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Rare-earth ions have a multitude of technological applications as optically active
impurities in insulators and semiconductors. Knowledge of the energies of the host
crystal’s electronic band states relative to the 4f" or 4f" ‘50" states responsible for the
ion’s optical transitions is important for understanding the properties and performance of
each material since energy and electron transfer between these states influences the
material’s efficiency and stability.® Little is known about the relationships between these
states, but there is growing motivation to explore these properties for developing
ultraviolet laser materials, phosphors for applications including plasma displays and
mercury-free lamps, scintillator materials for medical imaging, and optica data
processing and storage technologies based on photorefractivity or photon-gated
photoionization holeburning.  Continued advances in optical technologies require
knowledge of the systematic trends and behavior of rare-earth energies relative to crystal
band states so that the properties of current materials may be fully understood and new
materials may be logically developed.

We have recently initiated a systematic study of the relative energies of the rare-earth
ions electronic states and the host band states in optical materials using resonant electron
photoemission spectroscopy (RPES).>® RPES directly determines the energies of all
occupied electronic states relative to a common energy reference and can unambiguously
separate and assign spectral features to a particular electronic state.* Figure 1 presents
results for yttrium aluminum garnet (YAG), the most important host crystal for solid-
state lasers. Circles represent measured binding energies of the rare-earth 4f ground
state relative to the valence band maximum (the host’ s highest energy occupied state).

These results have led to an empirical model that successfully describes the rare-
earth binding energies in optical materials with two parameters: one describes a constant
shift experienced by all rare-earth ions and the second describes a smaller dependence on
the rare earth’s ionic radius. These empirical parameters may be determined from
measurements on just two different rare-earth ions, or, in certain cases, smply from
measurements on the host crystal itself. With parameters determined from our measured
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data, this model predicts the energies of the remaining ions as is shown by the solid line
in Figure 1.

This information is directly relevant to understanding and predicting properties
critical for applications, such as excited-state absorption energies to the conduction band
and relaxation pathways involving ionization. For example, the results for YAG predict
that ionization of Nd** occurs at energy larger than the band gap and that ionization from
1.064 pum laser photons would require a very low probability five-photon absorption from
the upper laser level. In contrast, the results for Ce®* predict that excited-state absorption
to the conduction band would overlap emission wavelengths from the 5d* to 4f
transition, resulting in parasitic absorption that prevents its use as a tunable blue laser.
All of these results suggest that systematic studies of additional host compounds will
rapidly lead to a clearer picture for the host’s effect on the rare-earth ion’s 4f electron
binding energies that will motivate fundamental theoretical analysis and accelerate
development of new optical materials.
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FIGURE CAPTION

Relating Localized Electronic States to Host Band Structure Figure 1. Circles represent measured 4f
electron binding energies relative to the Valence Band Maximum (VBM); negative binding energies are
within the band gap of the host and positive energies are below the VBM. The solid line is the fit of the
model to our measured values. The error bars on the model are due to uncertainty in the input parameters
and can be improved with further measurements on more materials. Note that the bottom of the conduction
band lies at about 6.5 eV.



