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Abstract.  Rare earth ions play an important role in modern technology as optically 
active elements in solid-state luminescent materials.  In many of these materials, 
interactions between the electronic band states of the host crystal and the rare earth 
ion’s localized 4fN and 4fN-15d states influence the material’s optical properties.  
The importance of these interactions is discussed for material applications in 
photon-gated hole burning, quantum information, and phosphors.  Material 
dependent trends in the relative binding energies of the 4fN states and the host bands 
have been observed and are summarized.  An empirical model for the ion 
dependence of the 4f electron binding energies is formulated in terms of atomic 
number and compared to previous models.  These models are extended to describe 
the 4fN-15d states with one additional parameter.  Improved estimates for the free-
ion ionization potentials used in the model are also presented and discussed. 
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1. Introduction 
Rare earth ions, also referred to as lanthanides, 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 4fN to 4fN optical 
transitions when long lifetimes, sharp absorption lines, and excellent coherence properties 
are required, while others may employ the 4fN to 4fN-15d transitions when large oscillator 
strengths, broad absorption bands, and shorter lifetimes are desirable.   

In many applications, interactions between the rare earth ion and the electronic 
states of the host material can enhance or inhibit performance and provide mechanisms 
for 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], much less is known regarding the relationships 
between the energy levels of the rare earth ions and the electronic band states of the 
crystal lattice.  Developing a complete picture of the electronic structure of rare-earth-
activated insulators that incorporates these relationships is essential for understanding 
interactions between these states and how they influence basic material properties. 

In recent years, there have been a steadily increasing number of studies to extend 
our understanding of the relationships between the rare earth and host electronic states 
and how they affect the optical properties of specific interest for technological 
applications.  The relative energies of these states have been explored using a wide 
variety of techniques including excited-state absorption [2, 3], photoluminescence 
excitation [4], photoconductivity [5-7], and electron photoemission [8-10].  In addition to 
the need for determining the energies of the rare earth’s electronic states relative to the 
host states, it has been shown that dynamic interactions between these states is important 
for understanding the luminescence of many materials [4, 11].     

To improve our fundamental physical understanding of these phenomena as well as 
to provide new information of practical significance for technological applications, we 
have recently adopted a systematic approach to the study of the relative energies and the 
interaction dynamics of the rare earth energy levels and the host bands in optical 
materials [10, 12, 13].  In this paper, we outline our progress in understanding these 
phenomena and how they influence important applications. 

 
2. Applications 

Interactions between host band states and rare earth energy levels have a broad 
impact on technologically significant applications of rare-earth-activated optical 
materials.  Lasers, plasma displays, fluorescent lamps, solid-state lighting, medical 
imaging, and optical computing technologies are just a few of the applications that would 
benefit from a practical understanding of these interactions.  The influence of these 
interactions on applications clearly indicates that understanding and identifying material 
trends would dramatically accelerate the development of performance-optimized 
materials. 

Rare earth phosphors for lamps and displays are a prominent example of a 
technology where interactions between the rare earth energy levels responsible for the 
luminescence and the host band states can strongly influence performance.  In the search 
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for new materials for solid-state lighting and mercury-free fluorescent lamps, the 
emission of potential phosphor materials is often limited or completely quenched due to 
ionization of the excited rare earth ion [11]; in contrast, charge transfer absorption 
provides a mechanism for efficiently pumping phosphors such as Eu:Y2O3 while charge 
transfer luminescence may provide a new mechanism for phosphor materials [14].  The 
stark contrast between the complete lack of radiative emission in proposed Ce:Y2O3 
phosphors and the efficient Eu:Y2O3 commercial red phosphors used for large-area 
plasma display screens and fluorescent lamps has also inspired photoconductivity studies 
of Ce3+ in Y2O3 and related hosts.  These studies have shown that the failure of these 
materials as phosphors results from non-radiative decay through relaxation pathways 
involving the host conduction band [7, 11].  It has also been shown that lattice relaxation 
effects associated with ionization of the rare earth ion are extremely important for 
understanding many of the luminescence properties of these materials [4, 15].  All of 
these results suggest that developing a unified picture for the electronic structure of rare-
earth-activated materials that includes the electronic states of both the active ion and the 
host crystal would provide valuable insight into the luminescence of current phosphors 
and help guide the development of new phosphors to enable the next generation of 
lighting and display technology. 

An example of a technology that may specifically exploit these interactions is 
photon-gated spectral hole burning.  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.  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” state rather than 
directly to the ground state, the spectral hole may persist for the lifetime of the bottleneck 
state.  This basic process may be used in a wide variety of technologies ranging from 
laser frequency stabilization [16, 17] to high-speed optical computation and memories 
using spatial-spectral holography [18, 19].   

In the basic hole burning process, 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 
[20, 21].  The steps involved in this mechanism are illustrated in Fig. 1.  In the first step, 
a laser selectively excites a 4fN to 4fN transition of ions at frequencies where spectral 
holes are to be burned.  Next, the gating photons selectively excite the ions that are in 
their upper 4fN state to a 4fN-15d state.  Because of the large oscillator strength and broad 
absorption of the 4fN to 4fN-15d transition, either a second laser or even possibly a filtered 
broadband lamp could be used as the source of gating photons to excite the ions into the 
4fN-15d state.  If the 4fN-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 lattice (lattice defects or doped acceptor 
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impurities).  Since the valence of the excited rare earth ion has changed, it is permanently 
removed from the absorption, producing a persistent spectral hole. 

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 [16, 17].  These 
stable lasers have many applications in both fundamental research, where they enable 
measurements over long time scales with Hertz-level resolution, and technological 
applications such as measuring precise distances through interferometry.  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.   

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.  Some of these techniques involve generating spectral features that correspond to 
groups of strongly coupled ions in the lattice [22, 23].  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 4fN-15d states 
relative to the host conduction band as well as the energies of the 4fN 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 4fN ground state must have an 
energy higher than the valence band states.  The reason is that, if there are occupied 
valence states at higher energy than the 4fN 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 4fN-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.  This 
approach has recently been applied to rare-earth-doped YAlO3, where the energies of the 
4fN and 4fN-15d states relative to the host band states were determined and discussed 
within the context of photon-gated photoionization hole burning [24].  This work 
indicates that by extending these methods to additional materials, potential 
photoionization hole burning materials may be identified and analyzed to determine 
whether they are suitable candidates. 

 
3. Recent Progress 

To better understand the relationships between the rare earth 4fN and 4fN-15d states 
and the host band states as well as to provide practical information for the development 
of new materials, we have employed conventional electron photoemission and resonant 
photoemission to measure the relative energies of the 4fN and host valence band states in 
optical materials [10, 12].  Photoemission allows the energies of occupied electronic 
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states to be independently measured relative to an absolute energy reference and 
complements optical methods, which measure energy differences between electronic 
states in the material.  By determining the energies of electronic states using 
photoemission, features that appear, or do not appear, in the optical spectra may be 
unambiguously interpreted in terms of energy differences and transition probabilities—
two properties that are difficult to deconvolve from the optical spectra alone.  
Furthermore, resonant photoemission spectroscopy allows the rare earth 4f electron 
photoemission to be clearly identified and separated from the host spectrum by using 
synchrotron radiation to probe resonances in the rare earth photoemission cross-section.  
Because the precise energy of the photoemission resonance is an atomic property that is 
unique to each ion and valence state, resonant photoemission may be used to separate and 
identify each rare earth ion and rare earth valence state present within a material.  By 
observing the systematic changes in the relative energies for different states, ions, and 
host materials, insight is gained into electron transfer, luminescence quenching, and ion 
valence stability. 

It has been shown that a simple two-parameter empirical model accurately describes 
the binding energies of the 4fN states for all rare earth ions in materials ranging from 
ionic insulators to covalent metals [10, 12].  Since the model only requires two 
parameters to describe the effect of the host material, measurements on just two ions in a 
material can be used to predict the energies of all other rare earth ions in that material.  It 
has also been suggested that, in some materials, measurements on a single ion and the 
host material itself may be sufficient to determine the energies of the remaining ions [10].  
This empirical approach provides an important tool for practical material development 
and may provide fundamental information about the material when viewed within the 
theoretical frameworks that describe the effect of the material on the rare earth binding 
energies. 

In the following sections, we discuss our recent progress in understanding, 
explaining, and predicting the energies of the localized electronic states of the rare earth 
ions relative to the host band states.  In Section 3.1, refinements of the empirical model 
are presented that both improve its accuracy and extend its applicability.  In Section 3.2, 
we discuss an extension of the empirical model that includes the important 4fN-15d states 
of the rare earth ions.  Finally, Section 3.3 provides a short summary of several material 
dependent trends in the rare earth binding energies that have been observed for the 
materials so far studied. 

 
3.1. Refinements of the Empirical Model  

The practical utility of an empirical model has stimulated our recent work in 
applying a simple two-parameter model to the description, analysis, and extrapolation of 
binding energies in optical materials [10, 12].  The particular form of this empirical 
model was originally motivated by the extensive work that has been done over the last 
century using an electrostatic point-charge model for the effect of the lattice on the 
electron binding energies.  In this picture, the binding energies of an ion’s electrons are 
viewed as being the free-ion values shifted through interactions with the lattice.  These 
effects include the Madelung potential of the lattice site, the polarizability of the material, 
inter-atomic repulsive energies, and smaller effects such as Van der Waal’s energies 
[25-27].  A further complication in optical materials is that the active ion is commonly an 
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impurity rather than a normal lattice constituent; thus, the 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 [5].  This 
picture leads to an empirical model of the form E4f = I-EL+αR(R-R0), where E4f is the 4f 
electron binding energy relative to a free electron in vacuum, I is the free-ion ionization 
potential, EL is a binding energy shift experienced by all rare earth ions in a material, and 
αR(R-R0) represents an ion dependent shift in binding energy when the substituted rare 
earth’s ionic radius R deviates from the normal host ion’s radius R0.  These definitions 
are chosen so that EL represents a parameter that may be directly measured from the host 
lattice itself, since it is just the binding energy shift experienced by the normal lattice 
constituent [10].  If we wish to reference the binding energies relative to another energy 
such as the valence band maximum, an additional term may be explicitly included in the 
model to subtract off the reference energy, or the reference energy may be included 
implicitly in the definition of EL.  For ionic materials where the electrostatic point-charge 
model is most appropriate, the parameters in this model may be directly estimated using 
the theoretical model of Pedrini et. al. [5, 6] if sufficient information is available for both 
the lattice and the effect of the impurity-induced distortion.  In covalent materials such as 
the metals, chemical considerations have also led to a model for the binding energies in 
which the free-ion values are shifted because of the redistribution of charge and 
electrostatic shielding that occurs in the solid [28, 29].  In this picture, it is the variation 
in the effective nuclear charge experienced by the valence electrons that produces an ion-
dependent binding energy shift in the material.  Within this framework, the ionic radius 
that enters into the empirical model may be viewed as an estimate for the effective 
nuclear charge experienced by the valence electrons of the rare earth ion; hence, the 
model is also successful for describing covalent materials.  

Although the empirical model can be shown to be an approximate expression for 
the binding energy in ionic and covalent materials, the extremely simple form of the 
model 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 of the 
ion—a physical parameter that directly influences the ion’s environment.  This simple 
interpretation may provide some insight into why the model applies to such a wide range 
of materials and cautions against too stringent an interpretation of the empirical 
parameters within a 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 E4f = I-EL+αA(A-A0), where E4f, I, and EL have the same meaning as previously, 
and αA(A-A0) represents an ion dependent shift in binding energy that simply depends on 
the ion’s atomic number A.  In this model, a value of A0 = 67 is chosen so that EL has 
approximately the same value and interpretation as in previous work that used trivalent 
yttrium as the ionic radius reference [10, 12].  The choice of atomic number as the 
variable to describe the ion-dependence is motivated by the simplicity and generality of 
the expression as well as indications that it may represent an appropriate description for 
more covalent materials.  Because the ionic radius is nearly linear as a function of atomic 
number, this form of the model gives nearly identical predictions for the 4f electron 
binding energies, with deviations smaller than the experimental accuracies currently 
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achievable by any experimental method.  As an example, in Fig. 2 the two models are 
compared to the measured 4f electron binding energies in the elemental rare earth metals 
from Lang et. al. [30].  The rare earth metals represent the most accurately known set of 
4f binding energies available since the experimental features are much sharper in the 
metals than in other materials.  Furthermore, the magnitude of the ion dependent term is 
nearly 2.5 times larger in the metals than in the other materials that have been studied; 
therefore, the metals represent an extreme case in which the differences between the two 
forms of the model are maximized.  In Fig. 2, the circles are experimental binding 
energies (relative to the Fermi energy), the solid line is the fit of the model using the ionic 
radius, and the dotted line is the fit of the model using the atomic number.  Comparison 
of the two fits indicates that both expressions describe the binding energies equally well 
to within the experimental accuracy, with an approximate relationship between the 
parameters of αA ≈ -0.013αR—a correspondence that also approximately holds for the 
other materials that we have studied.  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 as an empirical expression for 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 models in ionic materials [5].  However, 
ambiguity may arise because the ionic radius depends on both the environment of the ion 
and the degree of covalency in the bonding.  Using the atomic number in the model 
provides a simple approach in which there is no ambiguity.  However, this approach is 
more difficult to directly relate to theoretical models.  Another advantage of the atomic 
number approach is that it allows a straightforward comparison of the parameters 
obtained from different materials regardless of the nature of the environment or the 
bonding.  This might permit material trends to be more easily identified and analyzed.   
Thus, the choice of a particular form of the empirical model primarily depends on the 
intended application. 

In both the empirical and theoretical models for the rare earth 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.  It has been suggested [10] that 
improved estimates for the free-ion ionization potentials might be obtained by comparing 
experimental electron energies in solids to the empirical model for the binding energies.  
With the 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 1.  These values were 
obtained by analyzing the available experimental energies of rare earth ions in the garnets 
[10, 12], the rare earth metals [30], the rare earth fluorides [31], La2S3 [31], and YAlO3 
[24, 31].  Deviations between the measured binding energies and the fit of the model 
were simply viewed as arising from a combination of the experimental error of each 
measurement and the error in the model due to uncertainties in the free-ion ionization 
potentials.  Thus, by choosing ionization potentials that give perfect agreement between 
the model and the experimental data points, a set of new estimates for the free-ion 
ionization potentials are obtained from each material that have an uncertainty 
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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 
[32] to obtain the best final estimates, where each experimental value was weighted by its 
uncertainty in the averaging process using the standard statistical method.  The effective 
ionization potentials obtained from this procedure are presented in Table 1, along with 
the corresponding uncertainty in each value. 

To demonstrate the impact of these effective ionization potential parameters on the 
4fN binding energy model, the fit of the empirical model using these new values is shown 
for yttrium aluminum garnet in Fig. 3.  The circles represent experimental binding 
energies [2, 6, 10], the dotted line is the fit of the model using the free-ion ionization 
potentials [32], and the solid line is the fit using the effective ionization potentials from 
Table 1.  Only the values for europium and gadolinium are significantly different (the 
free-ion values for those two ions had large uncertainties), with the remaining ions only 
experiencing modest shifts.  However, the estimated uncertainties were improved for 
nearly all of the ions—an important result for the empirical model since the errors must 
be incorporated as weighting factors in the fitting process.  By comparing the two curves 
to the experimental data, we can clearly see that the large deviation previously observed 
for the gadolinium binding energy was primarily due to the error in the free-ion 
ionization potential used in the model.  For rare earths whose measured free-ion 
ionization potentials are relatively uncertain, such as gadolinium, these effective values 
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 any systematic deviations inherent in the empirical model itself.  In any 
case, these values represent a significant improvement in the accuracy of the empirical 
model, with future work on additional materials promising to provide even greater 
improvements. 

 
3.2. Extending the Picture to Include 4fN-15d States 

The 4fN-15d states of the rare earth ions are important for many applications, some 
of which were outlined in Section 2.  To obtain fundamental information about each 
material and evaluate its suitability for particular applications, we wish to determine the 
energies of the 4fN-15d states relative to the host band states.  These relative energies may 
be determined by combining the measured or predicted binding energies of the 4fN states 
relative to the host bands and the measured energy differences between the 4fN and 
4fN-15d states [24].  The barycenters of the 4fN to 4fN-15d transition energies, which 
exhibit large variations from material to material, may be determined from the absorption 
spectra of each rare earth ion in the host material.  As an example of this procedure, the 
binding energies of the lowest 4fN-15d states in yttrium aluminum garnet were 
determined, as shown in Fig. 4 by the triangles.  The circles represent the average of the 
measured 4fN binding energies from Refs. [2, 6, 10], and the solid line is the fit of the 
empirical model using the effective ionization potentials from Table 1.  These 4fN 
energies were combined with the 4fN to 4fN-15d transition energies from Refs. [33, 34] to 
obtain the 4fN-15d binding energies.  These binding energies may be interpreted as the 
energy required to remove the 5d electron from the 4fN-15d configuration, leaving the 
tetravalent ion with a 4fN-1 configuration in the lowest energy state. 
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By incorporating existing empirical models for the 4fN to 4fN-15d transition energies 
into the 4fN binding energy model, we may obtain an empirical model that describes both 
the 4fN and 4fN-15d binding energies of all rare earth ions in a host material.  Several 
models for the 4fN to 4fN-15d transition energies have been applied to the study of optical 
materials over the last four decades [35-38].  Recently, Dorenbos [34, 39] has compiled 
experimental measurements for hundreds of materials, and by comparing these 
experimental values with the theoretical models for the transition energies, has developed 
a simple empirical model in which only a single material dependent energy shift is 
required to determine the lowest 4fN to 4fN-15d transition for all rare earth ions.  Thus, by 
combining the empirical model for the 4fN to 4fN-15d transition energies with the model 
for the 4fN binding energies, a simple model is obtained that describes both the 4fN and 
4fN-15d binding energies in a material using only three empirical parameters.  This is 
shown in Fig. 4 for yttrium aluminum garnet by the dotted lines.  For the second half-
series, the lower and upper dotted lines represent the barycenters of the lowest energy 
high-spin and low-spin 4fN-15d levels, respectively.   

It is important to note that, in contrast to the 4fN energies, the 4fN-15d binding 
energies have similar values for all of the rare earth ions.  This similarity is expected 
since the large variation in 4fN to 4fN-15d transition energy arises primarily from the 
strong electron correlation in the 4fN configuration, with the energy of the 5d valence 
state only weakly influenced by the nature of the tetravalent 4fN-1 core.  However, we do 
observe variation of as much as 1 eV across the rare earth series, indicating that the 5d 
levels cannot be taken to have exactly the same absolute binding energies.   

The success of this model implies that, once the 4fN energies are known, a single 
binding energy measurement of a rare earth ion’s lowest 4fN-15d state in a material is 
sufficient to predict the energy of the lowest 4fN-15d states for all the remaining ions.  
This picture provides important insight into the behavior of the 4fN-15d luminescence in 
optical materials and is a powerful tool for the development of new optical materials, 
with particular significance in the search for photon-gated spectral hole burning 
materials. 

 
3.3. Observation of Material Trends 

One of the primary goals of our work is to search for material dependent trends in 
the relative energies of the rare earth 4fN states and the host band states.  Although this 
work is in its early stages, several important trends have been identified in the materials 
so far studied. 

Recently, a series of rare earth garnets have been studied for concentrations ranging 
from a few percent to the stoichiometric compounds.  In these materials, it was found that 
the host valence band and the 4f electron binding energies were not affected by the rare 
earth ion concentration, maintaining the same values across the entire range of 
concentrations to within the experimental accuracy [10].  In addition, measurements on 
the aluminum, gallium, and iron garnets indicated that the 4f electron energies maintained 
the same absolute binding energies, while the valence band was shifted to reduced 
binding energies going from aluminum to gallium to iron [12].  Thus, in these materials, 
the systematic shifts between the 4fN energies and the host bands arise entirely from 
shifts of the host bands.  We might also expect similar composition dependent trends to 
be observed in related ternary compounds such as YAlO3. 
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When examining a wider range of materials, simple trends may be observed in the 
empirical parameters that describe the 4fN binding energies.  For example, when 
comparing chemically similar materials such as Y3Al5O12 and YAlO3, we have observed 
that the variations in the binding energies of the 4fN electron energies between the 
materials arise almost entirely from the ion-dependent term in the model (αR or αA), with 
the same binding energy shift parameter (EL) observed.  However, when comparing 
results from chemically different materials, such as the oxides and fluorides, both 
parameters in the model can vary significantly.  By identifying simple trends such as 
these, insight is gained into the behavior of the 4fN energies in different materials.  This 
insight can be extremely important for understanding the optical properties of rare earth 
materials and for guiding the development of materials for applications such as hole 
burning, quantum information, and phosphors. 
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Tables 
 
Table I.  Effective free-ion ionization potentials for the trivalent rare earth ions 

determined from the systematic deviations between the experimental 4f electron 
binding energies in optical materials and the empirical model for the binding 
energies.  The errors were determined from the experimental errors of the 
measurements that contributed to each estimate.  

 
 

Rare Earth 
Ion 

Effective 
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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Figure Captions 
 

Figure 1.  Energy level diagram illustrating the photon-gated photoionization spectral 
hole burning process in rare-earth-activated materials.  

 
Figure 2.  Comparison of empirical 4f electron binding energy models.  Circles represent 

measured 4f electron binding energies relative to the Fermi energy in the elemental 
rare-earth metals from Ref. [30].  The dotted line is the fit of the empirical model 
using the ions’ atomic numbers.  The solid line is the fit of the empirical model 
using the ions’ radii. 

 
Figure 3.  Comparison of the empirical model using the free-ion ionization potentials and 

using the effective ionization potential values from Table 1.  Circles represent 
average experimental 4f electron binding energies relative to the valence band 
maximum in yttrium aluminum garnet from Refs. [2, 6, 10].  The dotted line is the 
fit of the binding energy model using the free-ion ionization potentials.  The solid 
line is the fit of the binding energy model using our empirical values for the 
ionization potentials given in Table 1. 

 
Figure 4.  The 4fN and 4fN-15d binding energies in rare-earth-activated yttrium aluminum 

garnet (YAG) relative to the host valence band.  Circles represent average measured 
4fN binding energies from Refs. [2, 6, 10] and the solid line is the fit of the 4fN 
binding energy model using the effective ionization potentials from Table 1.  
Triangles represent 4fN-15d binding energies determined from the 4fN binding 
energy model and measured 4fN to 4fN-15d transition energies from Refs. [33, 34].  
The dotted lines represent the model for the 4fN-15d binding energies; the upper line 
corresponds to the lowest energy high-spin state and the lower line corresponds to 
the lowest energy low-spin state. 
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Figure 1.  Energy level diagram illustrating the photon-gated photoionization spectral hole burning 
process in rare-earth-activated materials.
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Figure 2.  Comparison of empirical 4f electron binding energy models.  Circles represent measured 

4f electron binding energies in the elemental rare-earth metals from Ref. [30].  The dotted line 
is the fit of the empirical model using the ions’ atomic numbers.  The solid line is the fit of the 
empirical model using the ions’ radii. 

 
 
 
 



Preprint version of article published in Journal of Modern Optics 49, 2399 (2002) 

 17 

 
 

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
5

4

3

2

1

0

-1

-2

-3

YAG

Bi
nd

in
g 

En
er

gy
 (e

V)

 
 
 
 
Figure 3.  Comparison of the empirical model using the free-ion ionization potentials and using the 

effective ionization potential values from Table 1.  Circles represent average experimental 4f 
electron binding energies in yttrium aluminum garnet from Refs. [2, 6, 10].  The dotted line is 
the fit of the binding energy model using the free-ion ionization potentials.  The solid line is the 
fit of the binding energy model using our empirical values for the ionization potentials given in 
Table 1. 
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Figure 4.  The 4fN and 4fN-15d binding energies in rare-earth-activated yttrium aluminum garnet 

(YAG) relative to the host valence band.  Circles represent average measured 4fN binding 
energies from Refs. [2, 6, 10] and the solid line is the fit of the 4fN binding energy model using 
the effective ionization potentials from Table 1.  Triangles represent 4fN-15d binding energies 
determined from the 4fN binding energy model and measured 4fN to 4fN-15d transition energies 
from Refs. [33, 34].  The dotted lines represent the model for the 4fN-15d binding energies; the 
upper line corresponds to the lowest energy high-spin state and the lower line corresponds to 
the lowest energy low-spin state. 

 
 


