−13 s that are 
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characteristic of the vibrational frequencies of the lattice.  Therefore, while 

photoemission measures the transition energy for the “frozen” lattice, a complete 

description of electron transfer dynamics and relaxation mechanisms requires additional 

knowledge of how the total energy of the coupled ion-lattice system responds to the 

electronic excitations.  Understanding the coupling between the lattice and the electronic 

states is particularly important for describing transitions that occur through a series of 

absorption or relaxation steps since they involve much longer timescales that allow the 

lattice to fully react to changes in the electronic states. 

 Because of these electron-lattice interactions, the total adiabatic energy of the system 

must be considered when determining energy differences and relaxation mechanisms 

between states with different electronic configurations.  This effect is well known from 

optical spectroscopy, where stabilization of excited states through relaxation of the ligand 

configuration can produce large Stokes shifts between emission and absorption energies 

and can also cause nonradiative relaxation of excited states by mixing the wavefunction 

with excited vibrational levels of lower electronic states (see, for example, Ref. [55]).  

These effects are traditionally described by viewing the total adiabatic potential energy 

for each electronic state as a function of “configurational coordinates” that describe the 

spatial configuration of the ligands around the excited ion (for general discussions of this 

approach see Refs. [25,251,252]).  The configurational coordinate most commonly 

considered is the change in the average ion-ligand distance due to “breathing mode” 

vibrations of the ligands.  Furthermore, the approximations of harmonic ligand vibrations 
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and a linear electron-lattice interaction are usually adopted so that the potential energy 

curves are simply quadratic functions of the configurational coordinate. 

 Within this single configurational coordinate model for the coupled ion-lattice 

system, the potential energy U(Q) for each electronic state may be written as 

2 21
0 2( )U Q E AQ M Qω= − + , (4.11) 

where Q is the configurational coordinate that describes the position of the ligands, ω is 

the vibrational frequency of the ligands, M is the reduced mass of system, E0 is the 

energy of the system at Q = 0, and A characterizes the magnitude of the electron-lattice 

interaction for each electronic state (the energy and configuration references are usually 

defined so that E0 = 0 and A = 0 for the ground state).  The harmonic oscillator potential 

in Eq. 4.11 corresponds to an infinite ladder of vibrational levels separated by ω , with 

the values of E0, A, and ω dependent on the ion’s electronic state.  Because of the linear 

electron-lattice coupling term in Eq. 4.11, the minimum potential does not occur for 

Q = 0 but for a different lattice configuration given by 

0 2
AQ

Mω
= . (4.12) 

Consequently, the equilibrium configuration of the ligands is shifted from Q = 0 to 

Q = Q0 because of the electron-lattice coupling. 

 To illustrate these concepts, adiabatic energy curves are plotted in Fig. 4.20 for two 

electronic states.  We have adopted the usual simplifying assumption that the vibrational 

frequency is the same for both electronic states; as a result, the energy parabolas have the 

same curvature.  The lowest vibrational levels of the system for each electronic state are 
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indicated by horizontal lines.  For each vibrational level, the probability distribution of 

ligand positions has the greatest amplitude at the turn-around points, just as for a classical 

oscillator.  The turn-around points correspond to positions where the potential energy of 

the oscillator reaches its maximum value; consequently, the most probable values of Q lie 

on the potential energy curves in Fig. 4.20.  According to the Franck-Condon principle, 

the instantaneous value of Q does not change during transitions between states so that the 

transition energies are described by vertical differences between adiabatic energy curves.  

Therefore, ∆E0 is the energy required for a transition from the ground state (the lowest 

electronic and vibrational level of the system) to the excited state.  Due to the Franck-

Condon shift ∆Q0 of the equilibrium configurations, the transition leaves the upper 

electronic state in a highly excited vibrational level that may subsequently relax through 

phonon emission.  As the lattice relaxes to the equilibrium configuration for the excited 

state, the energy of the system is reduced by 

2 21
02RE M Qω= ∆ . (4.13) 

 In addition to describing the adiabatic energies, the configurational coordinate model 

may be used to predict the transition linewidths.  From the previous discussion, we know 

that the maximum absorption occurs at the vertical energy difference between the energy 

curves; however, the probability distribution for each vibrational state extends over a 

range of Q values so that transitions to several different vibrational levels are 

simultaneously possible.  As a result, the absorption strength is distributed over a range of 

energies determined by the overlap of the different vibrational wavefunctions for each 

electronic state.  When the Frank-Condon shifts are relatively large, the distribution of 
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transition energies is approximately Gaussian with a full-width at half-maximum given 

by 

∆ 8 ln 2 coth
2

E S
kT
ωω

 = ⋅   
, (4.14) 

where the Huang-Rhys factor S is defined as 

RES
ω

= . (4.15) 

Figure 4.20. Configurational coordinate diagram illustrating the effect of electron-lattice 
coupling.  The adiabatic energies for the ground and excited states are indicated by solid 
lines with the lower vibrational levels represented by horizontal lines.  The Franck-
Condon shift ∆Q0, vertical transition energy ∆E0, and relaxation energy ER are indicated 
in the figure. 
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The linewidth at T = 0 arises from the distribution of vibrational final states that may be 

simultaneously excited and the increase in linewidth with temperature arises from the 

thermal occupation of excited vibrational levels for the lower electronic state.  An 

important consequence of Eq. 4.14 is that the relative linewidths of different transitions 

from the ground state are related to the ratio of the excited-state relaxation energies 

through the equation 

2∆
∆
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E E
E E

ω
ω

 ′ ′=  ′  
. (4.16) 

As a result, Eq. 4.16 may be used to determine the ratio of the excited-state relaxation 

energies from the measured transition linewidths. 

 Consideration of the relaxation energies is particularly important for describing 

electron transfer processes since the shift in the ligand configuration that results from the 

change in valence is much stronger than the relaxation that occurs for localized 

excitations of the ion.  In spite of this importance, very little is known about the effect of 

electron-lattice coupling on the ionization thresholds due to the difficulty of 

experimentally characterizing ionization processes in solids.  As a result, traditional 

discussions have mostly employed qualitative arguments to explain these effects (see, for 

example, Ref. [253]).  However, the need to quantitatively understand and predict the 

effects of ionization on luminescence efficiency has motivated significant progress in this 

area for both phosphor and scintillator materials [65,75]. 

 Photoemission provides a simple example of an ionization process that may be 

described using configurational coordinate diagrams.  In this case, the excited state of the 
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system corresponds to the ionized rare earth with the electron completely removed from 

the crystal.  One immediate consequence of this picture is that the photoemission 

transition becomes broadened according to Eq. 4.14 because of the different vibrational 

final states, which is the origin of Eq. 2.7 in Chapter 2 [115-117].  As a result, Eq. 4.14 

may be used to estimate the magnitude of the photoemission broadening if the vibrational 

frequency and the relaxation energy are known.  To estimate the relaxation energy, we 

may apply a simple model for the dielectric response of the crystal.  The dielectric 

polarizability reduces the energy required to remove an electron from the crystal, 

corresponding to a stabilization of the ionized final state due to the relaxation of the 

lattice.  Because of this, the dielectric constant may be used to calculate the magnitude of 

the relaxation energy and Franck-Condon shift for the ionized state.  However, the 

electronic and nuclear contributions to the dielectric relaxation must be separated.  Since 

the nuclear motion is too slow to contribute to the high-frequency response of the 

material, the usual approximate method for determining the nuclear relaxation component 

is to compare the high-frequency and low-frequency dielectric constants.  Using this 

simple approach, the relaxation energy associated with a positive charge in the lattice 

may be estimated from the dielectric polarization energy to give [253] 

2

0 0

1 1
8R

eE
Rπε κ κ∞

  = −    
, (4.17) 

where κ∞ and κ0 are the high-frequency and DC dielectric constants, respectively.  The 

radius R corresponds to the effective orbital radius of the hole left behind on the ion or, 

equivalently, we may consider R as the minimum distance that the electron must travel 
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from the ion before the lattice begins to respond to the presence of the hole.  

Unfortunately, R is not a very precise quantity and is difficult to estimate; however, it is 

usually assumed to be equal to the ionic radius of the ion (see, for example, 

Refs. [254,255]) so that R = ~1 Å for the trivalent rare-earth ions.  A further 

approximation is to use the optical index of refraction to estimate the high-frequency 

dielectric constant since optical frequencies are fast enough that the nuclear motion does 

not contribute to the dielectric constant but slow enough that the electrons can fully 

respond to the electric field.  According to Eq. 4.17, the values of κ∞ = 3.3 and κ0 = 11.7 

for YAG indicate a relaxation energy of ~1.6 eV.  Using this result in Eq. 4.14 with a 

typical vibrational energy of ~400 cm−1, we find that the predicted 4f photoemission 

linewidth is 0.8 eV at room temperature.  While this value is significantly smaller than 

the observed broadening, it is difficult to make precise comparisons since differential 

charging and uncertainty in the final-state structure and the differencing process can 

affect the apparent linewidths, as discussed earlier. 

 We may also use Eq. 4.17 and Eq. 4.14 to analyze the width of the Al 2p 

photoemission peak.  Using the smaller ionic radius of ~0.45 Å for Al3+ [256], the 

calculated broadening is ~1.1 eV.  The minimum experimentally observed Al 2p width 

was 1.7 eV for YAG, and deconvolving the contributions to the width arising from the 

instrumental resolution and the 0.4 eV spin-orbit splitting of the Al 2p final states [94] 

indicates a broadening of ~1.5 eV.  The difference between the experimental and 

theoretical values is most likely a result of the extremely rough approximations used in 

the calculations but might also imply a significant differential charging contribution to 
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the linewidth.  The additional broadening might also represent an unresolved binding 

energy shift between the octahedral and tetrahedral Al3+ sites in YAG; in fact, a binding 

energy difference of ~0.8 eV between the two crystallographically inequivalent sites 

would be sufficient to explain the additional broadening. 

 As briefly mentioned in Chapter 2, the large electronic polarizabilities of 

semiconductors effectively reduce the interaction between the nuclear charges and the 

hole on the ionized atom.  This is apparent from Eq. 4.17 since the optical and DC 

dielectric constants are typically large and of similar magnitude in these materials.  As a 

specific example, the dielectric constants of GaP are κ∞ = 10.2 and κ0 = 11.1, 

corresponding to a nuclear relaxation energy of 0.06 eV and a broadening of 150 meV at 

room temperature.  Hence, the thermal broadening in semiconductors is much smaller 

than in insulators and is usually dominated by the other mechanisms discussed in 

Chapter 2. 

 To demonstrate how the electron binding energies that we have discussed in previous 

sections relate to the broader picture of energy levels in a dynamic lattice, configurational 

coordinate diagrams for Gd3+ and Tb3+ impurities in YAG are presented in Fig. 4.21.  

Under the usual approximations of a linear electron-lattice interaction and constant 

vibrational frequencies for all states, all of the energy curves have the same curvature.  

Selected energy levels and ionization thresholds are shown for each ion by their 

corresponding energy curves.  The energy levels within the 4f N configuration all have the 

same equilibrium position due to the very weak electron-lattice interaction for the 

shielded 4f electrons.  Transitions from the valence band to the conduction band also 
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have the same equilibrium position since we assume that the electron and hole are far 

from the rare-earth ions and do not affect their ligand configurations.  Consequently, the 

threshold curve for creating a well-separated electron-hole pair in the lattice is directly 

above the ground state at the band gap energy Egap, with the crosshatched region 

representing the continuum of electron and hole states.  The dotted lines indicate 

thresholds for transferring a 4f electron to the host conduction band and the shaded region 

represents the continuum of states involving ionization of the rare earth.  The vertical 

energy differences ∆EVB determined from our photoemission measurements are indicated 

in the figure. 

 Unfortunately, very little is known regarding the magnitude of the relaxation energies 

for ionized states.  For both Ce3+ and Tb3+ in YAG and YGG, analysis of luminescence 

quenching allowed Mayolet et al. [75] to estimate the positions of the adiabatic energy 

curves for the ionization thresholds, indicating that the Franck-Condon shifts for the 

ionized states were ~3 times larger than the shifts for the 4f N−15d levels.  The accuracy of 

this rough estimate is supported by the remarkable agreement between the 4f N vertical 

ionization energies predicted from the configurational coordinate diagrams and the values 

predicted from our photoemission measurements on the aluminum and gallium garnets, 

with the two very different approaches consistently agreeing to within a few hundred 

meV.  The observation that values of the Franck-Condon shifts are between 2-4 times 

larger for ionized states than for the 4f N−15d states is also supported by studies of other 

materials [65,86].  As a result, we have used this approximate relationship to obtain an 

estimate for the ionization threshold curves in the absence of more quantitative 
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Figure 4.21. Example configurational coordinate diagrams for Gd (top) and Tb (bottom) 
in YAG.  Adiabatic energies for trivalent and tetravalent ion states are indicated by the 
solid and dotted lines, respectively.  The crosshatched and shaded regions represent the 
continuum of states that involve ionization of valence band or 4f electrons, respectively. 
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information.  For Ce3+ in YAG, we found that the relaxation energy of the lowest 5d state 

is 1275 cm−1 (see Chapter 5), suggesting a relaxation energy of 1.4 eV for the ionized 

state (using Eq. 4.13), as shown in Fig. 4.21.  This estimate is surprisingly close to the 

value of 1.6 eV calculated from Eq. 4.17, indicating that the relaxation energies might be 

accurately predicted from the dielectric constants of the host crystals. 

 By examining diagrams such as Fig. 4.21, we gain tremendous insight into a wide 

variety of excitation and relaxation processes.  For example, Fig. 4.21 shows that the 

fully relaxed Gd4+ states strongly overlap with excited crystal states.  As a result, the 

ionized state will rapidly relax to the lower energy states involving Gd3+ and an electron-

hole pair (i.e. an electron is transferred from the valence band to Gd4+) so that all of the 

states involving Gd4+ are unstable.  On the other hand, the Tb4+ states are more stable 

than the excited states of the host crystal.  In this case, an electron-hole pair in the crystal 

can decay into the lowest Tb4+ state (i.e. an electron from Tb3+ is transferred to the 

valence band hole), indicating that Tb3+ ions act as hole traps and recombination centers 

in YAG.  These results have a number of important consequences, some of which will be 

examined in the next chapter. 

 Configurational coordinate diagrams such as Fig. 4.21 are also important since a 

complete knowledge of the adiabatic energy curves is essential for relating the results of 

different experimental techniques, as first pointed out in 1935 by de Boer and van Geel 

[257] and later reiterated by Seitz [245], Mott and Gurney [253], and Dexter et al. [258].  

The importance of electron-lattice coupling on the interpretation of results from different 

experimental techniques is illustrated by Fig. 4.22.  If the ionization threshold is directly 
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measured from the ground state, the value that would be obtained is the vertical energy 

difference between the ground state and the ionized state.  This is also the value obtained 

by combining photoemission results with the host band gap since both measurements 

involve direct absorption from the ground state of the system.  Now, if we consider 

techniques such as photoluminescence, photoconductivity, or thermoluminescence, the 

much longer timescales involved in the excitation process can result in ionization at 

significantly lower energies due to the relaxation of the system.  Thus, ionization 

thresholds measured using excitation methods can occur at energies as low as the 

Figure 4.22. Configurational coordinate diagram illustrating the different ionization 
thresholds measured using absorption and photoemission (PES), excited-state absorption 
(ESA), and photoconductivity (PC) techniques.  Solid lines indicate adiabatic energies for 
discrete levels, the dotted line indicates the ionization threshold, and the shaded region 
represents the continuum of ionized states. 
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adiabatic energy minimum of the ionized state.  For the case shown in Fig. 4.22, 

excitation at any point higher than the dashed line can produce ionization through the 

interaction between the excited state and the ionized state.  An excited-state absorption 

measurement would produce yet another value for the ionization threshold intermediate 

between the other two values, as shown in the figure.  Thus, the different methods may 

indicate values for the ionization threshold that vary by as much as the relaxation energy 

of ~1 eV.  While these effects can complicate the interpretation of individual 

measurements, they may also be exploited to probe different regions of the adiabatic 

energy curves and substantially increase our insight into the material dynamics, as we 

will discuss in the following chapter. 

 



 236 

CHAPTER 5 
 
 

SYSTEMATICS OF THE 4f N, 4f N−15d, AND 4f N+1 BINDING ENERGIES 
 
 
 In the previous chapters, we have primarily focused on the experimental and 

theoretical issues involved in accurately measuring and interpreting 4f electron binding 

energies in optical materials.  This chapter extends these results by providing the 

theoretical basis for understanding binding energies in solids and introducing practical 

models that describe and predict binding energy trends.  We also use our experimental 

results, as well as new results obtained from our analysis of published spectra, to probe 

the systematics of the electron binding energies for different ions, electron 

configurations, valence states, and host materials.  Finally, we discuss new insights into 

electron transfer processes and the stability of different rare-earth valence states that are 

gained from this broad picture for the electronic structure of rare-earth-activated 

materials 

 
Theory of Electron Binding Energies in Solids 

 
 
 Many different theoretical and semi-empirical models have been employed over the 

past century to predict and explain ionization thresholds and electron binding energies in 

solids and molecules.  These efforts began in 1929 with Pauling’s [259] use of a simple 

electrostatic model to explain “chemical shifts” of the x-ray absorption edges for K and 

Cl ions in different materials.  Over the following decades, progressively more 

sophisticated models were developed to address prominent research topics such as ionic 
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conductivity, lattice defects, chemical analysis, valence fluctuations, and ionization 

thresholds.  Depending on the material and electronic states being studied, different sets 

of approximations and input parameters were used to describe and interpret electron 

binding energies with varying degrees of success.  As a result, there are a wide variety of 

approaches for modeling binding energies in solids, such as general ionic models 

[117,253,255,259,260], the charge-potential model [261], the valence potential model 

[262,263], methods based on Koopman’s Theorem [264], thermodynamic approaches 

[265-267], the renormalized atom theory [268], density-functional theory [269], and 

cluster calculations [270-272]. 

 To gain insight into electron transfer processes, we must first understand how the 

binding energies are influenced by the electron’s chemical environment.  As discussed in 

Chapter 2, the electron binding energy is determined by the total energy difference 

between the initial state and the final ionized state of the coupled photoelectron-atom-

lattice system.  Furthermore, since the energy may vary with time due to slow relaxation 

processes, we must only consider contributions to the final-state energy that act over the 

timescale of the electron transfer transition.  Ideally, we would calculate the binding 

energy using the complete initial-state and final-state wavefunctions, including all the 

electron-nucleus and electron-electron interactions.  However, that problem is well 

beyond the computational capabilities of current technology, requiring that we adopt 

various simplifying approximations.  The most fundamental approximation is to 

separately calculate the atomic and environmental contributions to the electron binding 
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energy, and then to treat the interactions that couple these systems as perturbations.  With 

this approach, the electron binding energy is described by two terms 

BE atom envE E E= + , (5.1) 

where Eatom is the intra-atomic contribution to the binding energy from the electron-

nucleus and electron-electron interactions, and Eenv is the extra-atomic contribution due to 

direct interactions with the environment.  If we group the perturbations of the atom’s 

electronic structure with the Eenv term, Eq. 5.1 may be re-written as 

BE f shiftE I E= − , (5.2) 

where If is the electron binding energy for a free atom and Eshift is the “chemical shift” 

due to the atom’s environment.  When dealing with covalent or metallic systems, it is 

common to define If as the neutral atom binding energy, while for ionic systems it is more 

natural to define If as the binding energy for the free ion with the same nominal charge 

state as the ion in the solid.  To avoid this ambiguity, we will consistently use the latter 

definition. 

 Calculating chemical shifts is a complex problem since intra-atomic and extra-atomic 

interactions in both the initial and final state must be modeled to describe the observed 

electron binding energies.  Many of these contributions are larger than the total binding 

energy, with the final result arising through partial cancellation of relatively large 

energies with opposite signs.  Consequently, even minor interactions can have an effect 

comparable to the observed energies, requiring that all contributions be precisely 

calculated.  Because of this, calculations of absolute binding energies are usually only 

accurate to ~1 eV, even for ideal cases where many of the interactions are minimized and 
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where detailed material properties are known (e.g alkali halides).  Since chemical shifts 

typically vary by a few eV, which is comparable to the errors in the models, this situation 

has resulted in a great deal of confusion, with different authors often including or 

excluding specific effects from their models to obtain the best agreement with their 

experimental results.  However, we believe that the need to ignore certain effects to 

obtain agreement with experimental results does not necessarily indicate that they are 

ineffective but is rather an indication that other important effects have not been properly 

included in the model. 

 Although it is difficult to accurately calculate absolute binding energies, simple 

models are extremely valuable for obtaining insight into the mechanisms that affect 

electron binding energies and the material trends that might be expected.  It is particularly 

useful to examine these models and effects in detail before characterizing the 

experimental binding energy trends so that we may better understand and interpret the 

observed behavior.  With this goal, the next section will discuss the most important 

interactions and explore the calculation of chemical shifts using simple models. 

 
The Electrostatic Model 

 
 
 One of the simplest and most useful approaches for describing binding energies of 

localized electrons in ionic materials is the electrostatic point-charge model.  This 

approach exploits the well-developed theory of the cohesive energy of ionic crystals (see, 

for example, Refs. [253,254,273,274]) to describe the interactions associated with 

chemical bonding.  Various versions of this model have been used to predict relative 
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binding energies of core levels, absolute binding energies of electrons, excited-state 

absorption energies, photoionization thresholds, and energies of lattice defects 

[74,76,77,117,253,255,259,260,270,271,275-277].  The essence of this model is to 

consider the lattice as consisting of point charges with integer valence, and then to 

calculate the shift in binding energy resulting from the electrostatic interactions between 

the ion and host.  In this picture, we view the free-ion electron binding energy (~40 eV 

for the trivalent ions)—which by definition is measured relative to the vacuum level—as 

being shifted by the electrostatic potential, or Madelung potential, of the lattice site that 

the ion occupies (~30 eV).  Other effects that must be considered in these calculations 

include (in order of decreasing importance) polarizability of the lattice (~5 eV), changes 

in inter-atomic Born repulsive energies (~1 eV), and smaller effects such as Van der 

Waal’s forces (each less than 0.5 eV).  A further complication in optical materials is that 

the active ion is commonly an impurity rather than a normal lattice constituent; thus, 

local distortion of the lattice induced by the presence of the impurity can cause a 

significant change in the site’s Madelung potential that results in a corresponding shift in 

the binding energies (usually less than 3 eV) [76].  Furthermore, the more spatially 

extended nature of the bonding electrons in materials such as oxides and sulfides requires 

that we consider additional corrections to the simple electrostatic point-charge model to 

describe central-field covalency, the nephelauxetic effect, and variations in the effective 

fractional ion valence (see, for example, Refs. [134,278]).  There are also indications that 

the multipole nature of the valence charge distributions must be considered in some cases 

[277]. 
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 If we employ the electrostatic model to describe binding energies in solids, we may 

expand Eenv from Eq. 5.1 in terms of the leading interactions to obtain 

...BE atom M pol rep v vibE E E E E E E= + + + + + + . (5.3) 

The EM term in the expansion is simply the change in the electron’s initial-state energy 

due to the electrostatic potential produced by all other ions in the crystal lattice.  In the 

most general representation, this effect is described by an integral over all space outside 

of the ion that is written in terms of the spatial charge density ( )rρ  and ionic radius R: 
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For the point-charge approximation, ( )rρ  is replaced by an infinite array of delta 

functions, reducing Eq. 5.4 to the energy due to the classical Madelung potential of the 

lattice site 
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where ir  and qi are the position vectors and valence for all ions in the lattice.  Note that 

we have defined the valence in terms of unit electron charge (e.g. so that q = −2 for O2−, 

etc.).  It is important to keep in mind that replacing Eq. 5.4 with Eq. 5.5 is equivalent to 

ignoring all the static multipole moments of the ions and bonding electrons—an 

approximation that is not always valid [277]. 

 Because of the very slow decay of the 1/r Coulomb interaction, Eq. 5.5 is only 

conditionally convergent and requires special techniques to correctly evaluate.  To 

demonstrate this problem, consider performing the direct summation of Eq. 5.5 over 
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charged ion shells centered about the lattice site of interest.  Since the charge on each 

shell is proportional to r2, while the interaction is proportional to 1/r, the series would 

consist of alternating terms of increasing magnitude so that the summation would 

diverge.  Physically, we know that the sum must have a well-defined value since the 

potential is insensitive to the macroscopic geometry of the crystal.  The solution to this 

conundrum is that the convergence of Eq. 5.5 depends critically on the order of 

summation.  While direct summation of Eq. 5.5 is possible for the simplest lattices by 

properly grouping ions into charge-neutral combinations, a more general approach due to 

Ewald [279] allows these lattice sums to be evaluated for any system.  In the Ewald 

method, the summation is split into two sums, with one sum evaluated for the real lattice 

and the other sum evaluated for the reciprocal lattice [12,273,279].  Although this method 

may be applied to any periodic structure, most past calculations have been performed for 

relatively simple crystals; however, calculations for a number of more complicated 

structures are available [280,281]. 

 In general, the Madelung energy is approximately equal to −10 eV·q, where q is the 

valence of the ion that normally resides at the lattice site.  Thus, EM is roughly equal to 

−30 eV for trivalent rare-earth ions and +20 eV for O2−.  Note that the negative Madelung 

potential at cation sites decreases the cation binding energies while the positive potential 

at anion sites increases the anion binding energies.  Although the Madelung potentials are 

unknown for the optical materials studied here, we may compare the known cation site 

values of −27.3 eV in LaF3, −27.8 eV in Ce2O2S, and −29.0 eV in La2O3 [281]. 
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 Pauling’s original electrostatic model only included the Eatom and EM terms.  

However, guided by the theoretical models of Mott and Littleton [275] and Mott and 

Gurney [253] for lattice defects and ionic conductivity, Fadley et al. [255] later 

recognized that the polarizability of the lattice also strongly affects the electron binding 

energies.  This polarization correction is an extra-atomic relaxation effect that reduces the 

final-state energy by modifying the electronic charge distribution in the lattice to screen 

the positive charge on the ionized atom.  For metals and narrow-gap semiconductors, 

very effective electrostatic screening is provided by the free charges, considerably 

reducing the energy required to remove an electron from an atom.  In contrast, the weaker 

screening in ionic materials results from distortions of the bound charge densities induced 

by the electric field of the ionized atom.  These distortions produce dipole moments m  

on each ion in the lattice that are described by 

m Eα= , (5.6) 

where E  is the electric field experienced by the ion and α is the ion’s polarizability.  

Thus, by considering the total change in the energy of the system due to the induced 

polarization, we find that the binding energy is shifted by 
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where ir  and αi are the position vectors and polarizabilities of the ions and iE  is the 

electric field at each ion site.  Unfortunately, Eq. 5.7 cannot be directly evaluated because 

of the complex interaction between all the induced dipoles (i.e. each induced dipole 

modifies the electric fields experienced by all the other ions in the lattice).  However, an 
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iterative approach may be used to estimate the polarization energy.  The most well known 

technique for calculating the polarization effect is the Mott-Littleton method [275] in 

which the electric fields are first estimated assuming a continuous dielectric, and then 

progressively corrected by calculating the induced dipole fields from individual ions in 

the lattice.  The simplest approximation is to calculate the polarization energy for an 

ionized atom embedded in a continuous dielectric.  This is the same approach used to 

obtain Eq. 4.17, except that now we wish to calculate the electronic relaxation energy.  

Thus, using the relation κ∞ = n2, we find that 
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For the rare-earth ionic radius of ~1 Å and the YAG index of refraction of ~1.82, Eq. 5.8 

predicts that Epol = −5.0 eV. 

 To obtain a more accurate estimate for the polarization energy, we must know the 

polarizabilities of the ions in the solid.  While the cation polarizabilities are similar for all 

materials, the more polarizable anions—particularly O2−—are strongly affected by the 

chemical environment [282].  Because of this, the anion polarizabilities must be 

experimentally determined for each material.  To estimate the polarizabilities, we may 

use the Lorentz-Lorenz relation 
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where α  is the average polarizability of all ions in the solid and N is the total ion density.  

Since the cation polarizabilities are small and relatively constant, we may use their 

known values to estimate the anion contribution to α  from 
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i i

i
N

N
α α= ∑ . (5.10) 

For the case of YAG, the ion densities are N = 9.23 × 1028 ions/m3, 

NY = 1.38 × 1028 ions/m3, NAl = 2.31 × 1028 ions/m3, and NO = 5.54 × 10−28 ions/m3.  Using 

the fixed cation polarizabilities of αY = (4πε0)·0.55 Å3 and αAl = (4πε0)·0.066 Å3 

[283-285], the calculated O2− polarizability is αO = (4πε0)·1.71 Å3 for YAG.  Because the 

polarizability is much larger for O2− than for the cations, any material dependence in the 

cation values should not appreciably affect the result.  In fact, completely ignoring the 

cation polarizabilities only changes the O2− value by 10%. 

 With the experimental ion polarizabilities and the known crystal structure, we may 

use the Mott-Littleton method to calculate the polarization energy.  However, Kao and 

Merrill [286] have shown that it is sufficient to exactly treat the interactions between the 

nearest neighbors of the ionized atom and to use the continuous dielectric approximation 

for the remainder of the lattice.  With this approach, the polarization energy for an 

octahedrally coordinated site is given by [286] 
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where ri, Ri, and αi are the nearest neighbor distance, ionic radius, and polarizability.  If 

we use Eq. 5.11 to calculate Epol for YAG, we obtain a value of −5.3 eV for cations at the 
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Y site, where the polarization of the nearest neighbor O2− accounts for 75% of the 

binding energy shift.  This suggests that using the less accurate treatment of Eq. 5.8 with 

R set equal to the ionic radius only introduces a ~5% error. 

 The next interaction that we must consider is the effect of inter-atomic Born repulsive 

forces on the binding energies.  This very short-range interaction arises from the Pauli 

exclusion principle and causes ions to strongly repel each other when their filled 

electronic shells begin to overlap.  According to the Born model of ionic solids, the 

balance between the repulsive forces and the electrostatic attraction determines the 

equilibrium inter-atomic distances in the crystal.  This interaction influences the binding 

energies because the contraction of the ionized atom’s orbitals reduces the final-state 

repulsive energy.  This effect was first considered by Citrin and Thomas [260], where 

they assumed that the repulsive energy was negligible for the final state.  The repulsive 

interaction is perhaps the most controversial point of the electrostatic model, with many 

authors either ignoring the effect, disputing its existence, or misinterpreting its influence 

on the binding energies.  However, careful consideration of the interaction physics 

indicates that this effect must influence the binding energy, although the absolute 

magnitude is difficult to estimate. 

 To quantitatively analyze the change in repulsive energy due to ionization, we may 

use the Born-Mayer equation for the repulsive energy [287] and explicitly include the 

Pauling coefficients [288] to obtain 
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where N, q, and R are the number of electrons in the atom’s valence shell, the atom’s 

valence, and the atom’s ionic radius before ionization; N', q', and R' are the values after 

ionization; Ni, qi, and Ri are the corresponding quantities for the other atoms in the crystal 

at positions of ir ; b and ρ are constants; and the summation is over all atoms in the 

lattice.  Using a typical value of 0.35 Å for the “hardness parameter” ρ and assuming that 

the tetravalent rare-earth ion fully contracts to its equilibrium radius, Eq. 5.12 predicts 

that the final-state repulsive energy is only reduced by ~35%.  This explains the 

discrepancies observed for the alkali halides, which are the only systems where this effect 

has been quantitatively investigated.  Since the total repulsive energy is ~1 eV for those 

systems, the expected shifts are at most a few hundred meV—a value comparable to the 

uncertainty in the measured binding energies.  In contrast, the repulsive energy is much 

larger in the materials that we are studying.  We may make a very rough estimate for the 

repulsive energy by considering the force required to balance the electrostatic attraction 

at the equilibrium bond length, indicating that the total repulsive energy per site is 

approximately −EM
 · ρ/ri.  Consequently, we expect a total repulsive energy of ~4 eV for 

rare-earth ion sites, corresponding to a binding energy shift of Erep ~ −1 eV.  However, 

this assumes that the ionized atom’s outer electrons fully relax on the timescale of the 

ionization process.  While this should be a good approximation for ionization of 4f 

electrons, the effect is more difficult to estimate for ionization of deep core electrons. 

 The next term in the electrostatic model corresponds to interactions between mutually 

induced multipoles on neighboring ions in the lattice.  The van der Waal’s dipole-dipole 

interaction is the most important of these effects, with dipole-quadrupole and quadrupole-



 248 

quadrupole contributions usually an order of magnitude weaker.  Once again, we must 

stress that it is critical to only consider the difference in energy between the initial and 

final states rather than the absolute magnitude of the energies.  The fact that the 

van der Waal’s interaction stabilizes the initial state has led some authors to assume that 

it partially cancels the repulsive energy correction as a qualitative justification for 

ignoring these effects.  However, the van der Waal’s interaction actually stabilizes the 

final state more than the initial state so that the energy difference has the same sign as the 

repulsive interaction shift.  This may be demonstrated by employing the London equation 

for the van der Waal’s energy [289] to write the energy shift as 

( ) ( ) ( )2 6
0

3
2 4

i i
v

i ii i

hE
r

α ν αν α ν
ν ν ν νπε

 ′ ′ = − ′+ +  
∑ , (5.13) 

where α, ν, α', and ν' are the polarizability and the average resonance frequency for the 

atom before and after ionization and αi and νi are the corresponding values for the other 

atoms in the lattice.  Because the atomic resonance frequencies are significantly larger for 

the ionized atom due to the enhanced effective nuclear charge, Eq. 5.13 shows that the 

van der Waal’s interaction decreases the binding energy.  Precise evaluation of Eq. 5.13 

requires knowledge of the transition energies in the solid, but rough estimates indicate 

that Ev is between −0.3 eV and −0.1 eV, where we have used α = 1.1 Å3·(4πε0) as a 

typical rare-earth ion polarizability.  While this effect is large enough that it could be 

important, it is comparable to the accuracies of measured binding energies and would be 

difficult to quantitatively identify. 
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 An even weaker effect is the perturbation of the vibrational zero-point energies due to 

ionization.  From basic quantum mechanics, we know that a vibrational mode with 

frequency νi has a minimum energy of 1
2 ihν .  When an atom is ionized, the chemical 

bonds are affected so that the local vibrational frequencies are suddenly modified.  This 

causes the total zero-point energy of the lattice to change by 

2z i
i

hE ν= ∆∑ , (5.14) 

where ∆νi is the frequency shift of each vibrational mode.  The values of ∆νi could be 

estimated by comparing the configurational coordinate diagrams for the ground state and 

ionized state; however, no thorough analyses of ionization threshold curves are yet 

available.  We may obtain a rough estimate for Evib by assuming that the local mode 

frequencies are reduced by a modest value of ~20% when a cation is ionized and then 

considering the effect on the eight longitudinal optical modes involving vibration of a 

rare-earth ion in cubic coordination.  Since these modes typically have vibrational 

energies of ~400 cm−1 for oxides, we find that Evib ~ 0.03 eV.  Consequently, this effect is 

small enough that it may be disregarded. 

 In the standard electrostatic model, the effects of covalency and distortions of the 

atomic wavefunctions are completely ignored.  However, even in highly ionic crystals the 

fractional covalency is at least 5%, suggesting that the Madelung potential overestimates 

the actual site potential by a similar percentage.  This corresponds to a chemical shift of 

~1.5 eV—an effect that is clearly significant.  Covalency effects are even more important 

in oxides.  For example, local-density calculations of the valence charge distribution in 
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YAG suggest that the effective fractional valence states are Y2.0+, Al1.8+, and O1.3− [234].  

The atomic wavefunctions can also be appreciably affected by overlap with the valence 

charge density in the solid.  This “central-field covalency” reduces the effective nuclear 

charge experienced by the core electrons and causes the orbitals to slightly expand—a 

phenomenon known as the “nephelauxetic effect” (see, for example, Refs. [134,278]).  

Furthermore, distortions in the valence charge distribution can modify the atom’s ability 

to polarize around the final-state hole. 

 All of these effects introduce an additional level of complexity that must be 

considered in any realistic model for the electron binding energies.  To incorporate these 

interactions in our model, we may write the atomic contribution to the binding energy as 

∆ +∆ ...atom f q solidE I E I= + + , (5.15) 

where If is the free-ion binding energy, ∆Eq is the energy shift due to changes in the ion’s 

effective valence, and ∆Isolid is the change in binding energy due to distortion of the 

wavefunctions in the solid.  We may estimate ∆Eq by using a simple “charged-shell” 

approximation for the valence electrons [255].  In this approach, we assume that the 

covalent bonding electrons are transferred to the outermost orbitals of the ion.  Thus, we 

model the covalency as an additional shell of charge surrounding the ion, producing a 

binding energy shift of 

2

0

∆∆
4q

q

e qE
Rπε

= , (5.16) 

where ∆q = qsolid − qfree is the change in the ion’s effective valence in the solid, and Rq is 

the orbital radius of the transferred charge.  We expect Rq to be approximately equal to 
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the ionic or covalent radius for ionic and covalent materials, respectively.  We should 

note that the traditional charge-potential model [261] is equivalent to approximating the 

chemical shifts using only the ∆Eq and EM terms in the binding energy model. 

 The value of ∆Isolid is more difficult to estimate.  Because the nuclear potential and 

inter-electron repulsion both scale linearly with the effective nuclear charge (see, for 

example, Eq. 3.30 and Eq. 3.59), we expect the binding energies and transition energies 

to scale by similar amounts.  For rare-earth ions, central-field covalency causes the 4f 

transition energies to vary by several percent between different materials, suggesting that 

the free-ion binding energies are reduced by as much as ~2 eV due to the expansion of 

the 4f shell in the solid. 

 It is useful to examine a few simple examples of how these effects combine in 

different materials.  First, we will consider the elemental rare-earth metals.  In this case, 

the bonding electrons are uniformly shared and all of the ionic terms are negligible except 

for Epol.  The efficient screening provided by free electrons in the metal completely 

shields the ionized atom so that we may approximate the effective dielectric constant as 

infinite for the purpose of the polarization energy calculation (i.e. n → ∞ in Eq. 5.8).  

Using the ionic radius of 1 Å (since only bonding electrons outside of the ion’s core 

shells contribute to the shielding), we find that Epol = −7.2 eV.  Because each atom is 

neutral in the metal, but the 4f shell has the same configuration as the trivalent ions 

(except for Eu and Yb), we may model the bonding electrons as shells of neutralizing 

charge distributed at the covalent radius of ~1.6 Å.  Thus, we find that ∆Eq = −27.0 eV, 

giving a total chemical shift of Eshift = 34.2 eV.  In fact, the experimental chemical shift is 
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also 34.2 eV; however, the calculation is only accurate to ~1 eV at best, particularly since 

we have ignored ∆Isolid, suggesting that the precise agreement in this case is somewhat 

accidental. 

 We may also estimate the binding energy shift for the ionic material LaF3.  In this 

case, EM = −27.3 eV, Epol = −4.3 eV, and the combined effect of the other terms is 

probably less than −1 eV; thus, the predicted chemical shift is ~32 eV.  The experimental 

value for La3+ is ~28.5 eV so that the model significantly overestimates the chemical 

shift; however, some of this discrepancy may arise from uncertainty in the binding energy 

calibration and surface contributions to the work function.  It is also instructive to 

consider the effect of covalency in this case.  If we assume a 5% reduction of the ionic 

charges, the Madelung potential would be reduced by 1.4 eV; however, the 

corresponding value of ∆Eq due to the change in the La valence is between −1.4 eV and 

−1.9 eV, more than compensating the change in the Madelung potential.  Thus, rather 

than increasing the electron binding energies, the covalency slightly decreases them.  We 

believe that this type of balance between electrostatic and covalent effects is the reason 

that trends in Madelung potentials overestimate observed chemical shifts.  This suggests 

that binding energy trends between similar materials may be dominated by secondary 

effects, such as the lattice polarization—a hypothesis that we will thoroughly explore 

later in this chapter. 

 For optical materials, the rare-earth ion is generally incorporated into the lattice as a 

substitutional impurity rather than as a normal host constituent.  One consequence of this 

is that the rare-earth ion can distort the local crystalline environment, modifying the 
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chemical shift of the binding energies.  The most important effect is the change in the 

Madelung potential due to distortion of the equilibrium ligand positions—an effect first 

considered by Pedrini et al. [76] for divalent rare-earth ions in the alkaline earth 

fluorides.  As the radius of the impurity ion increases or decreases, the nearest neighbors 

are displaced outward or inward, respectively; because of this distortion, the Madelung 

potential at the site is reduced for larger impurities and increased for smaller impurities.  

While this effect is implicitly included in Eq. 5.5, it is useful to explicitly examine the 

difference in Madelung energies for the perturbed and unperturbed lattice sites.  With this 

goal, we may write the Madelung energy as 

( )2 2

0 04 4  
i i ii i i

M M
i i i i ii i i

q r rq q qe eE E
r r r r rπε πε

   ′−  ′= + − = −    ′ ′ ′⋅   
∑ ∑ ∑ , (5.17) 

where ir  and ME  are the relative ion positions and Madelung energy for the perturbed 

site and ir ′  and ME ′  are the values for the unperturbed site.  We may write the change in 

the ion positions due to the impurity-induced lattice distortion as 

( )∆ ∆i i ir R R Rβ β′= − = , (5.18) 

where R and R' are the ionic radii of the impurity and normal lattice constituent and the 

values of βi describe how the lattice responds to the change in ion radius.  Using this 

definition, the binding energy shift ∆ M M ME E E ′= −  for the impurity can be written as 

( )
2

0

∆∆
4 ∆

i i
M

i i ii

qe RE
r r R

β
πε β

−=
+∑ . (5.19) 

The form of Eq. 5.19 suggests that we may approximately describe the ionic radius effect 

in terms of a single parameter αR defined by 
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BE
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α ∆≡
∆

. (5.20) 

 In the treatment of Pedrini et al. [76], it was assumed that only the nearest neighbors 

are significantly displaced by the impurity, considerably simplifying the evaluation of 

Eq. 5.19.  If we examine the extensive structural data available for the stoichiometric 

rare-earth aluminum garnets [290,291], we observe that the RE−O separations vary 

linearly with the ionic radius of the rare-earth ion with a value of β = 0.865 for the 

nearest neighbor oxygen positions.  Furthermore, EXAFS studies of rare-earth-doped 

garnets show that oxygen positions around the rare-earth ion are essentially independent 

of the rare-earth concentration [292].  This suggests that nearest neighbor positions 

determined from the rare-earth garnets accurately describe positions around a rare-earth 

impurity in YAG.  Thus, using these values, we find that the nearest neighbors contribute 

35 eV/Å to αR.  For comparison, the experimental value for YAG is only 9.7 eV/Å. 

 One potential source of this dramatic discrepancy is the failure of the simple model to 

consider the impurity’s effect on the cation-cation distances.  Unfortunately, much less is 

known regarding the displacement of neighboring cations.  To investigate this effect, we 

will assume that the impurity-induced perturbation of the lattice positions decays 

exponentially away from the impurity site so that 

0
i

i

r

e ρβ
−

= , (5.21) 

where ρ0 is a constant chosen to give the correct value of β = 0.865 for the nearest 

neighbors.  If we use this approach to evaluate Eq. 5.19, we find that the weak 

perturbation of the cation positions significantly affects the lattice potential so that the 
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total energy shift is reduced to ~12 eV/Å.  For comparison, if we adopt the extreme 

approximation the entire lattice uniformly expands about the impurity so that all of the 

ions in the lattice are shifted by the same amount (i.e. βi is a constant), we would obtain a 

value of ~11 eV/Å. 

 In addition to modifying the Madelung energy, the ion radius also affects the other 

terms in the electrostatic model.  It is straightforward to show that each interaction 

produces a radius-dependant binding energy shift approximately given by 

∆∆ pol pol
RE E

R
=−  (5.22) 

( )1 ∆
∆ i
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R

E E
β
ρ

−
=  (5.23) 

6 ∆∆ i
v v

i

RE E
r
β=− . (5.24) 

For YAG, the polarization energy contributes 5 eV/Å, the repulsive energy contributes 

−0.5 eV/Å, and the van der Waal’s interaction contributes 0.4 eV/Å.  Thus, the combined 

effect of all the interactions predicts αR ~ 17 eV/Å, which is almost twice the 

experimental value.  Our earlier discussions (see Eq. 5.16) suggest that this difference 

may result from the variation of the covalency with bond length.  In fact, this type of 

covalency effect has been suggested as the reason why Madelung energy calculations fail 

to correctly describe the influence of distortions on the electronic properties of crystals 

(e.g. pressure shifts of the band structure)[274]. 

 We also expect that the lattice distortion will cause the local environment to become 

polarized, further modifying the potential at the impurity site.  Because displacement of 



 256 

the ions from their normal lattice sites disrupts the periodicity of the lattice, the distortion 

produces an effect equivalent to inserting dipole moments into the lattice.  These 

effective dipole moments cause the ions in the local environment to become polarized, 

and the resulting lattice polarization should contribute to the value of αR. 

 The final effect that we will consider in this section is the influence of the rare-earth 

ion concentration on the binding energies.  This effect is due to the change in Madelung 

potential caused by rare-earth doping of the crystal.  For rare-earth garnets, the lattice 

constant a varies linearly with the rare-earth ion’s radius R [290,291].  Furthermore, it is 

known that the lattice constant of YAG varies linearly with the rare-earth concentration 

[292].  Thus, we find that the lattice constants for all rare-earth-doped YAG materials are 

described by 

( )09.321 Å + 2.644 ∆a R c R= ⋅ + ⋅ , (5.25) 

where R0 = 1.019 Å is the ionic radius of Y3+ for a coordination number of eight (similar 

to the ionic radius of Ho3+) and c is the fractional atomic concentration of the rare-earth 

ion ( 0 1c≤ ≤ ).  Since the Madelung potential is inversely proportional to the lattice 

constant, we may use an approach similar to Eq. 5.17 to describe the concentration effect.  

This gives the approximate relation 

∆ ∆BE cE c Rα= ⋅ , (5.26) 

where αc is a constant.  If we use Eq. 5.25 to calculate the change in the Madelung 

potential, the value that we obtain includes both the concentration effect as well as a 

portion of the effect due to the local lattice distortion (i.e. the calculated potential is 

implicitly averaged over all Y3+ and impurity sites).  Hence, we must separately calculate 
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the change in Madelung energy for the two limits of c = 1 and c = 0, and then take the 

difference to obtain the concentration effect.  Using this approach, we obtain a value of 

αc = −5 eV/Å for YAG.  The concentration effect is negative because the nearest 

neighbor anions are unaffected by the impurity concentration, and the remainder of the 

lattice contributes a net positive potential at the cation site. 

 To investigate the concentration effect in YAG, samples with rare-earth 

concentrations varying between pure YAG and the stoichiometric rare-earth aluminum 

garnets were examined.  The measured 4f electron binding energies are plotted in Fig. 5.1 

for all concentrations studied.  If we compare the values for different concentrations, no 

correlation is observed.  Additional comparisons of measurements on Er:YAG and 

Er:LuAG did not reveal any significant shift in the Er3+ binding energy; this may also be 

viewed as a lack of concentration dependence where Y3+ has been replaced by Lu3+.  

These results indicate that the maximum concentration effect is smaller than the 

experimental uncertainty of several hundred meV.  Of the ions studied, we expect the 

largest effect for Lu with a predicted shift of ~200 meV from Lu:YAG to LuAG, which is 

comparable to the experimental uncertainty.  If we assume that the concentration shift is 

present but obscured due to the limited accuracy of the measurements, the effect would 

simply contribute to the dependence on the ionic radius.  Thus, instead of measuring αR 

we would measure R ccα α+ , where c  is the average rare-earth concentration, giving a 

calculated value of ~14 eV/Å for the samples studied.  This still overestimates the 

experimental value by ~45%, which is probably the level of agreement that can be 

expected from the simple model.  If we scale this result to match the experimental value, 
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the maximum concentration effect is estimated to be at most −3 eV/Å, which is too small 

to be clearly observed in the YAG data. 

 

 The results discussed above indicate that binding energies obtained for one 

concentration may be used as an estimate for all concentrations, to within the current 

experimental accuracy of several hundred meV.  Further measurements are required to 

determine whether there are observable concentration shifts in other systems, with effects 

more likely to be observed for materials where the rare earths substitute for ions with a 

significantly different radius or materials in which the rare-earth ions compose a larger 

fraction of the host volume. 

Figure 5.1. Measured 4f electron binding energies in YAG for all rare-earth ion 
concentrations studied. 
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Systematics of the 4f Electron Binding Energies 
 
 
 Regardless of the accuracy in predicting absolute binding energies, one of the most 

important applications of the binding energy model is to predict and explain trends in the 

relative binding energies.  Because of the rare earths’ remarkable chemical similarity and 

the shielded nature of the 4f electrons, we expect rare-earth ions to provide an ideal case 

for modeling binding energy trends, whereas, for other ions, the electronic mixing with 

the lattice and the larger changes in the ionic and electronic radii would dramatically 

complicate any description of chemical shifts. 

 Guided by the binding energy model presented in the previous section, we expect that 

the 4f electron binding energy for any rare-earth ion in a particular host material may be 

described by the relation 

( )( )0BE f L R cE I E c R Rα α= − + + − , (5.27) 

where If is the free-ion binding energy, EL is the chemical shift for an undistorted lattice 

site occupied by a host ion with radius R0, αR describes the correction to the shift due to 

the distortion of the ion’s local environment, and αc describes the bulk modification of 

the host crystal due to the rare-earth impurities.  For trivalent rare-earth ions, the free-ion 

4f electron binding energies in Eq. 5.27 are simply equal to the ionization potentials 

[90,187], and the ionic radii R for different ion coordinations may be obtained from either 

experimental results [256] or empirical formulas [293].  Hence, the only unknown 

parameters in Eq. 5.27 are EL, αR, and αc.  If we wish to reference the binding energies in 

Eq. 5.27 relative to the valence band maximum rather than the vacuum level, an 
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additional constant term may be explicitly included in the model to subtract the reference 

energy, or the energy reference may be included implicitly in the definition of EL.  We 

will consistently use the former approach so that our EL values are always referenced 

relative to the vacuum level. 

 While we may estimate the three material parameters using the techniques developed 

in the previous section, the complexity of the interactions in the solid produce 

uncertainties in the calculated values that are too large to be of practical use.  However, it 

is straightforward to directly determine the parameter values from experimental binding 

energies for at least two ions and two concentrations.  This semi-empirical approach 

allows us to accurately determine the 4f electron binding energies in a host material for 

all ions and any impurity concentration from as few as three measurements.  

Furthermore, we have found that αc is too small to observe in the optical materials that 

we have studied so that only EL and αR are significant.  In addition, the variation in αR is 

weak enough that simply using a fixed value of ~10 eV/Å for optical materials provides 

estimates that are accurate to better than a few hundred meV for all rare-earth ions. 

 By using the empirical model with the approximations discussed above, a single 

measurement is sufficient to estimate the 4f electron binding energies for all fourteen 

rare-earth ions.  As we will discuss later in this chapter, sometimes even measurements 

from the photoemission spectrum of the undoped host crystal are sufficient to predict the 

4f electron binding energies.  This capability dramatically reduces the effort required to 

characterize each class of optical materials, providing an extraordinary new tool in the 

study of rare-earth-activated materials.  Furthermore, by observing systematic trends in 
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the material parameters, this approach allows us to easily characterize material-dependent 

trends in the electronic structure. 

 One of the most important applications of the empirical model is to use measurements 

on a limited number of ions to predict the binding energies for the remaining ions.  This 

is demonstrated in Fig. 5.2 for YAG, where the circles are the average binding energies 

for each ion that we studied and the solid line is the fit of the empirical model with 

EL = 31.5 eV and αR = 9.7 eV/Å.  The model gives excellent agreement with the 

measured binding energies and allows us to accurately estimate the 4f N binding energies 

for the lighter ions that we did not study. 

 Published excited-state absorption and photoconductivity measurements on Ce:YAG 

and Pr:YAG allow comparisons to be made with the extrapolation of our measurements 

using the empirical model.  Given that both of these techniques involve transitions to the 

host conduction band, knowledge of the band gap is necessary to determine the energies 

relative to the valence band maximum.  The photoconductivity measurements of 

Pedrini et al. [77] on Ce:YAG indicate that Ce3+ is 3.8 eV below the conduction band; 

thus, using a band gap energy 6.5 eV for YAG [147], this places the 4f N ground state at 

2.7 eV above the valence band maximum. Excited-state absorption measurements have 

been made on both Ce3+ and Pr3+ in YAG, although in both cases the absorption 

thresholds occurred below the measured energy ranges, requiring that the position of the 

rare-earth ion relative to the conduction band be estimated by extrapolating the low 

energy absorption signal back to its onset.  In Ce:YAG, Hamilton et al. [57] obtained an 

excited-state absorption threshold that agreed well with the photoconductivity 
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measurements of Pedrini et al. [77].  For Pr:YAG, Cheung and Gayen [58] estimated that 

Pr3+ was 1.2 eV above the valence band maximum.  The corresponding binding energies 

directly estimated from the optical measurements are indicated in Fig. 5.2 by the squares. 

 

 Examining Fig. 5.2, we find that the optical measurements suggest binding energies 

that are between 0.5 eV and 1 eV smaller than our extrapolated values.  We should point 

out that these differences do not result from uncertainties in the extrapolated energies, but 

are a manifestation of the final-state relaxation effects discussed in Chapter 4.  Based on 

our discussion of the different experimental techniques, we would expect that excited-

Figure 5.2. Rare-earth 4f electron binding energies in YAG.  Circles are average 
experimental values from the photoemission measurements.  The fit of the empirical 
model to the PES data is shown by the solid line.  The squares are binding energies 
estimated from the excited-state absorption and photoconductivity measurements of 
Refs. [57,58,77] without correction for final-state relaxation. 
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state absorption and photoconductivity from the 4f N−15d states would indicate ionization 

thresholds between 0.5 eV to 1 eV smaller than the vertical ionization energies since the 

techniques probe different vibrational final states of the system (see Fig. 4.22).  We 

explore these effects in detail later in this chapter, demonstrating that the measured 

differences can be quantitatively predicted by considering the configurational coordinate 

diagrams.  Furthermore, although there has been some uncertainty as to whether the 

observed excited-state absorption and photoconductivity signals in Ce:YAG correspond 

to direct transitions to the conduction band or to higher rare-earth configurations such as 

4f N−16p [59], the agreement between the estimated thresholds and the energies 

extrapolated from our photoemission measurements supports the conclusion that the final 

state is indeed the conduction band. 

 As another example of employing the empirical model, we may examine the 4f 

electron binding energies in the rare-earth trifluorides.  These materials, particularly 

LaF3, have been extensively studied using a wide variety of techniques ranging from 

optical spectroscopy to electron photoemission.  Consequently, many of the properties of 

these materials are well understood and numerous experimental spectra have been 

published.  Thus, we may apply the techniques developed in the previous chapters to 

analyze the photoemission spectra available in the literature and extract the electron 

binding energies.  For example, we may fit the valence band density of states calculated 

by Klintenberg et al. [238] to the experimental spectra of Sato [237] and Park [294] to 

find that the valence band maximum has an estimated binding energy of 11.7 eV relative 

to the vacuum level.  Furthermore, in spite of their different crystal structures, analysis of 
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the YF3 spectrum [295] indicates that the valence band maximum binding energy has the 

same value for both of these materials to within an accuracy of better than 0.5 eV, with 

similar results observed for the other rare-earth trifluorides.  To estimate the 4f electron 

binding energies, we have analyzed spectra from Refs. [81,294,296-299] and averaged 

the results for each ion to obtain the values shown by the circles in Fig. 5.3.  The fit of 

Eq. 5.27 is shown by the solid line for EL = 30.2 eV and αR = 12.7 eV/Å (using 

R0 = 1.019 Å), giving excellent agreement with the data.  Since we believe that deviations 

between the data and the model primarily result from the relatively large experimental 

uncertainties, the fitting process will tend to average these errors so that the model gives 

improved estimates for the binding energies.  Although the cerium and yttrium group 

elements crystallize with different structures, no discernable discontinuity was observed 

in the 4f electron binding energy trend, indicating that the chemical shifts for these 

materials differ by less than a few hundred meV.  Furthermore, since we have not 

observed concentration shifts of the 4f electron binding energies in other materials, it is 

reasonable to assume that the concentration effect is small in these materials as well.  

Hence, the binding energies shown in Fig. 5.3 also provide estimates for the 4f electron 

binding energies in rare-earth-doped LaF3 and YF3. 

 Following a similar approach as used for LaF3, we have analyzed published 

photoemission spectra, excited-state absorption, and photoionization thresholds to 

estimate the relative rare earth and valence band binding energies for a number of 

different optical materials.  Using individual binding energies determined from our 

analysis of spectra in Refs. [57,65,66,71,77,79,80-82,221,237,294,296,298-301], we 
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applied the empirical model to estimate unknown values and to reduce the error in the 

experimental values.  The resulting estimates for the 4f electron binding energies relative 

to the valence band maximum in each material are presented in Table 5.1 along with the 

results from the analysis of our experimental binding energies.  We should note that the 

uncertainties in the values for materials that we have not experimentally studied are 

probably at least ±0.5 eV, and perhaps as large as ±1 eV. 

 

 Although the form of Eq. 5.27 was initially chosen based on the predictions of the 

electrostatic model, the limitations of the simple electrostatic model do not necessarily 

apply to the semi-empirical model.  An empirical treatment of the material parameters 
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Figure 5.3. Estimated 4f electron binding energies in the rare-earth fluorides.  The circles 
are values from our analysis of the spectra in Refs. [81,294,296-299] and the solid line is 
the fit of the empirical binding energy model. 
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can implicitly take into account a wide variety of effects that are either not considered or 

poorly described by the electrostatic model, such as covalent bonding, details of the 

spatial charge distributions, and modifications of the atomic contributions to the binding 

energy.  In fact, the success of the empirical picture of the rare-earth binding energies is 

primarily derived from the well-known chemical similarity of the rare-earth ions and their 

similar electronic structure.  Thus, we expect that the empirical model will have much 

wider applicability than a purely electrostatic model, allowing extension to a wide range 

of materials, even including semiconductors and metals. 

 To demonstrate the accuracy and broad applicability of the empirical model, the 

experimental 4f electron binding energies measured by Lang et al. [167] for the elemental 

rare-earth metal are compared to the model in Fig. 5.4.  For the metals, there are no 

charging effects and the phonon broadening is negligible so that the 4f electron binding 

energies can be measured with much greater accuracy than for other materials.  Although 

the atoms in the metals have neutral valence states, the number of 4f electrons can be 

unambiguously determined from the photoemission final-state structure, indicating that 

the rare-earth atoms have the same number of 4f electrons as the trivalent ions—except 

for Eu and Yb, which have a “divalent” 4f configuration.  Consequently, we may 

describe the binding energies in the metals with the empirical model using the trivalent 

values for If.  The solid line in Fig. 5.4 is the fit of the model, giving remarkable 

agreement with the experimental energies.  This demonstrates that the model is extremely 

successful across the entire series of rare-earth ions for materials ranging from highly 

ionic fluorides to metallic solids.  It is also interesting to note that Sm metal agrees well 
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with the model though its crystal structure is different from the other metals, indicating 

that the difference in crystal structure has a small effect on the 4f electrons in this case—a 

result similar to our observation for the fluorides. 

 

 Although the empirical model can be derived from the binding energy model for ionic 

materials, or from similar models for covalent materials, the extremely simple form of 

Eq. 5.27 lends itself to an even more basic perspective.  Specifically, we may view the 

empirical model as just the first two terms of a Taylor’s series expansion for any effect of 

the lattice on the binding energy, where the expansion variable is the ionic radius—a 
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Figure 5.4. Fit of the empirical model to 4f electron binding energies in the elemental 
rare-earth metals.  Circles are experimental binding energies from Ref. [167].  The solid 
line is the fit of the empirical model using the ions’ radii and the dotted line is the fit of 
the model using the ions’ atomic numbers. 
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parameter that is directly related to the ion’s chemical and physical properties.  This 

simple interpretation may provide some insight into why the model is so successful for 

such a wide range of materials and cautions against too stringent an interpretation of the 

empirical parameters within any specific theoretical framework. 

 Another implication of this view is that perhaps another variable may be chosen when 

performing the expansion.  To explore this possibility, we may consider a model of the 

form 

( )0BE f L AE I E A Aα= − + − , (5.28) 

where EBE, If, and EL have the exactly the same meaning as for Eq. 5.27, and αA 

represents an ion-dependent shift in binding energy that simply depends on the ion’s 

atomic number A.  In this model, we may choose a value of A0 = 67 (i.e. Ho3+) so that EL 

has approximately the same value and interpretation as for Eq. 5.27.  The choice of 

atomic number as the variable to describe the ion-dependence is motivated by the 

simplicity and generality of the expression.  In fact, the two forms of the model are 

essentially equivalent due to the nearly linear dependence of the rare-earth ionic radius on 

atomic number.  While we expect R to be inversely proportional to A based on Eq. 3.59, 

Eq. 3.60, and Slater’s empirical rules [107] for the effective nuclear charge, the change in 

the ionic radius across the rare-earth series is small enough that the variation may be 

modeled as linear.  This nearly linear behavior is demonstrated in Fig. 5.5 for the 

experimental divalent, trivalent, and tetravalent ionic radii for ion coordinations from six 

to twelve (also see Fig. A.1). 
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 Examples of the two forms of the model are shown in Fig. 5.4 for the elemental rare-

earth metals.  The rare-earth metals represent the most discerning test of the two models 

because of the greater accuracy of the 4f binding energies.  Furthermore, the magnitude 

of the ion-dependent term is nearly twice as large in the metals than in the other materials 

that have been studied; hence, the metals represent an extreme case in which any 

differences between the two forms of the model are maximized.  In Fig. 5.4, the solid line 

is the fit of the model using the ionic radius (Eq. 5.27) and the dotted line is the fit of the 

model using the atomic number (Eq. 5.28).  Comparison of the two fits indicates that both 

expressions describe the binding energies equally well to within the experimental 
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accuracy, with an approximate relationship between the fit parameters of αA = −0.013·αR.  

The agreement between the two forms of the model is expected to be even closer for the 

majority of optical materials, implying that either form may be used interchangeably to 

describe the 4f electron binding energies. 

 The two forms of the empirical model each present different advantages and 

disadvantages.  The use of ionic radius in the model has a clearer physical interpretation 

and may be directly related to theoretical binding energy models.  However, ambiguity 

may arise because the ionic radius depends on both the environment of the ion and the 

degree of covalency in the bonding, as shown in Fig. 5.5.  To avoid the potential 

confusion that might arise from using different radii for different materials, we have 

chosen to always use the values for coordination number eight from Shannon [256], as 

reproduced in Table 5.2.  However, using the atomic number in the model also provides a 

simple approach in which there is no ambiguity.  While the values of EL and αR in 

Eq. 5.27 depend somewhat on the specific choice of ionic radii used in the model, the 

chemical shift Eshift for a single ion and the value of αA are sufficient to determine the 

binding energies from Eq. 5.28.  Thus, the atomic number approach can be extremely 

useful for unambiguously specifying numerical results. 
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Improved Estimates for the Free-ion Ionization Potentials 
 
 
 In both the empirical and theoretical models for the 4f electron binding energies, the 

free-ion ionization potentials play an important role.  Unfortunately, many of the existing 

ionization potential values have relatively large uncertainties that directly affect the 

accuracy of models that incorporate them.  However, improved estimates for the free-ion 

ionization potentials can be obtained by comparing the experimental electron energies in 

solids to the empirical model for the binding energies.  With the primary goal of 

improving the accuracy of the empirical model, we have analyzed the systematic 

deviations between experimental energies and the empirical model to obtain a set of 

“effective” free-ion ionization potentials, as listed in Table 5.3.  These values were 

determined from experimental 4f binding energies for the garnets, the rare-earth metals, 

LaF3, La2S3, and YAlO3.  Deviations between the measured binding energies and the fit 

of the model were viewed as arising from a combination of the experimental error of each 

Table 5.2. Effective ionic radii of the trivalent rare-earth ions from Shannon [256] for a 
coordination number of eight. 
 

Ion R (Å)  Ion R (Å) 

La3+ 1.160  Tb3+ 1.040 
Ce3+ 1.143  Dy3+ 1.027 
Pr3+ 1.126  Ho3+ 1.015 
Nd3+ 1.109  Er3+ 1.004 
Pm3+ 1.093  Tm3+ 0.994 
Sm3+ 1.079  Yb3+ 0.985 
Eu3+ 1.066  Lu3+ 0.977 
Gd3+ 1.053  Y3+ 1.019 
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measurement and the error in the model due to uncertainties in the free-ion ionization 

potentials.  Thus, by choosing ionization potentials that gave perfect agreement between 

the model and the experimental data points, a new set of estimates for the free-ion 

ionization potentials were obtained from each material with an uncertainty approximately 

equal to the experimental error.  The estimated ionization potentials from each material 

were then averaged together with the experimental values for the free ions [187] to obtain 

the statistically optimum estimates, where each experimental value was weighted by its 

uncertainty in the averaging process using the standard statistical methods.  The effective 

ionization potentials obtained from this procedure are presented in Table 5.3, along with 

the corresponding uncertainty in each value. 

 These new estimates for the ionization potentials have the greatest impact on Eu3+ 

and Gd3+ since their free-ion values have relatively large uncertainties of nearly 1 eV.  

We find that the value for Eu3+ is 0.29 eV larger than the free-ion estimate and our value 

for Gd3+ is 0.4 eV larger.  While the values for the remaining ions only experience 

modest shifts, the estimated uncertainties were improved for nearly every ion.  In 

addition to increasing our confidence in the predicted values, the reduced error bars have 

a practical importance for the empirical model since the errors must be incorporated as 

weighting factors in the fitting process.  Furthermore, we found that the consistently large 

deviations previously observed for the Gd3+ binding energies were primarily due to the 

large error in the free-ion ionization potential used in the model.  Thus, we have 

consistently used the ionization potentials in Table 5.3 for all modeling, fitting, and 

calculations presented in this dissertation. 
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 For rare-earth ions whose measured free-ion ionization potentials are relatively 

uncertain, such as Gd3+, the values in Table 5.3 may represent improved estimates for the 

free-ion values.  However, care must be taken when interpreting the precise meaning of 

these effective ionization potentials since, in addition to representing corrections to 

values for the free ions, they may also include corrections for deviations inherent in the 

empirical model itself (such as contributions from the ∆Isolid term in Eq. 5.15).  

Nevertheless, our method for estimating corrections to the free-ion ionization potentials is 

only influenced by systematic deviations that cannot be described by a linear tend across 

Table 5.3. Effective free-ion ionization potentials for the trivalent rare-earth ions 
determined from the systematic deviations between experimental 4f electron binding 
energies in solids and the empirical model for the binding energies.  The uncertainties 
were determined from the estimated experimental errors of the measurements that 
contributed to each value. 
 

Ion 
Effective 4f 
Ionization 

Potential (eV) 

Estimated 
Error (eV) 

Ce3+ 36.757 ±0.005 
Pr3+ 38.98 ±0.02 
Nd3+ 40.52 ±0.14 
Pm3+ 41.0 ±0.6 
Sm3+ 41.51 ±0.14 
Eu3+ 42.94 ±0.29 
Gd3+ 44.40 ±0.12 
Tb3+ 39.37 ±0.07 
Dy3+ 41.35 ±0.12 
Ho3+ 42.47 ±0.12 
Er3+ 42.56 ±0.12 
Tm3+ 42.52 ±0.12 
Yb3+ 43.53 ±0.09 
Lu3+ 45.25 ±0.03 
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the rare-earth series, with all other systematic effects implicitly included in EL and αR.  

Thus, we do not expect significant deviations between the actual free-ion ionization 

potentials and our effective values.  In any case, these values represent a considerable 

improvement in the accuracy of theoretical and empirical binding energy models, with 

future work on additional materials promising to provide even greater improvements. 

 
Estimating Rare-earth Binding Energies from Host Photoemission Spectra 

 
 
 One consequence of an electrostatic model is that all of the ion’s core electrons 

should experience uniform binding energy shifts relative to their free-ion values, a 

conclusion that is supported by experimental studies of core level shifts in ionic materials 

[255,260,276].  This suggests that, if we know the fixed binding energy separation 

between the 4f photoemission and a well-resolved core peak, the measured core peak 

binding energy in each material may be used to determine the 4f electron binding energy.  

However, caution is required when employing this method since the binding energy 

differences may not be perfectly constant due the slightly different influence of covalency 

on each core shell.  Furthermore, we might expect weak variations, even within the 

framework of the electrostatic point-charge model, because ionization of different core 

electrons can affect the repulsive and van der Waal’s interactions in the final-state.  

Nevertheless, we expect these variations to be less than 0.5 eV.  Consequently, this 

technique could be quite useful for estimating the 4f N binding energies in situations 

where the photoemission cannot be extracted by other means, such as if only a single 
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photoemission spectrum is available or if the experimental broadening is too large to 

accurately separate the photoemission components. 

 Another consequence of this model is that, when rare earths substitute for ions of 

similar radius, it may be possible to obtain estimates of the rare-earth binding energies 

through measurement of the binding energy shift of the host crystal’s intrinsic ions, 

providing a quick and simple technique for surveying materials.  This method will be 

most accurate for materials where the rare-earth ions substitute for Y or La due to their 

strong chemically similarity.  Consequently, we may use the intrinsic Y or La ions as 

“probes” for determining the effective electrostatic interactions at the lattice site, and then 

use this information to predict the binding energies of rare-earth ions at that site.  These 

conclusions are strongly supported by the success of the empirical model, which clearly 

demonstrates that chemically similar ions experience similar shifts, with the differences 

primarily arising from the different ionic radii.  In fact, the parameters in Eq. 5.27 are 

chosen so that EL is equal to the binding energy shift experienced by the normal lattice 

constituent. 

 As a specific example of implementing this procedure, we may consider the measured 

core electron binding energies of Y3+ in YAG.  For Y3+, the least bound electrons belong 

to the filled 4p shell, with a free-ion ionization potential of 61.8 eV [302].  The 

photoemission spectrum of the Y3+ 4p electrons exhibits final-state structure due to the 

spin-orbit splitting of the J=3/2 and J=1/2 levels, where the splitting is 1.2 eV [94] and 

the J=3/2 level is the ground state of the ionized Y4+ final state.  Thus, in a manner 

similar to the method used for rare-earth ions, the electron energy that corresponds to 
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leaving the tetravalent yttrium ion in its ground state may be determined by measuring 

the energy of the 4p3/2 peak in the photoemission spectrum.  In oxides, the oxygen 2s 

peak is a few eV below the yttrium 4p peaks, requiring that the oxygen and yttrium peaks 

be fit simultaneously.  The measured position of the 4p3/2 level is 30.4 eV in YAG, giving 

a shift of 31.4 eV relative to the free-ion value, which agrees extremely well with the 

31.5 eV shift measured for the rare-earth ions.  In the simplest approximation, the binding 

energy shift should be uniform for all core levels, allowing an estimate to be obtained 

from the shift of any well-resolved core peak.  For example, the sharp 3d5/2 peak provides 

a convenient reference, where the 3d5/2 peak should have a binding energy ~132.7 eV 

larger than 4p3/2 [94], corresponding to a free-ion 3d5/2 binding energy of 194.5 eV.  In 

YAG, the measured 3d5/2 binding energy is 162.5 eV, indicating a chemical shift of 

32.0 eV.  For XPS energies, the 4s peak provides a good reference with a binding energy 

~20.7 eV larger than 4p3/2 [94], corresponding to a free-ion binding energy of 82.5 eV.  

We find that the 4s peak is at 50.5 eV in YAG, suggesting a shift of 32.0 eV.  The 

slightly larger shifts of the deeper core levels are still in reasonable agreement with the 4f 

electron value considering the uncertainties in the energy differences used in the 

calculations and the experimental measurements; however, the discrepancies may also 

result from the slight differences in the final-state effects discussed earlier.  In any case, 

the accuracy of the free-ion energy differences (or “effective” values for the solids) may 

be improved with further measurements. 

 To demonstrate the effectiveness of this approach for estimating the chemical shifts, 

several examples are given in Table 5.4.  The Y3+ binding energies for YAG and LiYF4 
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were determined from our UPS and XPS spectra and the energies for YF3 were 

determined from the results of Kirikova et al. [295].  The estimates for the chemical 

shifts agree well with the values obtained from fitting the 4f electron binding energies, 

with a standard deviation of 300 meV, which is comparable to the experimental accuracy 

of the measurements.  This agreement suggests that analysis of the undoped host’s 

photoemission spectrum may be sufficient to predict the 4f electron energies of the rare-

earth ions, dramatically simplifying the analysis of the spectra and reducing the number 

of samples required. 

 

The 4f N to 4f N−15d Transitions 
 
 
 The 4f N to 4f N−15d transitions of rare-earth ions are important for many applications, 

including scintillators, photoionization hole burning, phosphors, and ultraviolet lasers.  In 

all of these applications, the energy of the 4f N−15d states relative to the host conduction 

band can critically affect a material’s performance.  Therefore, it is particularly important 

Table 5.4. Comparison of chemical shifts estimated from the measured core electron 
binding energies of Y3+ and the experimental values determined from 4f electron binding 
energies of rare-earth ions in each material. 
 

Material Peak EBE (exp.) EL (est.) EL (exp.) 

LiYF4 Y3+ 4s 52.4 eV 30.1 29.9 eV 
LiYF4 Y3+ 3d5/2 164.7 eV 29.8 29.9 eV 
YF3 Y3+ 4s 51.6 eV 30.9 30.2 eV 
YF3 Y3+ 3d5/2 164.3 eV 30.2 30.2 eV 

YAG Y3+ 4p3/2 30.4 eV 31.4 31.5 eV 
YAG Y3+ 4s 50.5 eV 32.0 31.5 eV 
YAG Y3+ 3d5/2 162.5 eV 32.0 31.5 eV 
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to extend our picture for the binding energies in optical materials to include excited 

electronic configurations such as 4f N−15d.  While we may directly apply Eq. 5.27 to 

model the 4f N−15d binding energies, an alternate approach is more convenient.  

Specifically, we may use Eq. 5.27 to describe the 4f N binding energies and then measure 

the 4f N to 4f N−15d transition energies from the material’s absorption spectrum to 

determine the relative binding energies of the 4f N and 4f N−15d states.  Consequently, the 

4f N−15d binding energies may be established by supplementing our photoemission 

measurements with absorption spectroscopy. 

 While excitation techniques are almost universally used to study 4f N to 4f N−15d 

transitions, we chose to directly measure crystal absorption to determine the absorption 

coefficients and to avoid potential distortions of the spectra resulting from non-radiative 

decay.  For these measurements, the samples were held at low temperatures in either a 

Pope Scientific or Oxford cryostat and light from a 30 W D2 lamp was focused through 

the sample and collected by UV-grade quartz lenses.  The transmitted light was dispersed 

using a McPherson 218 monochromator with 0.1 nm resolution and detected using an 

EMI 9558QB photomultiplier.  The absorption was determined by comparing the sample 

transmission to the lamp spectrum recorded using the same optical arrangement but with 

the sample removed from the optical path.  To calibrate the spectra, the emission lines of 

a Hg discharge lamp were periodically recorded using the spectrometer system and 

compared to the known photon energies in vacuum wavenumbers.  As an example of a 

typical absorption spectrum showing the 4f N to 4f N−15d transitions, the ultraviolet 

absorption of Tb3+:YAlO3 is presented in Fig. 5.6. 
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 The strong parity-allowed 4f N to 4f N−15d transitions involve the transfer of a single 

electron from the 4f shell to the empty 5d shell of the ion.  Because the 5d electron is the 

outermost electron of the rare-earth ion, the 4f N−15d states interact strongly with the ion’s 

environment.  As a result, the 4f N−15d levels exhibit electronic structure corresponding to 

the large crystal field splitting of the 5d states coupled to the electronic states of the 

shielded 4f N−1 core (see, for example, Refs. [303-308]).  Additional splittings are also 

observed due to the large difference in energy for states with the 5d electron spin aligned 

parallel or anti-parallel to the spin of the 4f N−1 core.  For ions with more than a half-filled 

4f N shell, the lowest energy 4f N to 4f N−15d transition is spin-forbidden and corresponds 

Figure 5.6. Ultraviolet absorption spectra of 0.2% Tb3+:YAlO3 at T = 1.8 K showing the 
lowest spin-forbidden and spin-allowed 4f 8 to 4f 75d transitions. 
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to flipping the spin of the excited electron so that the total spin S increases by one.  The 

fact that this transition is spin-forbidden reduces the oscillator strength by a factor of 

1000 or more, increases the radiative lifetime by a similar factor, and significantly 

inhibits relaxation into this state from the higher energy 4f N−15d states [305].  These 

transitions are shown in Fig. 5.7 for Tb3+:LiYF4, where weak 4f 8 to 4f 8 transitions are 

observed at the lower energies, the spin-forbidden 4f 8 (7F6) to 4f 75d (9D high-spin state) 

transition occurs at ~39000 cm−1, and the strong spin-allowed 4f 8 (7F6) to 4f 75d (7D low-

spin state) transition occurs at ~47000 cm−1. 
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Figure 5.7. Ultraviolet absorption spectrum of 1% Tb3+:LiYF4 at T = 1.8 K.  The lowest 
spin-forbidden and spin-allowed 4f 8 to 4f 75d transitions are clearly observed.  Note that 
the spin-allowed transition absorbed too strongly to obtain an accurate measure of the 
peak absorption coefficient. 
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 Because of the strong interaction between the 5d electron and the environment, large 

variations in the crystal field splitting of the 4f N−15d states are observed for different 

materials.  As a result, the lowest 4f N to 4f N−15d transition can occur at very different 

energies depending on the host crystal.  This effect is clearly shown in Fig. 5.8 for Tb3+ 

transitions in a series of phosphate crystals.  The crystals have identical structures but 

with decreasing unit cell volume corresponding to the decrease in the cation ionic radius 

(RSc < RLu < RY).  As the distance between adjacent ions is reduced, the crystal field 

splitting of the 4f 75d configuration increases, causing the energy of the lower levels to be 

reduced, as demonstrated in Fig. 5.8. 
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Figure 5.8. Ultraviolet absorption spectra of Tb3+ doped phosphate crystals at T = 1.8 K 
showing the lowest spin-forbidden and spin-allowed 4f 8 to 4f 75d transitions.  Note that 
the spin-allowed transitions absorbed too strongly to obtain an accurate measure of the 
peak absorption coefficients. 
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 Another consequence of the strong interaction between the 5d electron and the lattice 

is that the 4f N−15d states have a large Franck-Condon shift relative to the 4f N states.  As a 

result, most of the 4f N to 4f N−15d transition strength is distributed among highly excited 

vibrational levels of the 4f N−15d state, with only a weak absorption observed for the 

“zero-phonon line” that corresponds to transitions between the lowest vibrational levels 

of the 4f N and 4f N−15d states.  For example, the absorption spectra plotted in Fig. 5.9 for 

Ce3+:YAG at a temperature of 5 K clearly shows the sharp zero-phonon line at 

20424.1 cm−1 accompanied by a strong vibrational sideband at higher energies.  From the 

spectrum, we find that the 4f to 5d oscillator strength is between 10−3 to 10−4, with a 

Debye-Waller factor of only 1.2 × 10−3 (i.e. 0.1% of the transition’s oscillator strength 

appears in the zero-phonon line).  Because of the Franck-Condon principle, we know that 

the peak transition probability occurs for the vertical transition energy, which is at 

~21700 cm−1 in the spectrum.  The relaxation energy may be determined from the 

difference in the zero-phonon and vertical transition energies, giving ER = 1275 cm−1.  

Furthermore, the width of the vibrational sideband is described by Eq. 4.14, indicating a 

Huang-Rhys factor of S ~ 4 and a vibrational mode spacing of ω  ~ 300 cm−1.  As the 

temperature increases, the transition rapidly broadens so that the zero-phonon line is no 

longer clearly observed, as shown in Fig. 5.9 for the spectrum at 85 K. 
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 While the relaxation energy for each 5d crystal field level only weakly varies across 

the rare-earth series, we have observed that the electron-lattice coupling can significantly 

vary for different 5d levels.  As an example, the spin-forbidden transition of Tb3+:YAG is 

plotted in Fig. 5.10.  Although the Tb3+ spin-allowed transition has a relaxation energy 

Figure 5.9. Absorption spectra for the lowest 4f to 5d transition of 0.3% Ce3+:YAG at 
temperatures of 5 K and 85 K. 
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similar to Ce3+, or even slightly larger [75], we see that the spin-forbidden transition has a 

much smaller relaxation energy of ~600 cm−1.  We have found that the spin-forbidden 

transitions in oxides usually exhibit smaller Franck-Condon shifts than the spin-allowed 

transitions (with the phosphate spectra in Fig. 5.8 presenting a particularly dramatic 

example); in contrast, the Franck-Condon shifts in LiYF4 appear to be similar for both 

transitions (for example, see Fig. 5.7). 

 

 Although the 4f N to 4f N−15d transition energies vary widely between different 

materials, it has long been known that the transition energies differ systematically across 

the rare-earth series [188,309-317].  These systematics were first described by McClure 

Figure 5.10. The lowest spin-forbidden 4f 8 to 4f 75d transition of 1.5% Tb3+:YAG at 
T = 1.7 K.  The relaxation energy of ~600 cm−1 is estimated from the shift of the peak 
absorption relative to the zero-phonon line. 
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and Kiss [309] for the divalent ions and by Loh [310] for the trivalent ions using the 

“Refined Electron Spin-pairing Energy Theory” originally developed by Jørgensen 

[188,314,318] to describe electron transfer transitions.  In this approach, the variation in 

transition energy is described in terms of the variation of the 4f electron energy between 

different ions.  As a result, this model implicitly assumes that the energy of the other 

states involved in the electron transfer (5d or bonding orbitals) is constant across the rare-

earth series.  We would expect this model to work well for electron transfer transitions if 

the parameters are treated empirically so that they may phenomenologically include the 

bonding effects that we discussed earlier in this chapter.  However, the success in 

describing the 4f N to 4f N−15d transition energies was unexpected since it suggested that 

the outer orbitals of the rare-earth ions are only weakly perturbed by the nature of the 

4f N−1 core, a conclusion that was later supported by calculations for the free ions [311].  

In fact, we will use our experimental results to directly demonstrate this behavior in a 

later section. 

 Recently, Dorenbos [315-317] has compiled experimental measurements of the 

lowest 4f N to 4f N−15d transition energies for hundreds of materials.  By examining the 

systematic variation in transition energies between different ions, he found that the lowest 

4f N to 4f N−15d transition of all rare-earth ions in each host crystal could be described 

using a simple empirical model that only required a single material-dependent parameter.  

Following an approach analogous to Eq. 5.2, the 4f N to 4f N−15d transition energy in the 

solid ∆E is simply viewed as the free-ion value ∆Ef reduced through interactions with the 

environment: 



 287 

∆ ∆ fE E D= − , (5.29) 

where the “crystal field depression” D is the reduction in the transition energy for the 

solid.  One of the most important results of Dorenbos’s analysis is that empirical values 

of ∆Ef may be chosen so that D has the same value for all rare-earth ions in each host 

crystal.  This result is somewhat surprising considering our earlier discussion of electron 

binding energy theory and suggests that the 4f and 5d electron energies may be described 

using the same value of αR. 

 The values of ∆Ef obtained by Dorenbos [317] for the lowest energy spin-allowed 4f N 

to 4f N−15d transitions are reproduced in Table 5.5.  For the heavier rare-earth ions, the 

values for the lowest energy spin-forbidden transitions are also indicated in parentheses.  

Based on the theoretical description of the electron binding energies, we expect the model 

given by Eq. 5.29 to accurately describe transitions to all excited rare-earth 

configurations of the form 4f N−1nl, with each configuration described by a different value 

of D.  While nl = 5d is the most important case, other configurations can also be 

important for interpreting the vacuum ultraviolet spectra of the rare-earth ions.  

Therefore, we have estimated the values of ∆Ef for the lowest energy transitions of every 

excited configuration within 35 eV of the ground-state configuration, as presented in 

Table 5.5.  The estimates for ∆Ef were obtained by using the available data for the free-

ion transition energies [187] and by assuming that the electron binding energies for the 

outer nl orbitals vary linearly across the rare-earth series to determine the unknown 

values.  In fact, analysis of well-characterized configurations such as 4f N−16s confirms 



 288 

that this simple approximation for the binding energy trends is quite accurate.  While the 

values derived from the free ions do not include the systematic effects of chemical 

bonding implicitly included in the empirical values determined from solids (such as 

Dorenbos’s values), we expect that these effects, if present, can be accurately described 

by simply allowing D to vary linearly across the rare-earth series. 

 

The 4f N−15d Binding Energies 
 
 
 Understanding electron transfer processes that involve excited initial states generally 

requires a thorough analysis of the transition probabilities to all possible final states, just 

as was required to interpret the binding energies of the 4f N ground state.  In particular, it 

Table 5.5. Trivalent free-ion energies (in eV) for the lowest levels of the 4f N−1nl 
configurations relative to the ground state of the 4f N configuration.  For 4f N−15d, the 
energies of the lowest high-spin states are indicated in parentheses. 
 

Ion  5d 6s 6p 6d 7s 5f 7d 8s 5g 

Ce3+  6.12  10.6 15.1 21.9 22.7 22.9 27.5 27.9 28.0 
Pr3+  7.64  12.5 17.1 24.0 24.8 25.0 29.6 30.0 30.1 
Nd3+  8.93  13.7 18.3 25.5 26.2 26.4 31.0 31.4 31.5 
Pm3+  9.31  13.8 18.6 25.9 26.5 26.7 31.4 31.8 31.8 
Sm3+  9.40  13.9 18.8 26.3 26.9 27.1 31.7 32.2 32.2 
Eu3+  10.57  15.0 20.0 27.6 28.2 28.4 33.0 33.5 33.5 
Gd3+  11.80  16.1 21.2 29.0 29.5 29.8 34.4 34.8 34.9 
Tb3+  7.75 (6.79) 10.7 16.0 23.9 24.3 24.6 29.2 29.7 29.7 
Dy3+  9.23 (8.31) 12.3 17.7 25.8 26.2 26.5 31.1 31.5 31.6 
Ho3+  10.06 (9.73) 13.1 18.6 26.8 27.2 27.5 32.1 32.5 32.6 
Er3+  9.84 (9.46) 12.8 18.4 26.8 27.1 27.4 32.0 32.5 32.5 
Tm3+  9.75 (9.46) 12.4 18.1 26.7 26.9 27.3 31.9 32.3 32.4 
Yb3+  10.83  13.1 18.9 27.6 27.8 28.2 32.8 33.2 33.3 
Lu3+  12.21  14.4 20.3 29.2 29.4 29.8 34.4 34.8 34.9 
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may not be possible to reach the 4f N−1 ground state of the ionized system by removing a 

single electron from certain excited states.  These issues merit consideration since they 

can affect the electron transfer dynamics and complicate the interpretation of binding 

energies.  Fortunately, the lowest levels of mixed configurations such as 4f N−15d provide 

particularly simple situations that may be easily understood.  For example, the lowest 

energy 4f N−15d state corresponds to an excited 5d electron weakly coupled to the 4f N−1 

core in its lowest energy state.  Consequently, the minimum energy required to remove an 

electron from the 4f N−15d state and leave the ionized atom in its ground state directly 

corresponds to the binding energy of the 5d electron.  Because the 5d electron binding 

energy may be described using the theory developed earlier in this chapter, we expect the 

4f N−15d binding energies to be accurately described by Eq. 5.27 with the values of If for 

the corresponding 4f N−15d state of the free ion. 

 While we may apply Eq. 5.27 to describe the 4f N−15d states, we may also determine 

the excited-state binding energies by combining the 4f N ground-state binding energies 

with the measured 4f N to 4f N−15d transition energies.  For transitions from the 4f N 

ground state to the lowest energy 4f N−15d states, the energy absorbed by the system is 

used to excite a single 4f electron to a 5d orbital and stabilize the remaining (N−1) 4f 

electrons.  As a result, the vertical transition energy directly corresponds to the difference 

in electron binding energies between the two states.  Once again, we should point out that 

this simple relationship only holds when the 4f N−1 core is in its lowest energy state—if 
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the 4f N−1 core is excited, the extra energy stored in the system may or may not affect the 

electron binding energy of the 4f N−15d state. 

 By combining the 4f N binding energies described by the empirical model with the 

measured transition energies, we have determined the 4f N−15d binding energies for YAG, 

as shown by the squares in Fig. 5.11.  For example, the estimated 4f N binding energy of 

Ce3+ is 6.5 eV and Fig. 5.9 indicates a 4f to 5d vertical transition energy of 2.7 eV, giving 

a 5d binding energy of 3.8 eV.  The other 4f N−15d binding energies shown in Fig. 5.11 

were determined from the 4f N binding energy model and transition energies from 

Ref. [319] and our spectra.  We should point out that lattice relaxation effects in the 

excited state are not included in simple one-electron jump diagrams such as Fig. 5.11, 

where we have consistently chosen to construct these diagrams using the vertical binding 

energies for the ground-state lattice configuration (i.e. these diagrams correspond to 

Q = 0 slices from the configurational coordinate diagrams). 

 By combining the empirical model for the 4f N to 4f N−15d transition energies with the 

model for the 4f N binding energies, we may describes the 4f N and 4f N−15d binding 

energies for all rare-earth ions in a material using only three parameters: EL, αR, and D.  

Thus, the binding energy Enl of the lowest energy state of an excited 4f N−1nl 

configuration is given by 

4f ∆nl f nlE E E D= − + , (5.30) 

where E4f is the 4f electron binding energy described by Eq. 5.27, ∆Ef are the energy 

differences listed in Table 5.5, and Dnl is the crystal field depression for each 
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configuration.  This is shown by the solid lines in Fig. 5.11 for the 4f N−15d binding 

energies in YAG, where the value of D was taken from Dorenbos’s [317] extensive tables 

of values for optical materials.  For the second half-series, the lower and upper solid lines 

represent the lowest energy high-spin and low-spin 4f N−15d levels, respectively.  As we 

can see from the figure, the model gives good agreement with the experimental values, 

indicating that the lowest energy 4f N−15d states are roughly ~2 eV below the conduction 

band for all the trivalent rare-earth ions in YAG.  The success of this simple model for 
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Figure 5.11. Electron binding energies for the lowest energy 4f N−15d states of rare-earth 
ions in YAG.  Squares are values determined from the 4f N binding energies and the 
experimental 4f N to 4f N−15d transition energies.  The solid lines represent the 4f N−15d 
binding energy model; the upper line corresponds to the lowest energy high-spin state 
and the lower line corresponds to the lowest energy low-spin state.  For reference, the 
experimental and predicted 4f N binding energies are shown by the circles and dotted line, 
respectively. 
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the 4f N−15d binding energies implies that, once the 4f N energies are known, a single 

binding energy measurement of a rare-earth ion’s lowest 4f N−15d state in a material is 

sufficient to accurately predict the energy of the lowest 4f N−15d states for all the 

remaining ions. 

 Another example of employing this model is presented in Fig. 5.12 for LaF3.  Rare-

earth-doped LaF3 has been widely studied and extensive information is available on the 

4f N to 4f N−15d transition energies, allowing us to make a more thorough comparison to 

the model predictions.  We have used the spectra published in Refs. [216,217,320] to 

determine the vertical transition energies and then combined those results with the 4f N 

binding energy model from Fig. 5.3 to obtain the 4f N−15d binding energies represented by 

squares in Fig. 5.12.  The 4f N−15d model is also shown by the solid line in Fig. 5.12, 

giving good agreement with the data.  The standard deviation between the data and model 

is only 200 meV, which is comparable to the accuracy of the measured binding energies.  

Once again, we find that the lowest 4f N−15d states are about ~2 eV below the conduction 

band.  In fact, we have found that the lowest 4f N−15d states generally lie within a few eV 

of the conduction band minimum in optical materials. 

 It is important to note that, in contrast to the 4f N energies, the 4f N−15d binding 

energies have similar values for all of the rare-earth ions.  This similarity is expected 

since the large variation in 4f N to 4f N−15d transition energy arises primarily from the 

strong electron correlation energies for the 4f electrons [188,311,314,318].  In fact, the 

energy of the 5d valence state is only weakly influenced by the nature of the tetravalent 
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4f N−1 core, as evidenced by the small variation of ~1 eV in the 4f N−15d binding energy 

across the rare-earth series.  This uniformity of the 5d orbital binding energies suggests 

that a single measurement of a 4f N−15d binding energy may be used as an estimate for the 

5d binding energies of all the remaining ions, to within an accuracy of ~1 eV.  This 

picture provides important insight into the behavior of the 4f N−15d luminescence in 

optical materials and is a powerful tool for the development of new optical materials, 
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Figure 5.12. Electron binding energies for the lowest energy 4f N−15d states of rare-earth 
ions in LaF3.  Squares are values determined by combining the experimental 4f N to 
4f N−15d transition energies from Refs. [216,217,320] with the 4f N binding energies.  The 
solid lines represent the 4f N−15d binding energy model; the upper line corresponds to the 
lowest energy high-spin state and the lower line corresponds to the lowest energy low-
spin state.  For reference, the experimental and predicted 4f N binding energies are shown 
by the circles and dotted line, respectively. 
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with particular significance in the search for photon-gated spectral hole burning 

materials. 

 
Charge Transfer Transitions and the 4f N+1 Binding Energies 

 
 
 The 4f N+1 configuration of the rare-earth ions is another important class of electronic 

states that may be described using the binding energy model.  These excited 

configurations are produced by the addition of a single electron to the rare-earth ion, and 

the corresponding 4f N+1 binding energy represents the energy required to remove the 

extra 4f electron and return the ion to its normal valence.  These configurations are 

important for many optical applications since they are involved in electron transfer 

processes where the rare-earth ion acts as the acceptor (see Chapter 1).  Furthermore, the 

mixing of the 4f N+1 configuration with 4f N states can significantly affect the optical 

properties, such as enhancing the 7F0 to 5D0 oscillator strength of Eu3+ [321]. 

 One of the most direct methods for measuring the 4f N+1 binding energies is the 

inverse photoemission technique discussed in Chapter 2.  As an example of this, the 

4f N+1 binding energies measured by Lang et al. [167] for the elemental rare-earth metals 

are shown in Fig. 5.13 by the diamonds.  In these measurements, an incident electron is 

captured by the rare-earth ion and a photon is emitted, with the distribution of photon 

energies reflecting the final-state structure of the 4f N+1 configuration.  Thus, just as for 

photoemission, the spectra may be analyzed to determine the energy gained by binding 

the electron to the rare-earth ion and leaving the 4f N+1 configuration in its ground state. 



 295 

 To model the 4f N+1 binding energies, we may directly apply Eq. 5.27 using values of 

If for the corresponding 4f N+1 configurations of the free ions.  These values are equal to 

the free-ion ionization potentials for all the divalent ions except La2+, Gd2+, and Lu2+.  

For these ions, the ground state configurations are of the form 4f Nnl rather than 4f N+1; 

however, using a similar approach as in the previous section, we may determine the free-

ion 4f N+1 binding energies for these ions by combining the 4f Nnl to 4f N+1 transition 

energies with the ionization potentials.  The corresponding 4f electron binding energies 

Figure 5.13. Binding energies of the 4f N+1 states in the elemental rare-earth metals.  The 
diamonds are binding energies from the inverse photoemission spectra of Lang et al. 
[167] and the solid line is the fit of the 4f N+1 binding energy model.  The shaded region 
indicates the occupied portion of the valence band.  For reference, the experimental and 
predicted 4f N binding energies are shown by the circles and dotted line, respectively. 
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for the divalent ions obtained from the free-ion ionization potentials and transition 

energies tabulated by Martin et al. [187] are presented in Table 5.6. 

 

 The fit of the binding energy model to the 4f N+1 energies is shown in Fig. 5.13 by the 

solid line, giving excellent agreement with the data.  Note that the 4f N+1 model 

parameters, which are shown in the figure, are considerably smaller than the values found 

for the 4f N states.  This corresponds to the well-known fact that the differences between 

the divalent and trivalent ionization potentials are significantly reduced in the solid as 

compared to the free ions.  Based on our earlier discussion of the interactions that 

determine the electron binding energies, we may propose a simple explanation for this 

difference by considering the material polarization effects.  Whenever a charge is inserted 

Table 5.6. Free-ion 4f electron binding energies for divalent [Xe]4f N configurations 
determined from the results tabulated in Ref. [187]. 
 

Ion 4f Ionization 
Potential (eV) 

Estimated 
Error (eV) 

La2+ 18.2853 ±0.0006 
Ce2+ 20.198 ±0.003 
Pr2+ 21.624 ±0.003 
Nd2+ 22.1 ±0.3 
Pm2+ 22.3 ±0.4 
Sm2+ 23.4 ±0.3 
Eu2+ 24.92 ±0.1 
Gd2+ 20.33 ±0.1 
Tb2+ 21.91 ±0.1 
Dy2+ 22.8 ±0.3 
Ho2+ 22.84 ±0.1 
Er2+ 22.74 ±0.1 
Tm2+ 23.68 ±0.1 
Yb2+ 25.05 ±0.03 
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into the lattice, the resulting material polarization lowers the total energy of the system.  

As we discussed earlier, this dielectric relaxation reduces the 4f N binding energy due to 

the stabilization of the ionized final state of the system.  However, the opposite effect 

occurs for 4f N+1 states since the additional charge is present in the initial state rather than 

the final state; as a result, the material polarization acts to increase the 4f N+1 binding 

energy by stabilizing the 4f N+1 state relative to the 4f N state.  If we only consider this 

polarization effect, the differences between the 4f N+1 and 4f N binding energy parameters 

are simply given by 

∆ 2L polE E=− ⋅  (5.31) 

R∆ 2 ∆ polEα =− ⋅ , (5.32) 

where the polarization energies in Eq. 5.31 and Eq. 5.32 may be estimated from Eq. 5.8 

and Eq. 5.22 using the average ionic radius of the divalent and trivalent ions 

(R ~ 1.08 Å).  For the metals, this predicts that the 4f N+1 parameters should be reduced by 

∆EL ~ −13.3 eV and ∆αR ~ −12.3 eV/Å, which compare extremely well with the 

experimental values of ∆EL ~ −12.8 eV and ∆αR ~ −9.6 eV/Å.  For more ionic materials, 

the remaining terms in the binding energy model can also significantly influence the 

energy differences, particularly for ∆αR; however, we expect the polarization effect to 

remain the most important contribution. 

 Now that we have examined how the 4f N+1 energies vary across the rare-earth series, 

it is important to consider how they affect the material’s optical properties.  In particular, 

the 4f N+1 states are responsible for the intense electron transfer absorption bands 
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traditionally referred to as “charge transfer” transitions.  These broad absorption bands 

correspond to the excitation of an anion valence electron to the 4f shell of the rare-earth 

ion, resulting in a hole localized on the anions coupled to a rare-earth ion with a 4f N+1 

configuration [318].  Consequently, we expect that the charge transfer transition energy 

should simply correspond to the difference in the valence electron and 4f N+1 binding 

energies, except reduced by the residual electron-hole binding energy [322].  If we 

assume that the hole is completely localized on the nearest neighbor anions, we would 

predict that the electron-hole binding energy should stabilize the final state by ~5 eV 

relative to the 4f N+1 state with a free hole.  However, it is known experimentally that the 

bound electron-hole state is only stabilized by at most 0.1 eV [68,323].  From our earlier 

discussions, it seems likely that this dramatic reduction in the hole binding energy is due 

to the greater material polarization induced by well-separated charges relative to the 

bound electron-hole state.  In any case, the weak electron-hole binding suggests that the 

charge transfer transition energy should be nearly equal to the difference in binding 

energies of the valence electron and the 4f N+1 state, which may be directly measured 

using photoemission and inverse photoemission, respectively. 

 To demonstrate these concepts, the 4f N+1 binding energies for rare-earth ions in LaF3 

are shown in Fig. 5.14.  The 4f N+1 binding energies indicated by diamonds in Fig. 5.14 

were obtained by analyzing the inverse photoemission spectra measured by Park and Oh 

[294], and the solid line is the fit of the binding energy model with EL = 20.6 eV and 

αR = 9.2 eV/Å (using the trivalent radii in the model).  Comparing these values to the 4f N 

binding energies indicates ∆EL = −9.6 eV and ∆αR = −3.5 eV/Å, while Eq. 5.31 and 
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Eq. 5.32 predict values of −8.0 eV and −7.4 eV/Å, respectively.  The differences between 

the measured and calculated values are due to the remaining interactions that affect the 

binding energies; for example, Eq. 5.12 indicates that the change in repulsive energy 

between the trivalent and divalent ions contributes an additional shift of approximately 

−1 eV. 

 

 

Figure 5.14. Binding energies of the 4f N+1 states in rare-earth-activated LaF3.  The 
diamonds are binding energies determined from the inverse photoemission spectra from 
Ref. [294] and the solid line is the fit of the 4f N+1 binding energy model.  Triangles are 
charge transfer energies determined from the optical spectra in Refs. [216,320,324-326], 
where the energies have been uniformly shifted to match the predicted final-state energy 
(assuming negligible electron-hole binding energy), with the corresponding initial-state 
energy indicated by the dashed line. 
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 Although the spectra of rare-earth ions in LaF3 have been extensively studied, Eu3+ is 

the only ion for which the charge transfer transition has been identified (see, for example, 

Ref. [324]).  Comparing the charge transfer energy of 7.4 eV with the predicted 4f N+1 

binding energy of 4.8 eV suggests that the binding energy of the initial electron state is 

~12.2 eV, as indicated by the dashed line in Fig. 5.14.  This allows us to identify the 

Bloch states ~0.5 eV below the valence band maximum as the electron donor states 

involved in the charge transfer transitions. 

 If we combine this initial-state energy with the 4f N+1 final state energies, we may 

predict the charge transfer transition energies for the remaining ions.  Alternately, we 

may use Jørgensen’s Refined Electron Spin-pairing Energy Theory [188,314,318] to 

predict the relative charge transfer transition energies—when the parameters are treated 

empirically, the two approaches are essentially equivalent.  Comparing the predicted 

transition energies to the spectra published in the literature, we find that most of the 

charge transfer transitions have in fact been observed; however, the transitions were 

either ignored or incorrectly assigned to lattice defects, host absorption, or excited rare-

earth configurations.  Thus, we may analyze the spectra from Refs. [216,320,324-326] to 

obtain the energies indicted by the triangles in Fig. 5.14, which are in excellent 

agreement with the predicted 4f N+1 binding energies. 

 
Ionization Processes and the Stability of Different Valence States 

 
 
 Now that we have examined the broad electronic structure of rare-earth-activated 

optical materials, we may apply the knowledge that we have gained to obtain new 
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insights into electron transfer processes and the stability of the rare-earth valence.  As a 

very simple example, the extrapolation of our photoemission results offers an opportunity 

to consider implications for the important solid-state laser material Nd:YAG.  The 

predicted energy of the Nd3+ ground state is 900 meV below the valence band maximum 

in YAG, which places the 4f N ground state at 7.4 eV below the bottom of the conduction 

band.  This shows that the single-photon absorption threshold from the Nd3+ ground state 

to the host conduction band is expected to occur at an energy significantly higher than the 

fundamental absorption of YAG.  Ionization of the Nd3+ through a multi-photon process 

involving 1.064 µm photons would require a very low probability five-photon absorption 

from the upper laser level, and even the high-energy photons of a flashlamp pump source 

would lack sufficient energy to ionize a 4f electron.  Thus, the large 4f binding energy of 

Nd3+ in YAG clearly contributes to the well-known efficiency and resistance to optical 

damage exhibited by high-power Nd:YAG laser systems. 

 As discussed in Chapter 1, we are particularly interested in the influence of the 

relative 4f N and host band energies on the photoionization dynamics and the stability of 

the ionized final state.  To demonstrate the steps involved in the analysis of a material’s 

energy level structure and the consequences for specific applications, let us consider the 

potential for photon-gated photoionization hole burning in rare-earth-activated YAlO3.  It 

is well known that YAlO3 forms both stable and transient color centers under ultraviolet 

irradiation [327], indicating the presence of deep trap states in the lattice.  The abundance 

of electron trap states and the excellent optical properties of rare-earth-doped YAlO3 

suggest that it would be a good candidate for photoionization hole burning.  With this 
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motivation, the rare-earth energy levels were located relative to the host band states for 

rare-earth-doped YAlO3, as shown in Fig. 5.15.  Resonant photoemission spectroscopy 

was used to measure the 4f N energy of Tb3+ relative to the valence band and to determine 

the absolute energy of the valence band maximum in YAlO3, as discussed in the previous 

chapter.  The 4f N energies of Ce3+ and Lu3+ were determined by analyzing the x-ray 

photoemission spectra measured by Dujardin et al. [66].  Using the empirical model for 

the 4f N binding energies, these measured energies (circles in Fig. 5.15) allow the 4f N 

energies of the remaining rare-earth ions to be accurately predicted, as shown by the solid 

line in Fig. 5.15.  These results show that, among the trivalent rare-earth ions, only Ce3+ 

and Tb3+ have 4f N ground state energies above the host valence band.  This has important 

implications for choosing an active ion for photon-gated hole burning.  Ions with their 

4f N ground state energy degenerate with valence band states are unlikely to form stable 

tetravalent ions after photoionization since higher energy valence band electrons would 

rapidly relax into the lower energy 4f N state, returning the ion to a trivalent state and 

making them poor candidates for efficient photoionization hole burning materials.  Thus, 

because the 4f N to 4f N transitions of Ce3+ are not easily accessible, Tb3+ represents the 

best candidate for photon-gated hole burning in YAlO3. 

 Direct photoionization of highly localized 4f N states is generally a very weak process 

for trivalent rare-earth ions.  The limited spatial overlap between the host conduction 

band states and the localized rare-earth states implies the need for a more spatially 

extended intermediate state, such as 4f N−15d, for efficient ionization.  Efficient excitation 

of rare-earth ions into the 4f N−15d state is facilitated by the large cross-section of the 
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parity allowed transition from the upper 4f N state involved in the hole burning to the 

4f N−15d state and the long 4f N lifetimes.  However, for two-step photoionization hole 

burning of Tb3+, the gating transition would involve a spin-forbidden 4f 8 (5D4) to 4f 75d 

(7D) transition so that we expect the oscillator strengths to be reduced somewhat.  Using 

the free-ion parameters obtained by Carnall et al. [184] to calculate intermediate coupling 

wavefunctions for the 4f 8 configuration of Tb3+, we found that 5D4 includes a 2.8% 

admixture of 7F4.  Consequently, we estimate that excited-state absorption transitions 

from 5D4 to the 4f 75d levels should be weaker than the corresponding transitions from 7F6 

Figure 5.15. Electron binding energies for the and lowest 4f N and 4f N−15d states of rare-
earth ions in YAlO3.  Experimental 4f N (circles) and 4f N−15d (squares) energies were 
determined from our results and the analysis of spectra from Refs. [66,329].  The 4f N and 
4f N−15d binding energy models are shown by the solid lines. 
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by a factor of ~0.03.  In fact, a value of 0.02 for the oscillator strength ratio is obtained 

when full calculations of the transition matrix elements are carried out [328].  The 

absorption spectrum plotted in Fig. 5.6 shows four 4f 8 to 4f 75d transitions; the lowest 

energy transition is a weak spin-forbidden transition at 42930 cm−1 (a high-spin 4f 75d 

state), while intense spin-allowed transitions are observed at 46060 cm−1, 48060 cm−1, 

and 50500 cm−1 (low-spin 4f 75d states).  The total oscillator strength associated with the 

three spin-allowed transitions is 1.6 × 10−3, suggesting that the oscillator strength for 

excited-state absorption from 5D4 would be ~5 × 10−5, which should be sufficient for 

photon gating. 

 For ionization to occur, the excited 4f N−15d state must have an absolute energy above 

the host conduction band so that the 5d electron can relax into a conduction band state.  

We may establish the energies of the 4f N−15d states in YAlO3 by combining the 

measured transition energies with the 4f N binding energies, as shown by the squares in 

Fig. 5.15, where the lowest energy 5d state of Ce3+ is also included by using results from 

Ref. [329].  In addition, estimates for the lowest 4f N−15d states of the remaining ions may 

be obtained from Eq. 5.30, as indicated in Fig. 5.15.  To locate these states relative to the 

conduction band, the host band gap energy is required.  The fundamental band gap of 

YAlO3 is estimated to be 8.0 eV from optical absorption and reflectivity measurements 

[154].  This gives an estimate of 7.5 eV for the direct photoionization threshold of Tb3+, 

with all of the observed 4f 75d states lying significantly below the bottom of the host 

conduction band.  Thus, if the blue 7F6 to 5D4 transition at 20562 cm−1 in YAlO3 is used 

as the hole burning transition, a second 4.9 eV gating photon would be required to 
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directly photoionize the excited Tb3+ ion.  Since no 4f 75d level was observed at this 

energy, an even greater energy would be required to excite to an upper lying 4f 75d state 

within the conduction band.  Although the photoionization threshold may be reduced by 

as much as 1 eV when the relaxation of the 4f 75d and ionized states is considered (as we 

will discuss later), these results suggest that YAlO3 would present an inconvenient choice 

for a photon-gated hole burning material. 

 As we discussed in the previous chapter, and just reiterated for YAlO3, the energy of 

the 4f N state relative to the valence band determines the stability of the ionized state.  

While any ion valence may be produced with sufficient excitation of the system, some of 

these states will rapidly relax to their normal valence whereas others may persist 

indefinitely.  In fact, the energies of the rare-earth states relative to both the valence and 

conduction band determine the stabilities of all possible valence states in each material, 

as summarized in Table 5.7, and can even cause particular structures to be chemically 

unstable.  To understand this, first consider how the 4f N binding energies of the trivalent 

ions influence the valence stability.  If the 4f N binding energy is greater than the valence 

band maximum, the tetravalent state is unstable since it is energetically favorable for a 

valence band electron to fill the “hole” on the tetravalent rare-earth ion, returning the ion 

to the trivalent state.  If the 4f N energy is in the band gap, there are no bonding electrons 

with sufficient energy to fill the hole on a tetravalent rare-earth ion; hence, the tetravalent 

state is metastable since it cannot return to a trivalent state unless additional electrons are 

introduced into the conduction band.  If the 4f N binding energy is small enough that it 

overlaps the conduction band, the system may reduce the total energy by transferring a 4f 
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electron to the lower energy conduction band states.  As a result, the trivalent state would 

be unstable so that the normal ion valence in the material would be tetravalent; 

furthermore, since the different valence would be inconsistent with the trivalent chemical 

bonding, either the entire crystal structure would be unstable or charge-compensating 

defects would form in the lattice. 

 

 For the 4f N+1 binding energy, similar relationships exist that predict the stability of 

the divalent state.  For example, if the 4f N+1 energy overlaps the conduction band, the 

divalent state will be unstable since the ion can always relax back to the trivalent state by 

transferring an electron to the conduction band.  However, if the 4f N+1 energy is in the 

band gap, the divalent ion would be metastable since there are no unoccupied states at 

lower energy that may accept the extra electron.  If the 4f N+1 binding energy becomes 

greater than the valence band maximum, the trivalent state becomes unstable since it is 

Table 5.7. Relationships between the stability of different rare-earth valence states and 
the relative energies of the 4f N, 4f N+1, and host band states. 
 

 4f N 4f N+1 

Above the 
Conduction Band 

Minimum 

4f N is Unstable 
4f N−1 is Stable 

4f N is Stable 
4f N+1 is Unstable 

Within the 
Band Gap 

4f N is Stable 
4f N−1 is Meta-stable 

4f N is Stable 
4f N+1 is Meta-stable 

Below the 
Valence Band 

Maximum 

4f N is Stable 
4f N−1 is Unstable 

4f N is Unstable 
4f N+1 is Stable 
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energetically favorable for the rare-earth ion to accept a bonding electron, causing the ion 

to become divalent.  The rare-earth metals provide a clear example of this last situation.  

If we examine the binding energies in Fig. 5.13, we see that all of the 4f N+1 states are 

above the occupied portion of the valence band, except for Eu and Yb.  Thus, according 

to the rules that we formulated above, the 4f N configurations of these two atoms should 

be unstable.  In fact, this is exactly what is observed.  While all the other rare earths form 

metals with the same 4f N configuration as the trivalent ions, Eu and Yb form metals with 

divalent 4f configurations.  This is apparent from the photoemission spectra, where the 4f 

electron binding energy is similar to the values predicted for the 4f N+1 states, with the 

slight increase in the binding energies providing an indication of the additional 

stabilization achieved by rearranging the chemical bonding and crystal structure to 

accommodate the different electron configuration. 

 While simple energy diagrams such as Fig. 5.15 are extremely useful for 

understanding the valence stability and vertical transition energies for electron transfer 

processes, we must examine the complete configurational coordinate diagrams to 

understand the ionization dynamics for excited states such as 4f N−15d.  As a concrete 

example, we may consider ionization from the 4f 15d state of Pr3+ in YAG.  By 

combining the 4f 2 binding energy and the 4f 2 to 4f 15d vertical transition energy shown 

in Fig. 5.11 with the 5d and ionized state relaxation energies used in Fig. 4.21, we may 

construct the Pr3+:YAG configurational coordinate diagram presented in Fig. 5.16.  If we 

indicate the excited-state ionization threshold observed by Cheung and Gayen [58] as an 

arrow in Fig. 5.16, we find that their measurement agrees perfectly with the value 
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predicted from the configurational coordinate diagram.  Thus, as pointed out earlier, the 

lattice relaxation quantitatively accounts for the difference between the ionization 

thresholds determined from photoemission and excited-state absorption.  Furthermore, 

the energy used by Wittmann and Macfarlane [151] to induce two-step photoionization of 

Pr3+ is indicated by the dashed line.  This again agrees well with the diagram since 

exciting the 4f 15d level at any energy above the point where the 5d and ionization 

threshold curves cross can result in ionization [258].  Although the crossing occurs 

slightly above the energy used for photoionization, there is a relatively large uncertainty 

in the position and shape of the ionization curve.  Thus, the photoconductivity 

measurements of Wittmann and Macfarlane [151] suggest that the relaxation energy is 

larger than the rough estimate that we have used, although we should note that a similar 

effect could be produced by changes in the vibrational frequencies or anharmonic 

contributions to the ligand vibrations. 

 As another important example, the estimated configurational coordinate diagram for 

Tb3+:LiYF4 is shown in Fig. 5.17.  The lowest 9D and 7D crystal field levels of the 4f 75d 

configuration and the relaxation energy of 500 cm−1 were obtained from the absorption 

spectrum in Fig. 5.7, and the higher energy 4f 75d levels were obtained from 

van Pieterson et al. [308].  The vertical ionization energy from 7F6 is the value 

determined by combining the LiYF4 band gap of 10.5 eV [216,217] with our 

photoemission results.  We have approximated the Franck-Condon shift for the ionized 

states in LiYF4 as three times the value observed for the 4f 75d states.  The corresponding 

curve for the ionization threshold is represented by the dotted line in Fig. 5.17, where the 



 309 

error bar indicates the estimated uncertainty in the position of the threshold due to the 

approximations used in the model and experimental uncertainty in the measured binding 

energies. 

 

 In optical spectra, the lowest 7F6 (4f 8) to 9D and 7D (4f 75d) transitions of Tb3+:LiYF4 

exhibit well-resolved structure while the higher crystal field components show significant 

broadening that has been attributed to rapid relaxation through ionization [330]—a 

conclusion that is supported by Fig. 5.17.  The significant broadening of the second 7F6 to 

7D transition indicates a very efficient relaxation, suggesting that the ionization threshold 

Figure 5.16. Estimated configurational coordinate diagram for Pr3+:YAG.  Our estimated 
value for the vertical ionization energy and the excited-state absorption threshold 
estimated by Cheung and Gayen [58] are represented by arrows.  The dashed line 
indicates the energy used by Wittmann and Macfarlane [151] to induce photoionization. 
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crosses the second 7D crystal field level at an energy close to the minimum of the 

adiabatic energy curve, which is within the uncertainty of the ionization threshold given 

in Fig. 5.17.  From these considerations, we would need to excite the system from the 5D4 

level into the second 7D level to obtain ionization hole burning, requiring a gating energy 

of 34390 cm−1, which might be generated using an ultraviolet lamp. 

 

 

Figure 5.17. Estimated configurational coordinate diagram for Tb3+:LiYF4.  Adiabatic 
energy curves for discrete levels are represented by solid lines.  The continuum of ionized 
states is indicated by the shaded region, with the ionization threshold curve given by the 
dotted line.  The uncertainty in the position of the adiabatic ionization threshold is 
represented by the error bar.  The band-to-band transitions are indicated by the 
crosshatched region. 
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 To extend these results to other rare-earth ions, we may use the observation that the 

4f N−15d states have the same binding energies to within about ±0.5 eV across the rare-

earth series.  Since the second 7D level is the lowest energy 4f 75d level of Tb3+ to be 

broadened due to relaxation through ionization, we would expect the same behavior to be 

observed for all rare-earth ions in LiYF4.  In fact, this is exactly what is observed in the 

experimental spectra [307,308].  From these results, it is clear that understanding the 

energy level structure and ionization processes for one rare-earth ion also gives important 

insight into the behavior of all the other rare-earth ions in the same host material. 

 A more subtle issue is how the relative energies and Franck-Condon shifts of the 

adiabatic energy curves affect the lifetime of the ionized state.  For efficient photon 

gating, the probability for geminate recombination must be minimized, requiring that the 

ionized state cannot rapidly relax to a lower energy 4f 75d state.  Consequently, the 

precise position and shape of the ionization threshold curve can have significant 

consequences for photoionization hole burning, as illustrated in Fig. 5.18.  For the 

situation shown in Fig. 5.18(a), the second excited state may relax to the ionized state 

(autoionization), which is metastable since relaxation to the lower energy states requires 

recombination with a free electron accompanied by the simultaneous emission of a 

photon or multiple phonons.  In contrast, the ionized state in Fig. 5.18(b) is unstable since 

it is strongly mixed with vibrational levels of the first excited state; consequently, a free 

electron may spontaneously recombine with the ion, leaving the system in the first 

excited state.  For the relative positions in Fig. 5.18(c), either excited state may relax to 

the ionized state, which is metastable since recombination with a free electron requires 
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the simultaneous emission of a photon as the energy gap is too large to be bridged by 

phonons. 

 

 By applying these analysis methods to additional materials, potential candidates for 

photoionization hole burning in inorganic materials may be identified and analyzed.  

Precise knowledge of the energy level structure, including the host band states, provides 

insight into these materials and the photoionization process, allowing a material's 

Figure 5.18. Configurational coordinate diagrams demonstrating how the position of the 
ionization threshold curve affects the stability of the ionized state.  The ground state and 
two excited states of the rare-earth ion are indicated by solid lines while the ionization 
thresholds are indicated by dotted lines. 
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performance, or lack of performance, to be quantitatively characterized.  This same 

insight is also important for nearly all applications of rare-earth luminescence and can be 

used to understand current optical materials as well as to motivate the logical 

development of new materials. 

 
Material Trends of the Rare-earth Binding Energies 

 
 
 While experimental measurements of the electron energies give practical information 

of immediate use in research and development, they are of even greater value as tools for 

probing the fundamental material physics.  We have already encountered several 

examples that demonstrate how ion-dependent binding energy trends provide important 

insight into the chemical properties of materials and the interactions that affect bonding.  

In this section, we will examine material-dependent trends in the 4f N binding energies 

with the twin goals of testing the theoretical models and of predicting energies over broad 

classes of optical materials. 

 One material trend that we have theoretically and experimentally examined earlier in 

this chapter was the effect of rare-earth concentration on the electronic structure, where 

we found that the concentration had no observable effect on the either the 4f N or valence 

band binding energy.  In contrast, it is well known that the rare-earth concentration 

affects the 4f N−15d energies.  For example, the crystal field depression of the lowest 

4f N−15d level is 9915 cm−1 for YF3 and 8751 cm−1 for LaF3 [317]; however, this still 

represents a relatively weak 5d binding energy shift of only ~0.2 eV.  The band gap is 

also known to change depending on the rare-earth concentration, which is not surprising 
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since the conduction band is mostly composed of unoccupied cation orbitals.  

Unfortunately, there is very little information available on this effect, although 

measurements suggest that the shifts may be as large as ~1 eV [240]. 

 When examining a wider range of materials, we have found that the 4f N binding 

energies are nearly constant for chemically similar materials.  As a clear example of this 

behavior, the rare-earth and host binding energies in the aluminum, gallium, and iron 

garnets are compared in Fig. 5.19.  For this series of materials, the 4f electron energies 

maintained the same absolute binding energies to within the accuracy of the 

measurements.  In contrast, both the valence band and 4f N−15d binding energies 

decreased across the YAG-YGG-YIG series while the conduction band binding energy 

shifted in the opposite direction.  Thus, the systematic shifts between the 4fN energies and 

the host bands in these materials arise entirely from shifts of the host bands.  A similar 

behavior has also been inferred from luminescence quenching in rare-earth-doped 

semiconductors where it was observed that changes in the semiconductor composition 

only affected the host band energies while the 4f N binding energy remained constant 

[71]. 

 An even more surprising observation is that the 4f N binding energies appear to be 

relatively insensitive to the crystal structure.  We have already discussed several 

examples of this behavior; for example, we found no evidence for shifts between the 

LaF3 and YF3 structures or between the elemental metals with different structures.  

Furthermore, the chemical shifts for YAG and YAlO3 only differ by 300 meV, which is 

comparable to the accuracy of the absolute energy calibration.  This is in contrast to the 
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predictions of traditional electrostatic point-charge models, which all indicate that the 

energies should be quite sensitive to the details of the crystal structure. 

 

 While the 4f N energies are relatively constant for chemically similar materials, 

significant shifts are observed for materials with different anions.  This effect is apparent 

from the values presented in Table 5.8, where we have compiled 4f N binding energy 

parameters for several materials.  We see that the chemical shifts for the fluorides are 

nearly 2 eV smaller than for the oxides while the shifts within each group are only a few 

hundred meV at most.  As another example, the 4f electron and valence band maximum 

binding energies in the series of cerium halides are plotted in Fig. 5.20.  The energies 
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Figure 5.19. Trends in the 4f N, 4f N−15d, and host band binding energies in rare-earth-
activated garnets. 
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were obtained by analyzing the photoemission spectra of Sato [237], demonstrating that 

the binding energies of the 4f and valence band electrons both decrease for the more 

covalent materials, with the shift in the valence band nearly four times larger than the 4f 

shift.  In fact, by examining Table 5.8, Fig. 5.20, and the materials listed in Table 5.1, we 

find that the 4f N binding energies consistently decrease as the fractional ionic character 

of the bonding decreases. 

 

 It is particularly instructive to compare these experimentally observed trends with the 

predictions of the electrostatic model.  Specifically, CeF3 and CeCl3 provide a simple 

example where we may quantitatively compare the calculations to the observed shift in 

the 4f N energy (Eshift =28.9 for CeF3 and Eshift =29.9 for CeCl3).  First, we will consider 

the traditional electrostatic point-charge model where it is assumed that each ion has an 

integer charge equal to its formal valence state.  We may determine the Madelung energy 

contributions to the chemical shifts from the reduced Madelung constants of LaF3 and 

LaCl3 calculated by Johnson and Templeton [280].  To calculate the polarization 

energies, we may use Eq. 5.8 with the index of refraction values tabulated in Ref. [331].  

Table 5.8. Experimental material parameters for 4f N binding energies in optical materials 
(using R0 = 1.019 Å). 
 

Material EL αR EVBM 

LiYF4 29.9 eV ~13 eV/Å 12.7 eV 
LaF3 30.2 eV 12.7 eV/Å 11.7 eV 
YAG 31.5 eV 9.7 eV/Å 8.7 eV 
YGG 31.6 eV 9.7 eV/Å 8.3 eV 

YAlO3 31.8 eV 13.1 eV/Å 8.5 eV 
RE Metals 34.2 eV 17.9 eV/Å 3.3 eV 
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Combining these effects, we find that Eshift = 32.2 eV in CeF3 and Eshift = 27.4 eV in 

CeCl3; thus, the model predicts that the 4f N binding energy is 4.8 eV larger in CeCl3 

while experimentally we know that it is actually 1.0 eV smaller—a rather spectacular 

failure of the traditional model.  In fact, even though this approach has been successful in 

describing very simple cases such as the alkali halides, the point-charge model tends to 

dramatically overestimate trends since it predicts a strong dependence on crystal 

structure. 
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Figure 5.20. Variation of the 4f electron (circles) and valence band maximum (squares) 
binding energies for cerium halides determined from our analysis of the spectra measured 
by Sato [237]. 
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 Based on our earlier discussions, we expect that inclusion of covalency effects in the 

binding energy model should significantly improve the predictions.  As a simple estimate 

for this effect, we may assume that the effective charges in the lattice qeff are reduced 

from their formal values so that 

effq f q= ⋅ , (5.33) 

where q is the formal ionic charge and f is the fractional ionic character of the chemical 

bonds.  Using this definition, the actual Madelung shift ME  is related to the fully ionic 

value ME ′  according to 

M ME f E ′= ⋅ , (5.34) 

and the covalency effect may be calculated from Eq. 5.16 using 

( )∆ 1q f q= − ⋅ . (5.35) 

To estimate the values of f for the two materials, we may use Pauling’s empirical formula 

given by [9,332] 

( )21
41 ACf e χ χ− −= − , (5.36) 

where χC and χA are the cation and anion electronegativities.  If we include these effects, 

the predicted chemical shifts are 33.3 eV for CeF3 and 32.2 eV for CeCl3 so that the 

model still incorrectly predicts a larger binding energy in CeCl3. 

 Consideration of the observed material trends suggests that we adopt the rather 

unconventional view that the 4f N initial-state energies remain constant for all materials, 

with the binding energy trends arising entirely from final-state effects.  In traditional 

models, the binding energy trends are believed to primarily result from initial-state 
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effects such as the Madelung potential of the lattice site; however, we have seen that 

these methods do not correctly describe the trends in the 4f N energies.  We believe that 

this discrepancy is due to the model’s failure to properly account for changes in the rare-

earth ion’s chemical bonds.  Specifically, the observed behavior might suggest that the 

rare-earth ion modifies its chemical bonds so that the 4f electron initial-state energy 

maintains the same absolute value.  In this picture, when the ion occupies sites with 

different Madelung potentials, the charge distribution of the bonding electrons would 

become slightly distorted to oppose the change in the lattice potential and equalize the 

potential within the atom.  In a somewhat oversimplified view, we can understand this 

effect by considering that a lattice site with a large negative Madelung potential will tend 

to push the local bonding electrons away, producing a compensating positive shift in the 

actual site potential, with exactly the opposite effect occurring for a site with a large 

positive potential. 

 If we adopt the above hypothesis that variations in the initial-state energy are 

minimized due to compensating effects in the chemical bonds, we would expect the 

binding energy trends to be dominated by final-state effects.  In the simplest 

approximation, this picture predicts that the 4f N binding energy shifts are equal to the 

differences in the polarization energy of the final state.  To test this model, we may 

compare the experimental chemical shifts to the approximate values of Epol calculated 

using Eq. 5.8 with the index of refraction values from Ref. [331].  This is shown in 

Fig. 5.21, where we find remarkable agreement with the observed shifts over a broad 

range of materials from the fluorides to the metals using the linear relationship given in 
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the figure.  The observation that the shifts are a factor of ~1.3 larger than the calculated 

polarization energy is not surprising considering the relatively crude method used for 

estimating the polarization energy.  For example, the factor could indicate that the value 

of R = 1 Å that we have used in Eq. 5.8 overestimates the orbital radius of the hole.  

Furthermore, since the different terms in the binding energy model tend to be roughly 

proportional to each other, the factor may also describe smaller contributions to the 

chemical shift from other effects.  Considering the simplicity of the model, the agreement 

with the data is surprisingly good, with the observed deviations similar to the 

experimental accuracy of the data.  Measurements for additional materials will allow the 

predictions of the model to be thoroughly tested.  While the model appears to be 

successful for a wide range of materials, we should point out that it relies on the rare 

earth substituting for a chemically similar ion such as Y3+ or La3+—in other materials, the 

change in the local environment would be large enough to significantly affect the ion’s 

initial-state energy.  Another point worth emphasizing is that, although this model 

assumes that binding energy trends between materials (i.e. trends in EL) arise from final-

state effects, initial-state effects can still influence the variation in chemical shifts across 

the rare-earth series (i.e. changes in αR). 

 The simple model presented in Fig. 5.21 allows us to estimate the 4f N energy from 

the material’s index of refraction, providing a powerful method for predicting binding 

energy trends in optical materials.  However, we also require the energies of the host 

bands to obtain a complete picture for the material’s electronic structure.  While we do 

not expect the band energies to be precisely described by any simple model, it is well 
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known that simple empirical relationships can often be extremely successful for 

describing broad trends (see, for example, Refs. [149,274]).  Since we expect the anion 

and cation binding energies to exhibit related trends, we might search for a simple 

empirical relationship between the 4f N and valence band chemical shifts.  An example of 

this type of approximate correlation is shown in Fig. 5.22 where we have plotted the 

valence band maximum binding energy as a function of Epol for the rare-earth ion.  The 

agreement to within ~1 eV is better than we would expect, but is not surprising since a 

similar level of agreement would be obtained if other material parameters (e.g. the band 

gap) were used as the independent variable.  Note that the empirical relationship 

Figure 5.21. Trends in the chemical shifts of the 4f electron binding energies for different 
materials.  Circles are measured values and the solid line represents the correlation with 
the calculated polarization energy in each material. 
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successfully describes the overall trend but completely fails to describe the significant 

variation within the oxides.  In any case, such simple empirical models can be quite 

useful for obtaining rough estimates for binding energies.  For example, we may combine 

the accurate model for the 4f N energies with the empirical model for the valence band to 

obtain a rough estimate for the position of the 4f N ground state relative to the valence 

band maximum given by 

( )4f -VBM 2
12.8 eV∆ 36.6 eV 0.13 eV 67fE I A

n
≈ − − − ⋅ − , (5.37) 

where If is the free-ion 4f binding energy, n is the index of refraction, A is the rare earth’s 

atomic number, and ∆E4f-VBM is defined so that negative values correspond to 4f N 

energies in the band gap.  While Eq. 5.37 is a very crude estimate mostly intended as an 

illustrative example, it may still be useful for predicting energy differences to within 

~1 eV.  Although a similar empirical model may be derived for the 4f ionization 

thresholds, the large variation in conduction band energies limits the accuracy of the 

predictions to ~2 eV.  With additional measurements, we expect that the accuracy of 

simple models such as Eq. 5.37 may be improved somewhat. 

 The results presented in this section provide clear examples of how experimental data 

for materials with both small and large differences in composition and structure can be 

used to obtain new insights into the electronic structure and chemical bonding.  With 

further studies of material trends for different anions and crystal structures, additional 

relationships will undoubtedly be revealed and characterized, guiding the choice of 

further material systems to explore.  By using each material as a tool to probe the 
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fundamental interactions that determine the electronic structure, information is gained 

that provides insight into all rare-earth-activated optical materials. 

 

 

Figure 5.22. Example of empirical relationship describing trends of the valence band 
maximum binding energies in optical materials. 
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CHAPTER 6 
 
 

SUMMARY 
 
 
 The driving goal behind the work presented in this dissertation was to provide a broad 

picture for the energy level structure of rare-earth-activated materials and the electron 

transfer processes that influence their optical properties.  Lasers, plasma displays, 

fluorescent lamps, medical imaging, and optical computing are just a few of the many 

applications that would tremendously benefit from an improved understanding of the 

relationships between the localized atomic-like states of rare-earth ions and the host 

crystal’s band states.  To achieve a unified description of the electronic structure, we have 

developed experimental and theoretical techniques for investigating relationships 

between the electronic structures of rare-earth impurities and the host crystal and then 

exploited those new results to gain insight into the systematic variations between 

different ions and host materials. 

 One objective of this project was to determine 4f electron and valence band binding 

energies in prominent optical materials by employing photoemission spectroscopy 

techniques.  These efforts were motivated by the lack of reliable data for the 4f electron 

binding energies, which prevents the analysis and refinement of theoretical models and 

impedes the development of optical materials.  We applied both conventional x-ray 

photoemission and more advanced resonant photoemission techniques to unambiguously 

identify, extract, and analyze the 4f electron photoemission in a number of important 

optical materials, including rare-earth-doped YAG, YAlO3, and LiYF4.  We found that 
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resonant photoemission spectroscopy, which employs synchrotron radiation to probe 

resonances in the rare-earth photoemission cross-sections, was a particularly valuable 

tool that allowed the 4f electron photoemission to be clearly identified and separated 

from the host spectrum.  By combining these methods with meticulous care in 

minimizing and correcting effects arising from sample charging, we have been able to 

successfully study optical materials with exceptional detail and characterize ions such as 

Lu3+ and Gd3+ that are completely inaccessible by conventional optical techniques. 

 To accurately determine relative binding energies, the 4f electron and valence band 

photoemission spectra were analyzed in terms of the initial-state and final-state electronic 

structure.  In particular, detailed calculations of the relative transition probabilities to 

different final states of the ionized system were presented and used to interpret the rare-

earth photoemission.  To accurately describe the 4f photoemission structure, final-state 

energies and wavefunctions were calculated by extrapolating divalent and trivalent free-

ion parameters to determine the unknown tetravalent ion parameters.  Trends in the 4f 

photoemission cross sections were also examined to establish the relative signal 

magnitudes expected from different rare-earth ions. 

 The consequences of electron-lattice interactions were investigated, and it was 

demonstrated that lattice relaxation must be considered when comparing results from 

different experimental techniques such as photoconductivity and excited-state absorption.  

The effect of lattice dynamics on photoemission linewidths, ionization thresholds, 

electron-hole trapping, and geminate recombination pathways were all discussed. 
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 Guided by our experimental results and established theories for electron binding 

energies in solids, we found that a simple semi-empirical model accurately describes the 

relative 4f electron binding energies across the entire rare-earth series.  This empirical 

model characterizes the effect of the host lattice on 4f electron binding energies with two 

empirical parameters, where one parameter describes a constant shift experienced by all 

rare-earth ions and the second parameter describes a smaller dependence on the rare 

earth’s ionic radius.  We found that this simple model is remarkably successful for 

materials ranging from the elemental rare-earth metals to the highly ionic fluorides. 

 The success of this empirical model indicates that measurements on two different 

rare-earth ions in a host are sufficient to predict the energies of all rare-earth ions in that 

host; consequently, this model is a powerful tool in the study of optical materials that 

permits isolated measurements on individual ions to be related to properties of the other 

ions.  We have also demonstrated that the energies of the 4f electrons relative to the 

valence band can be estimated from the photoemission spectrum of the undoped host for 

materials where the rare-earth ion substitutes for chemically similar ions, providing a 

simple method for surveying related host crystals. 

 The free-ion ionization potentials play an important role in empirical and theoretical 

models for the rare-earth electron binding energies.  With the goal of enhancing the 

precision of the empirical model, we analyzed the systematic deviations between 

predicted and experimental 4f electron energies in solids to improve the accuracy of the 

free-ion ionization potentials.  These values produce a significant improvement in the 
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accuracy of binding energy models, with future work on additional materials promising 

to provide even greater refinements. 

 We also studied the energies of excited 4f N−15d and 4f N+1 configurations relative to 

the host bands by combining the results of photoemission and ultraviolet spectroscopy 

measurements.  These measurements demonstrate that the energy required to remove the 

single 5d electron from the lowest level of the excited 4f N−15d configuration is 

approximately the same for each rare-earth ion in a particular host material.  By using 

established models for the 4f N to 4f N−15d transition energies, we were able to extend the 

4f N binding energy model to accurately describe the energies of the lowest 4f N−15d states 

of all rare-earth ions in a material using one additional material parameter.  In addition, 

we found that the empirical binding energy model accurately describes the energies of the 

4f N+1 states, providing insight into charge transfer transitions in these materials. 

 The influence of the rare-earth binding energies on the stability of different valence 

states in each material was also discussed.  By considering the relative binding energies 

of the valence band, conduction band, and each rare-earth valence state, simple rules 

were obtained that predict the stability of the divalent, trivalent, and tetravalent states in 

each material.  The consequences for photoionization hole burning were considered, 

indicating that the 4f N ground state must lie within the host band gap for the 

photoionization holes to be meta-stable. 

 By analyzing our new experimental results with the empirical model, we were able to 

identify several trends in the electron binding energies.  For example, we found that that 

the 4f N and valence band binding energies were insensitive to the rare-earth-doping 
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concentration in the garnets, while the excited rare-earth configurations and host 

conduction band exhibited appreciable shifts for different concentrations.  Furthermore, 

we demonstrated that the observed shifts in the relative energies of the 4f N states and the 

host bands in the YAG-YGG-YIG series of materials arise almost entirely from shifts of 

the host band states, while each rare-earth ion maintained the same 4f N binding energy 

for all garnets studied.  We found similar behavior in other materials, with the host band 

energies exhibiting significant shifts between different materials while the 4f N binding 

energies exhibit relatively weak shifts. 

 By analyzing results for a wide range of materials, we found that the 4f N binding 

energies decreased as the degree of covalency in the material increased.  We also 

compared the measured 4f N binding energy shifts to a semi-empirical model that 

considered the dielectric relaxation of the ionized state for each host material, finding 

remarkable agreement with all of the materials that we have examined.  This simple 

model allows the 4f N binding energies to be predicted from the host material’s index of 

refraction. 

 The results and discussions presented in this dissertation identify several important 

directions for future research.  For example, development of improved methods for 

charge compensation and reducing differential charging while ensuring maximum spatial 

uniformity of the photon beam intensity will improve the accuracy and sensitivity of the 

photoemission measurements.  Furthermore, measurements over the entire rare-earth 

series in many different host materials are required to build a more complete picture of 

rare-earth-doped optical materials.  By supplementing photoemission with 
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complementary techniques, such as photoconductivity, excited-state absorption, and 

inverse photoemission, the relationships and interactions between rare-earth ions and the 

occupied and unoccupied electronic states of the host crystal may be even more 

thoroughly explored.  Our work has also highlighted the importance of electron-lattice 

coupling for understanding electron transfer processes, emphasizing the need for detailed 

experimental studies of the configurational coordinate energy curves for electron transfer 

states. 

 Our results clearly demonstrate that comparison of experimental results with 

theoretical predictions can supply new insight into electronic structure and provide 

guidance for calculating lattice-dependent properties.  With sufficient data to guide the 

theoretical treatment of electron transfer processes, it may become possible to better 

understand the properties of current optical materials as well as direct the development of 

new materials for specific applications, extending the frontiers of rare-earth science and 

technology. 
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OVERVIEW OF THE RARE-EARTH ELEMENTS 
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 In the summer of 1787, Karl Axel Arrhenius, a lieutenant in the Swedish army and 

amateur mineralogist, discovered an unusual black mineral in an old open-pit mine near 

the town of Ytterby, Sweden.  In 1794, this new mineral, known as “ytterbite,” was 

analyzed by Johann Gadolin who found that the mineral contained an unknown oxide, 

which he named “ytterbia.”  This new oxide was later renamed to “yttria” (the oxide of 

the element “yttrium”) and the mineral was renamed to “gadolinite” to honor the 

discovery of the Finnish chemist.  Within ten years of Gadolin’s discovery, another 

unknown oxide very similar to yttria was discovered and named “ceria.”  Thus began the 

history of the rare-earth elements with all the challenges and opportunities that they 

would offer over the following two centuries. 

 Until the early 19th century, oxides of elements (which were often mistaken for 

elements prior to the introduction of D. I. Mendeleev’s periodic law in 1869) were 

commonly described using the ancient alchemical term “earth.”  Because mineralogists 

only knew of a few locations in Scandanavia where minerals containing these new 

“earths” could be found, they were thought to be extremely rare compared to the more 

common earths such as lime, alumina, and magnesia.  Consequently, the name “rare 

earths” was adopted for this new group of elements following the common usage in 

scientific communications and literature. 

 Although the term “rare earths” became generally accepted as the name of this new 

group of elements, we now know that it is in fact a double misnomer.  As we have 

discussed already, an “earth” in its strict sense refers only to oxides; however, over time 

“rare earths” has come to represent the elements themselves so that terms such as “rare-
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earth oxide” are commonly used.  Furthermore, it is now known that the rare earths are 

quite abundant in the Earth’s crust so that the label of “rare” is also inappropriate.  The 

average abundance of the rare-earth elements in the continental crust is presented in 

Table A.1.  Cerium, the most abundant of the rare earths, is the 26th most abundant 

element in the crust and is slightly more abundant than copper (55 ppm) [333].  

Neodymium is twice as abundant as lead (12.5 ppm), and even thulium, the least 

abundant rare earth, is 120 times more abundant than gold (0.004 ppm).  In fact, the 

combined abundance of the rare-earth elements is similar to carbon (200 ppm). 

 Perhaps because the term “rare earths” is a traditional name rather than a formal label, 

different scientific communities often do not agree on exactly which elements should 

belong in this group or what name is most appropriate.  In particular, scandium, yttrium, 

and lanthanum can each be included or excluded.  This has led many to adopt the term 

“lanthanides” to exclude scandium and yttrium.  However, debates still occur as to 

whether lanthanum should be included in the lanthanides, with the additional term 

“lanthanons” being introduced to specifically include lanthanum.  Additional controversy 

arose over the term “lanthanide” since the “-ide” suffix implies negative ions even though 

their common valence states are all positive, leading to the term “lanthanoids” (meaning 

“like lanthanum”) being adopted by some as a substitute.  The International Union of 

Pure and Applied Chemistry, the accepted worldwide authority on definitions and usage 

of chemical nomenclature, has defined the terms “lanthanoids” and “lanthanides” as 

acceptable names for the 15 elements from lanthanum to lutetium, inclusive, and the term 

“rare-earth metals” (often shortened to “rare earths”) as including scandium, yttrium, and 
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the lanthanides (see Table A.2) [336].  Furthermore, the symbol “Ln” is accepted as the 

chemical symbol representing a general lanthanide element and “RE” is commonly used 

as the symbol for a general rare-earth element.  In spite of these officially accepted 

definitions, tradition within each community usually takes precedence.  In the 

luminescence community, toward which this dissertation is primarily directed, the term 

Table A.1. Natural abundance of the rare-earth elements.  Values for the average 
abundance in the continental crust are from Taylor [333] (for comparison, consider that 
the crustal abundance of copper is 55 ppm).  Relative abundances of the lanthanide and 
yttrium elements are presented as percentages of their combined crustal abundance of 
183.68 ppm (excluding Scandium).  Relative rare-earth oxide abundances are also given 
for bastnasite and xenotime ores [334,335], which are typical cerium and yttrium group 
minerals, respectively. 
 

Element Crustal 
Abundance 

Relative Crustal 
Abundance 

Bastnasite 
Ore 

Xenotime 
Ore 

Lanthanum 30 ppm 16.3 % 33.20 % 1.24 % 
Cerium 60 ppm 32.7 % 49.10 % 3.13 % 
Praseodymium 8.2 ppm 4.5 % 4.34 % 0.49 % 
Neodymium 28 ppm 15.2 % 12.00 % 1.59 % 
Promethium 0 ppm 0 % 0 % 0 % 
Samarium 6.0 ppm 3.3 % 0.79 % 1.14 % 
Europium 1.2 ppm 0.7 % 0.12 % 0.01 % 
Gadolinium 5.4 ppm 2.9 % 0.17 % 3.47 % 
Terbium 0.9 ppm 0.5 % 0.016 % 0.91 % 
Dysprosium 3.0 ppm 1.6 % 0.031 % 8.32 % 
Holmium 1.2 ppm 0.7 % 0.005 % 1.98 % 
Erbium 2.8 ppm 1.5 % 0.0035 % 6.43 % 
Thulium 0.48 ppm 0.3 % 0.0008 % 1.12 % 
Ytterbium 3.0 ppm 1.6 % 0.0006 % 6.77 % 
Lutetium 0.50 ppm 0.3 % 0.0001 % 0.99 % 
Yttrium 33 ppm 18.0 % 0.09 % 61.00 % 
Scandium 22 ppm    
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“rare earth” is usually intended to only include the optically-active elements so that 

phrases such as “rare-earth-activated yttrium oxide” are common in the literature. 

 Due to their remarkable chemical similarity, over a century of extraordinary effort 

was required to discover and isolate the individual rare-earth elements (see Table A.3 and 

Table A.4).  Without any theoretical guidance as to the number of rare-earth elements to 

expect (even the periodic table could not predict the number), more than 100 new rare-

earth elements were “discovered” over the course of the 19th century; most of these false 

discoveries are now known to have been mixtures, compounds, or simply errors in 

analysis.  In fact, separating the rare-earth elements from each other is often considered 

the greatest problem in classical inorganic chemistry and it has been said that the analysis 

of gadolinite has contributed to the development of chemistry more than any other 

mineral.  The number of rare-earth elements was not known until 1913 when Moseley 

found that the characteristic x-ray emission of elements varies systematically with atomic 

number, allowing the exact order of elements in the periodic table to be established. 

 The chemical similarity of the rare-earth elements is perhaps best demonstrated by 

considering that all the temperature extremes, chemical interactions, mechanical 

weathering, and other conditions experienced over geological ages of time have failed to 

separate any individual rare-earth element from the others (except for the special case of 

scandium).  However, there is enough variation across the series so that the heavy and 

light rare-earth elements have been preferentially separated by nature into two different 

classes of minerals.  The “cerium group” minerals contain mostly the lighter lanthanides 

from lanthanum to europium, while the “yttrium group” minerals contain mostly yttrium 
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and the heavier lanthanides from gadolinium to lutetium.  Examples of typical cerium and 

yttrium group mineral compositions are presented in Table A.1.  The chemical properties 

of scandium are distinct enough that it is not found in any significant quantity with the 

other rare earths, but it is formally included in the yttrium group of elements since its 

properties are closest to those of lutetium. 

Table A.3. The “cerium group” or light rare-earth elements and some of their most 
common applications [26,335,337-341]. 
 

Element Discovery Commercial Applications 
La (57) Lanthanum— 

Greek meaning 
“to escape 
notice” 

1839 
C. G. Mosander 

gasoline production, high-index optical glass 
(camera lenses, etc.), steel production, 

rechargeable batteries, ceramic capacitors, inert 
component of many optical materials 

Ce (58) Cerium— 
named for 
discovery of the 
asteroid Ceres 

1803 
M. H. Klaproth, 
J. J. Berzelius, and 
W. Hisinger 

glass polish, steel and cast iron producton, alloys 
(Al, Mg, Ni, Co), pollution control catalysts, glass 

decolorizer, phosphor sensitizer, scintillators, 
yellow phosphors, dental ceramics, lighter flints 

Pr (59) Praseodymium— 
Greek/Latin 
meaning “green 
twin” 

1885 
C. A. von Welsbach 

most common yellow pigment for glass and 
ceramics, welding and glassblowing goggles, 

scintillators for medical applications 

Nd (60) Neodymium— 
Greek/Latin 
meaning “new 
twin” 

1885 
C. A. von Welsbach 

permanent magnets (automobile parts, computers, 
sensors, motors, etc.), capacitors, lasers (industrial, 
medical, and scientific) , welding and glassblowing 

goggles, sunglasses  

Pm (61) Promethium— 
from Prometheus 
of Greek 
mythology 

1947 
J. A. Marinsky, 
L. E. Glendenin, and 
C. D. Coryell 

phosphorescent materials, guided missile systems 

Sm (62) Samarium— 
named after the 
mineral 
samarskite 

1879 
P. E. 
Lecoq de Boisbaudran 

high-temperature permanent magnets (microwave 
oven components, etc.), filter glass, neutron 

shielding in nuclear reactors 

Eu (63) Europium— 
named after 
Europe 
 

1896 
E. A. Demarçay 

red phosphor for color television, red and blue 
phosphors for fluorescent lights, photostimulable 

x-ray film, biomedicine, nuclear control rods 
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Table A.4. The “yttrium group” or heavy rare-earth elements and some of their most 
common applications [26,335,337-340]. 
 

Element Discovery Commercial Applications 
Gd (64) Gadolinium— 

named after the 
mineral 
gadolinite 

1880 
C. G. de Marignac 

contrast agent for magnetic resonance imaging, 
ultra-low temperature refrigeration, microwave 

communication, inert component of many 
phosphors and scintillators 

Tb (65) Terbium— 
named after 
Ytterby, Sweden 

1843 
C. G. Mosander 

green phosphors (fluorescent lights, CRT’s, etc.), 
magneto-optical storage, magnetostrictive alloys 
(micropositioners, sonar transducers, etc.), most 

popular phosphor for x-ray detectors 

Dy (66) Dysprosium— 
Greek meaning 
“hard to get at” 

1886 
P. E. 
Lecoq de Boisbaudran 

compact high-capacitance capacitors, magnets, 
magnetostrictive alloys (micropositioners, sonar 

transducers, etc.), high-intensity discharge lamps, 
radiation dosimeters, catalysts 

Ho (67) Holmium— 
named after 
Stockholm, 
Sweden 

1879 
P. T. Cleve 

magnetic flux concentrators, additive to YIG 
materials for microwave technology, surgical 

lasers, catalysts 

Er (68) Erbium— 
named after 
Ytterby, Sweden 

1843 
C. G. Mosander 

fiber amplifiers for telecommunications, pink 
pigment for glassware and ophthalmic glass, 

medical and dental lasers, ultra-high heat capacity 
alloys, IR detection cards 

Tm (69) Thulium— 
Thule, ancient 
Greek name for 
northern Europe 

1879 
P. T. Cleve 

radiation dosimeters, high-sensitivity x-ray 
phosphors, portable x-ray sources 

Yb (70) Ytterbium— 
named after 
Ytterby, Sweden 

1878 
C. G. de Marignac 

high-power lasers, mechanical stress gauges 

Lu (71) Lutetium— 
Lutetia, ancient 
Latin name of 
Paris, France 

1907 
G. Urbain 

inert component of high-density scintillator 
materials 

Y (39) Yttrium— 
named after the 
mineral yttria 

1794 
J. Gadolin 

inert component of lamp and television phosphors, 
alloys and ceramics resistant to reactive chemicals 
and harsh conditions, YIG crystals for microwave 

electronics (cellular phones, satellites, etc.) 

Sc (21) Scandium— 
Scandia, ancient 
name of southern 
Scandinavia 

1879 
L. F. Nilson 

x-ray tubes, catalysts, Ni-Cr alloys, dental 
porcelain, inert component of specialized laser 

materials 
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 The similarity of the rare earths results from the unusual situation in which the 

lowest-energy electrons are not spatially the outermost electrons of the ion and therefore 

have a limited direct interaction with the ion's environment.  For the trivalent charge state 

(which includes the vast majority of rare-earth chemistry), the series of lanthanide ions 

differ by the number of electrons in their 4f shells, with each ion having a [Xe]4f N 

electron configuration (see Table A.5).  However, the 4f electrons have an orbital radius 

considerably smaller than those of the filled 5s and 5p electron shells (see Fig. A.1).  

Furthermore, the large angular momentum of the 4f electrons causes their wavefunctions 

to be well localized within the outer 5s and 5p electrons.  This is the reason why rare 

earths are so difficult to separate from each other—many of the chemical properties are 

determined by the ion’s outermost electrons, which are the same for all the lanthanides.  

The remaining rare earths, yttrium and scandium, have chemical properties similar to the 

lanthanides because they have similar electron configurations for their outermost 

electrons, differing only in the principle quantum numbers (i.e. outermost electrons are 

ns2np6, with n = 3, 4, and 5 for Sc3+, Y3+, and Ln3+, respectively). 

 Although we have emphasized the similarity of the rare-earth elements, there are also 

clear variations in their chemical properties.  For example, because the relative 

magnitudes of the nuclear attraction and the inter-electron repulsion depend on the 4f N 

electron configuration, some of the rare earths can become divalent or tetravalent in 

addition to their normal trivalent state (stable compounds with Ce4+, Pr4+, Sm2+, Eu2+, 

Tb4+, Tm2+, and Yb2+ ions have all been observed).  Furthermore, because the 4f 

electrons imperfectly shield other electrons from the nuclear charge, all the electrons of 
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an element with a larger nuclear charge experience a slightly increased nuclear attraction.  

Hence, the systematic increase of the “effective nuclear charge” experienced by the 

electrons across the lanthanide series results in an overall contraction of the heavier 

elements.  This gradual decrease in size across the lanthanide series is the well-known 

“lanthanide contraction,” a term suggested by V. M. Goldschmidt in the 1920’s after 

observing the variation in unit cell sizes between rare-earth oxides.  The lanthanide 

contraction is demonstrated in Fig. A.1, where we clearly see the decrease in both the 4f 

orbital radius and the overall ionic radius.  The lanthanide contraction has a significant 

effect on the chemical properties of the rare earths and is the primary reason for the 

separation of cerium and yttrium group elements in nature.  While the lighter lanthanides 

Table A.5. Properties of Ln3+ electronic structure (also see Fig. B.2). 
 

Ion Ground State 
Configuration 

LS Terms 
in 4f N 

J Multiplets 
in 4f N 

Levels 
in 4f N 

Range of 
4f N States 

Levels in 
4f N−15d 

Ce3+ [Xe] 4f 1 1 2 14  2000 cm-1 10 
Pr3+ [Xe] 4f 2 7 13 91  47000 cm-1 140 
Nd3+ [Xe] 4f 3 17 41 364  68000 cm-1 910 
Pm3+ [Xe] 4f 4 47 107 1001  126000 cm-1 3640 
Sm3+ [Xe] 4f 5 73 198 2002  126000 cm-1 10010 
Eu3+ [Xe] 4f 6 119 295 3003  178000 cm-1 20020 
Gd3+ [Xe] 4f 7 119 327 3432  183000 cm-1 30030 
Tb3+ [Xe] 4f 8 119 295 3003  193000 cm-1 34320 
Dy3+ [Xe] 4f 9 73 198 2002  150000 cm-1 30030 
Ho3+ [Xe] 4f 10 47 107 1001  164000 cm-1 20020 
Er3+ [Xe] 4f 11 17 41 364  97000 cm-1 10010 
Tm3+ [Xe] 4f 12 7 13 91  74000 cm-1 3640 
Yb3+ [Xe] 4f 13 1 2 14  10000 cm-1 910 
Lu3+ [Xe] 4f 14 1 1 1  0 cm-1 140 
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preferentially form compounds where they have a coordination number of nine, the 

smaller size of yttrium and the heavier lanthanides causes them to prefer a coordination 

number of eight—this often results in the cerium and yttrium group elements forming 

solids with different structures.  Because scandium is much smaller than the other rare 

earths, its chemical properties are distinct enough that it does not appear together with the 

other rare earths in nature (scandium is closer to aluminum in its chemical properties). 

 

 
 

Figure A.1. Comparison of the ionic and 4f electron radii for the trivalent rare-earth ions 
(note the scale break).  The ionic radii are the empirical values of Shannon [256] for 
eightfold ion coordination and the 4f electron radii are free-ion r  values calculated 
from the Hartree-Fock radial functions of Freeman and Watson [211] (as discussed in 
Chapter 3 and presented in Table 3.4). 
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 In spite of their interesting properties, the rare earths were not used in practical 

applications until almost a century after their discovery.  In the late 19th century, Carl 

Auer von Welsbach, the chemist who discovered that the “element” didymium was in 

fact a mixture of two elements (which he named praseodymium and neodymium), 

patented a process for increasing the light produced by gas flames.  The Welsbach 

incandescent gas mantles were composed of woven fabric impregnated with a mixture of 

99% thorium and 1% cerium that would glow brightly when heated, converting the 

otherwise wasted heat into useful light.  These gas mantles made their first appearance in 

1891 outside the Opern cafe in Vienna, ushering in the age of practical gas lighting.  In 

1903, Welsbach also discovered the pyrophoric cerium alloys that are used as lighter 

flints.  Even today, both of Welsbach’s discoveries are still used.  Since these first 

applications, the number and variety of uses for the rare earths has grown to a degree that 

few elements in the periodic table can match.  Some of the most important of these 

applications are listed in Table A.3 and Table A.4. 

 Part of the reason for the slow development of applications for the rare earths was the 

incorrect perception that they were rare, a view that was held well into the 20th century.  

As gas lighting became common worldwide, the need for cerium prompted Welsbach to 

organize and fund geological expeditions to locate new deposits of rare-earth bearing 

minerals.  Welsbach’s expeditions resulted in the discovery of several large deposits of 

monazite (one of the primary cerium group minerals), demonstrating that the “rare” 

earths were not as rare as the scientific community had thought.  As the world entered the 

nuclear age following World War II, the search for fissionable materials resulted in the 
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widespread mining of the thorium-rich monazite.  Because of the extensive mining and 

processing of monazite, significant quantities of the rare-earth byproducts were made 

available so that large-scale commercial applications of the rare earths became 

economically practical. 

 Today, the world produces approximately 80,000 metric tons of rare earths annually 

(in oxide form), 69,000 metric tons of which are used each year in commercial 

applications [335].  This corresponds to a total annual economic value of over half a 

billion dollars [340].  Furthermore, the rare-earth market is expanding at an 8.1% annual 

growth rate, almost entirely driven by high-tech applications [340].  Of the 69,000 metric 

tons of rare earths used each year, approximately 35% are used as catalysts (mostly in the 

refining of crude oil), 30% are used in the glass and ceramics industry (several million 

pounds of cerium oxide are consumed each year by the glass polishing industry alone), 

30% are used in metallurgy (in steel production and as components of alloys), and 5% are 

used in other applications (mostly high-tech) [335].  Although high-tech applications 

account for only 5% of the rare-earth consumption, they represent more than 50% of the 

economic value in the rare-earth market [335].  Much of this dramatic asymmetry in 

consumption and value is due to the expertise and equipment needed to fabricate the 

specialized materials required for high-tech applications.  Furthermore, most high-tech 

applications require smaller volumes of highly pure rare-earth oxides, while traditional 

applications generally require large volumes of low purity rare earths or rare-earth 

mixtures.  For example, an ordinary automobile exhaust system requires a quantity of 

rare earths (in the form of cerium oxide) more than ten times greater than the rare earth 
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content of a typical Nd:YAG laser rod.  Also, while traditional applications employ 

mostly cerium and lanthanum due to their high natural abundance and low cost, high-tech 

applications often require the less common and more expensive elements in order to 

obtain the necessary optical, magnetic, or chemical properties. 

 Because the value of each rare-earth element is inversely proportional to its natural 

abundance (see Fig. A.2), the cost-effectiveness of applications is partly determined by 

which rare-earth elements are employed.  This practical concern has had a significant 

impact on the development of new rare-earth technologies, causing less abundant 

elements to be avoided.  For example, while lutetium materials are ideal host materials 

for scintillators because they form optically transparent materials with the highest known 

densities (often greater than 9 g/cm3), the high cost of purified lutetium has inhibited their 

acceptance into the commercial market except for the recent introduction of LSO 

(Ce3+:Lu2SiO5) PET medical scanners.  One dramatic exception to this trend is the use of 

europium as the active component of nearly every commercial red phosphor.  Although 

the high cost of europium has motivated extensive searches for less expensive 

alternatives, no materials have ever been found with comparable levels of performance 

and stability. 

 Of all the high-tech applications for rare earths, the field of rare-earth luminescence is 

one of the most important.  Because of their rich spectra (see Table A.5 and Appendix B) 

and unique properties (see Chapter 1), the lanthanides are a critical component of many 

established and emerging optical technologies.  However, most of this development has 

occurred just over the past three decades since the first large scale applications of rare-
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earth phosphors in color televisions and fluorescent lamps during the 1970’s.  As rare-

earth luminescence is applied in exciting new technologies such as optical data 

processing and storage, quantum information, and solid-state lighting, we can expect 

rare-earth-enabled optical technology to become an even larger component of the rare-

earth market.  By pursuing research on rare earths and their potential for new 

applications, we not only improve our fundamental understanding of these extraordinary 

materials, but also build the foundations for tomorrow’s technological achievements. 

 

Figure A.2. Current market price per gram for each rare-earth element.  Prices are for the 
purified rare-earth oxides (99.99% purity) and represent averages over several 
commercial suppliers for a 25 g purchase.  Prices are significantly reduced for larger 
purchases, with prices reduced by a factor of 50, on average, (compared to prices 
presented here) for purchases of metric ton quantities of the purified rare-earth oxides. 
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APPENDIX B 

 
 

RARE-EARTH ION 4f N ENERGY LEVEL DIAGRAMS 
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 The free-ion energy level structures of the divalent, trivalent, and tetravalent rare-

earth ion 4f N configurations are presented in Fig. B.1, Fig. B.2, and Fig. B.3, 

respectively.  All energies are given relative to the lowest energy 4f N state.  Note that the 

lowest energy 4f N state may not be the ground state for some ions (e.g. La2+).  Levels 

belonging to configurations other than 4f N are not shown, some of which may strongly 

overlap the 4f N levels (particularly 4f N−15d and 4f N−16s).  All wavefunctions and 

energies were determined using Hannah Crosswhite’s computer code to diagonalize the 

effective operator Hamiltonian for the complete set of Russel-Saunders basis functions 

spanning each 4f N configuration.  Trivalent ion wavefunctions and energies were 

calculated using the free-ion parameters of Carnall et al. [184].  Wavefunctions and 

energies for the divalent and tetravalent ions were calculated using extrapolated free-ion 

parameters as discussed in Chapter 3. 
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Figure B.1. Calculated 4f N energy level structure of the divalent rare-earth ions. 
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Figure B.2. Calculated 4f N energy level structure of the trivalent rare-earth ions. 

Ce3+ Pr3+ Nd3+ Pm3+ Sm3+ Eu3+ Gd3+ Tb3+ Dy3+ Ho3+ Er3+ Tm3+ Yb3+

0

20000

40000

60000

80000

100000

120000

140000

160000

180000

200000

220000
R

el
at

iv
e 

En
er

gy
 (c

m
-1
)



 350 

 
Figure B.3. Calculated 4f N energy level structure of the tetravalent rare-earth ions. 
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APPENDIX C 

 
 

PHOTOEMISSION FINAL-STATE STRUCTURE TABLES 
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 Calculated photoemission final-state structure components for the trivalent and 

common divalent rare-earth ions are presented in tables C.1 through C.19.  For Eu3+, the 

final-state structure is given for low temperatures (Table C.6) and 300 K (Table C.15).  

All wavefunctions and energies were determined using Hannah Crosswhite’s computer 

code to diagonalize the effective operator Hamiltonian for the complete set of Russel-

Saunders basis functions spanning each 4f N configuration.  Trivalent ion wavefunctions 

and energies were calculated using the free-ion parameters of Carnall et al. [184].  

Wavefunctions and energies for tetravalent ion final states and divalent ion initial states 

were calculated using extrapolated free-ion parameters as discussed in Chapter 3. 

 To avoid prohibitively long tables, only components that contribute at least 0.1% are 

listed—the total intensity of the listed components is indicated for each table.  Binding 

energies of final-state structure components relative to the ground-state component are 

given in units of meV and relative intensities are given as fractions of the total 4f 

photoemission.  Each component is labeled by the notation of 2S+1LαJ for the leading 

Russell-Saunders basis function of the corresponding final state.  Because many high-

energy states are thorough mixtures of a large number of basis functions with nearly 

equal amplitudes, the choice of some labels is somewhat arbitrary.  In cases where the 

same basis function is the leading term for several states, we use the leading term label 

for the state where it has the largest amplitude and then use the second largest term to 

label the remaining state.  States that are labeled by their second largest term are marked 

with an asterisk; states that are labeled by their third largest term (resulting from conflicts 

between three states) are indicated by double asterisks.  As an example, consider the 
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final-state structure of Yb3+ (Table C.13).  The Yb4+ final state at 3797 meV 

(30623 cm−1) has the wavefunction 0.66|3P4> + 0.60|1D4> + 0.45|3F4> while the state at 

5236 meV (42230 cm−1) has the wavefunction 0.73|3P4> − 0.64|1D4> − 0.22|3F4>.  Note 

that 3P4 is the leading term for both states and that 3P4 and 1D4 both have larger 

amplitudes in the higher energy state.  Following our convention, the label 3P4 is used for 

the state at 42230 cm−1 and the label 1D4
* is used for the state at 30623 cm−1. 

 
Table C.1. Ce3+ final-state structure (100% intensity in listed components). 
 

Label Energy Intensity 
1S0 0 1.0000 

 
 
Table C.2. Pr3+ final-state structure (100% intensity in listed components). 
 

Label Energy Intensity 
2F5/2 0 0.9330 
2F7/2 375 0.0671 

 
 
Table C.3. Nd3+ final-state structure (100% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
3H4 0 0.6785 3F2 721 0.1966 
3H5 337 0.0963 3F3 947 0.0236 
3H6 684 0.0029 1G4 1488 0.0017 
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Table C.4. Pm3+ final-state structure (99.8% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
4I9/2 0 0.5096 4F7/2 1947 0.0016 
4I11/2 288 0.1202 4G5/2 2476 0.1733 
4I13/2 592 0.0066 2G17/2

* 2501 0.0306 
4F3/2 1638 0.0930 4G7/2 2774 0.0267 
4F5/2 1800 0.0308 4G9/2 2836 0.0050 

 
 
Table C.5. Sm3+ final-state structure (99.5% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
5I4 0 0.3908 5G3 2591 0.1011 
5I5 224 0.1521 5G5 2886 0.0012 
5I6 466 0.0099 5G4 2910 0.0171 
5F1 1751 0.0339 3G23 3134 0.0087 
5F2 1816 0.0568 5D0 4253 0.0327 
5F3 1944 0.0160 5D1 4327 0.0429 
5G2 2507 0.1058 5D2 4447 0.0144 
3H44

* 2567 0.0101 5D3 4569 0.0011 

 
 
Table C.6. Eu3+ final-state structure (99.8% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
6H5/2 0 0.2356 6P5/2 3392 0.0763 
6H7/2 155 0.3024 6P7/2 3784 0.0040 
6F5/2 995 0.2574 4D25/2

* 3931 0.0417 
6F7/2 1125 0.0675 4D27/2 4138 0.0014 
4F35/2 3214 0.0073 4P25/2 4682 0.0044 
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Table C.7. Gd3+ final-state structure (99.8% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
7F0 0 0.0214 7F4 430 0.1837 
7F1 58 0.0640 7F5 586 0.2208 
7F2 157 0.1054 7F6 746 0.2569 
7F3 285 0.1453    

 
 
Table C.8. Tb3+ final-state structure (99.3% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
8S7/2 0 0.1484 4D67/2

* 7366 0.0022 
6P7/2 4554 0.0580 6F11/2 7611 0.0015 
6P5/2 4648 0.0363 6F9/2 7658 0.0075 
6I17/2 5056 0.1821 6F7/2 7696 0.0029 
6I11/2 5094 0.0025 4H213/2

* 7972 0.0152 
6I15/2 5109 0.0516 4L215/2 8138 0.0187 
6I13/2 5116 0.0126 4L213/2 8142 0.0011 
6D9/2 5526 0.0572 6H15/2 8164 0.0899 
6D7/2 5706 0.0196 6H11/2 8211 0.0030 
6D5/2 5753 0.0024 6H13/2 8409 0.0078 
6G7/2 6866 0.0046 4K115/2 8836 0.0016 
6G9/2 6916 0.0381 4H413/2 9014 0.0010 
6G11/2 6922 0.1172 4I415/2 9304 0.0029 
6G13/2 7153 0.1065    
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Table C.9. Dy3+ final-state structure (98.8% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
7F6 0 0.1946 5K6

* 5614 0.0154 
7F5 305 0.0642 5K8 5683 0.0158 
7F4 491 0.0174 5G26 5752 0.0309 
5D34 2892 0.0465 5K7 5818 0.0019 
5G36 3713 0.0478 5G25 5906 0.0036 
5L10 3742 0.1510 5H27 6590 0.0439 
5G35 3907 0.0066 3H76

** 6706 0.0018 
5L9 3954 0.0399 5H26 6927 0.0015 
5L8 4067 0.0117 3I37 8159 0.0025 
5L7 4100 0.0116 3L27 8301 0.0016 
5H17 4359 0.0396 3L28 8351 0.0027 
5H16 4590 0.0022 5I18 8617 0.0386 
5I28

 4883 0.0508 1L38
* 8805 0.0024 

5F25
 4891 0.0297 3L38

 8978 0.0020 
5F24

 4966 0.0043 5I17
 8991 0.0024 

5I27 5098 0.0031 3K68 10138 0.0019 
5K9 5439 0.0982    
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Table C.10. Ho3+ final-state structure (98.7% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
6H15/2 0 0.2125 4L19/2 4340 0.0327 
6H13/2 512 0.0630 4H113/2 4607 0.0104 
6H11/2 850 0.0247 4K113/2 4650 0.0043 
6F11/2 1081 0.0757 4G211/2 4843 0.0055 
6H9/2 1124 0.0049 4I215/2 5686 0.0111 
6F9/2 1267 0.0203 4I213/2 5897 0.0024 
4F39/2 2953 0.0293 2L215/2 6689 0.0022 
4I315/2 3068 0.0684 2I313/2 6718 0.0017 
4G411/2 3303 0.0474 4H311/2 6852 0.0026 
4M21/2 3461 0.1335 4H313/2

* 6919 0.0040 
4K117/2 3545 0.0828 4K217/2 7391 0.0078 
4I313/2 3598 0.0106 4K215/2 7585 0.0027 
4M19/2

 3625 0.0888 2I413/2
* 7646 0.0016 

4M15/2
 3982 0.0015 2L217/2

 7704 0.0039 
4M17/2

 4172 0.0154 4I115/2
 10449 0.0115 

4K115/2 4334 0.0044    
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Table C.11. Er3+ final-state structure (99.3% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
5I8 0 0.2204 5D4 4837 0.0013 
5I7 739 0.0641 1L28 5053 0.0033 
5I6 1247 0.0274 3I17 5275 0.0065 
5I5 1612 0.0078 3L7 5320 0.0057 
5F5 2122 0.0491 3F34 5395 0.0155 
5F4 2573 0.0139 3I16 5507 0.0029 
3K28 2952 0.0901 1K7 6976 0.0027 
5G6 3054 0.0896 3H26 7394 0.0011 
3G25

* 3310 0.0547 3K18 7570 0.0061 
5G4 3574 0.0193 3H36 7806 0.0080 
3K27 3650 0.0142 3K17 8086 0.0014 
5G5 3862 0.0040 3K16 8152 0.0025 
3H46

 3886 0.0380 3H35
 8419 0.0011 

3L9 3981 0.1126 3I27 9081 0.0036 
3M10 4690 0.1237 3H16 13006 0.0028 

 
 
Table C.12. Tm3+ final-state structure (99.8% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
4I15/2 0 0.2225 4G5/2 4619 0.0021 
4I13/2 947 0.0750 2D15/2 4811 0.0149 
4I11/2 1450 0.0553 4D5/2 5280 0.0085 
4I9/2 1723 0.0310 4D7/2 5363 0.0486 
4F9/2 2116 0.0212 2I11/2 5615 0.0070 
2H211/2 2647 0.0791 2L17/2 5702 0.1211 
4F7/2 2832 0.0107 2I13/2 5992 0.0096 
4F5/2 3063 0.0097 2H19/2 6600 0.0017 
2G19/2

* 3421 0.0348 2D25/2 6759 0.0026 
4G11/2 3659 0.0506 2H111/2 7051 0.0023 
4G9/2 3796 0.0230 2F27/2 7562 0.0194 
2K15/2 3817 0.1070 2G29/2 9608 0.0012 
4G7/2 3869 0.0236 2F17/2 13389 0.0029 
2K13/2 4568 0.0128    
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Table C.13. Yb3+ final-state structure (100% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
3H6 0 0.2397 1D2

* 3797 0.0575 
3F4 744 0.1710 1I6 4744 0.1353 
3H5 1174 0.1058 3P0 4796 0.0129 
3H4 1767 0.0735 3P1 4932 0.0289 
3F3 1989 0.0673 3P2 5236 0.0203 
3F2 2054 0.0665 1S0 10428 0.0063 
1G4 2979 0.0151    

 
 
Table C.14. Lu3+ final-state structure (100% intensity in listed components). 
 

Label Energy Intensity 
2F7/2 0 0.5714 
2F5/2 1462 0.4286 

 
 
Table C.15. Eu3+ final-state structure at 300 K (99.8% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
6H5/2 0 0.2318 4F35/2 3214 0.0071 
6H7/2 155 0.2893 6P5/2 3392 0.0749 
6H9/2 335 0.0161 6P3/2 3506 0.0012 
6F3/2 921 0.0113 6P7/2 3784 0.0050 
6F5/2

 995 0.2359 4D25/2
* 3931 0.0409 

6F7/2
 1125 0.0761 4D27/2

 4138 0.0018 
6F9/2

 1301 0.0022 4P25/2
 4682 0.0044 
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Table C.16. Sm2+ final-state structure (99.9% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
6H5/2 0 0.2302 6P7/2 3310 0.0036 
6H7/2 128 0.3067 6P5/2 3427 0.0495 
6F5/2 874 0.2566 4D27/2

* 3600 0.0020 
6F7/2 982 0.0688 4P25/2 4056 0.0047 
4F35/2 2753 0.0024 2F55/2 4168 0.0016 
4D35/2

** 2982 0.0732    

 
 
Table C.17. Eu2+ final-state structure (99.8% intensity in listed components). 
 

Label Energy Intensity  Term Label Energy Intensity 
7F0 0 0.0214 7F4 359 0.1838 
7F1 47 0.0638 7F5 490 0.2210 
7F2 130 0.1052 7F6 626 0.2572 
7F3 237 0.1453    

 
 
Table C.18. Tm2+ final-state structure (100% intensity in listed components). 
 

Label Energy Intensity  Label Energy Intensity 
3H6 0 0.2394 1D2 3449 0.0575 
3F4 693 0.1707 1I6 4319 0.1356 
3H5 1015 0.1058 3P0 4385 0.0129 
3H4 1551 0.0722 3P1 4504 0.0288 
3F3 1775 0.0673 3P2 4724 0.0221 
3F2 1854 0.0647 1S0 9272 0.0063 
1G4 2616 0.0168    

 
 
Table C.19. Yb2+ final-state structure (100% intensity in listed components). 
 

Label Energy Intensity 
2F7/2 0 0.5714 
2F5/2 1271 0.4286 
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