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Systematics of 4f electron energies relative to host bands by resonant photoemission of rare-eart
ions in aluminum garnets
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The energies of trivalent rare-earth ions relative to the host valence band were measured for a series of
rare-earth-doped yttrium aluminum garnetsRxY32xAl5O12 (R5Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu and 0
<x<3), using ultraviolet photoemission spectroscopy. The 4f photoemission spectra were acquired using
synchrotron radiation, exploiting the 4d to 4f ‘‘giant resonance’’ in the 4f electron photoemission cross
section to separate the 4f contribution. Theoretical valence band and 4f photoemission spectra were fit to
experimental results to accurately determine electron energies. The measured 4f n ground-state energies of
these ions range from 700 meV above the valence band maximum for Tb31 to 4.7 eV below the valence band
maximum for Lu31, and all ground-state energies, except for Tb31, are degenerate with valence band states.
An empirical model is successful in describing the relative energies of the 4f n ground states for rare-earth ions
in these materials. This model is used to estimate the positions of the lighter rare-earth ions, giving good
agreement with published excited-state absorption and photoconductivity measurements on Ce31 in yttrium
aluminum garnet. It is shown that the energies of the 4f electrons relative to the valence band can be estimated
from the photoemission spectrum of the undoped host, providing a simple method for extending these results
to related host crystals. The success of this model suggests that further studies of additional host compounds
will rapidly lead to a broader picture of the effect of the host lattice on the 4f electron binding energies.
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I. INTRODUCTION

There is a great body of work on the optical spectra
rare-earth impurities in insulating host crystals, with the v
majority involving the atomiclike intraconfigurational 4f n to
4 f n transitions. Due to the shielding provided by the ou
closed shells of 5p and 5s electrons, the 4f n electronic states
exhibit a strong atomic character that makes them of part
lar interest for both fundamental research and optical ap
cations that benefit from their unique properties. In contr
to the extensive information available about the 4f n elec-
tronic states, much less is known regarding the relations
between localized 4f n levels and the electronic band states
the host crystal. Systematic study of the positions of 4f n

levels relative to the host band states for rare-earth ions
range of materials is necessary to improve the understan
of interactions between these two very different types
electronic states and to allow models with predictive pow
to be developed and refined. With this goal in mind, we ha
studied a series of rare-earth ions over a range of conce
tions in yttrium aluminum garnet and applied an empiric
model for purposes of explanation and prediction.

In this paper, we present the results of resonant ph
emission spectroscopy on trivalent rare-earth ions in yttri
aluminum garnet~YAG!, the most important host crystal fo
rare-earth solid-state lasers. Photoemission spectroscop
fers several advantages over other techniques and can
0163-1829/2001/64~8!/085107~13!/$20.00 64 0851
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Photoemission allows the energies of both valence
atomic~core! electronic states to be directly determined re
tive to a common energy reference, whereas interpretatio
optical methods such as excited-state absorption and ph
conductivity may be complicated by uncertainty regardi
the nature of the initial and final states involved. We e
ployed resonant photoemission to measure the binding e
gies of the 4f and valence band electrons for the series
rare-earth ions from Gd31 through Lu31, which allowed the
4 f and valence band spectra to be separated and ana
independently by exploiting resonances in thef
photoemission.1,2 The photoemission spectra of both the v
lence band and 4f electrons were fit to theoretical models
provide accurate estimates for electron energies and rela
positions. Since very little is known about the effect of co
centration on the relative energies of the 4f n levels and band
states, measurements were made for materials with rare-e
concentrations ranging from pure YAG to the stoichiomet
rare-earth aluminum garnets. Our measurements indicate
the energies of both the rare-earth ions and the valence b
maximum~VBM !—the highest-energy valence band state
are insensitive to the doping concentration to within an
perimental accuracy of a few hundred meV.

The relative positions of different trivalent rare-earth io
are successfully described by an empirical two-param
model for the effect of the host crystal. For the heavier ra
earth ions, it is shown that the relative energies are w
©2001 The American Physical Society07-1
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described by the difference in free-ion ionization potentia
When extended to the lighter rare-earth ions, which are
nificantly larger than yttrium, a correction for the change
ionic radius must be included to obtain accurate energ
This model is used to predict the binding energies of
lighter rare-earth ions in YAG and the results agree well w
published excited state absorption and photoconducti
measurements, indicating that measurements on as fe
two different rare-earth ions in a host are sufficient to pred
the energies of the remaining ions. A method derived from
electrostatic model for the effect of the host lattice is a
suggested for estimating the binding energies of rare-e
ions that substitute for yttrium through measurement of
binding energies of the yttrium core levels in either doped
undoped samples.

II. BACKGROUND

Developing a complete picture of the electronic struct
of rare-earth-doped insulators is essential for understan
interactions between rare-earth ions and host band state
how they influence basic material properties. In particu
charge transfer between the rare-earth ions and the hos
lead to broad absorption bands in the visible or ultravio
regions of the spectrum, possibly resulting in the genera
of color centers in the lattice. Because the charge tran
transition strength depends on the spatial overlap betw
the initial and final electronic states, intense metal-to-liga
charge transfer bands may appear in an ion’s excited-s
absorption spectrum even when no corresponding featu
observed in the ground-state absorption spectrum; this is
ticularly important when the excited state is a mixed config
ration such as 4f n215d1. Host band states may also influ
ence the atomic transitions of the ion itself by induci
broadening and an increase in transition probability for f
bidden transitions through hybridization, while interactio
between the band states and the 4f electrons also provide a
mechanism for energy transfer, nonradiative relaxation,
nonlinear optical effects. These processes are all of fun
mental physical interest since they represent coupling
tween the two extremes of highly localized and strongly c
related 4f electrons of the rare-earth ion and delocaliz
one-electron band states of the host crystal.

The rare-earth ions have found numerous application
modern technology as optically active impurity ions dop
into both insulators and semiconductors. For many of th
applications, knowledge of the position of the localizedf
electronic states relative to the band states of the crysta
host lattice is important for understanding the performa
of an optical material. For example, in solid-state laser m
terials, charge transfer transitions from the excited state
rare-earth ions to the conduction band of the host lattice
ten cause a parasitic absorption that overlaps lasing w
lengths, resulting in crystal heating and a reduction of b
gain and tuning range, and may completely inhibit laser
tion, as for Ce31 and Pr31 in YAG.3–5 Excited-state absorp
tion can also create color centers and optical damage an
the dominant reason for the failure of otherwise promis
tunable blue and ultraviolet laser materials.6,7 In contrast,
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ionization can be beneficial for applications such as propo
optical memories, optical processors, and frequency s
dards based on photorefractive effects or photon-ga
photoionization hole burning, which may employ controlle
ionization of the rare-earth ions for nonvolatile data stora
and processing.8 The one- and two-photon photoionizatio
processes can potentially cause undesirable photodarke
of rare-earth-doped optical fibers and is a mechanism for
generation of optical gratings in these fibers.9 The radiation
hardness of optical materials, which is essential for spa
based applications, is strongly influenced by the energy
the rare-earth ions relative to the host bands. In the partic
case of YAG, some rare-earth ions resist radiation dama
while others suffer damage through oxidation or reduction10

Recent studies suggest that the efficiency of scintillator
phosphor materials is influenced by the position of the 4f n

levels relative to the band states through both ionization
excited rare-earth ions and energy exchange between
states and 4f n states.11,12 In new luminescent materials fo
plasma and flat panel displays, the performance limitati
of potential red and blue electroluminescent materials m
arise from field-induced or thermal ionization of the rar
earth ions.13

Most past experimental and theoretical work to locate 4f n

energies relative to the crystal’s electronic states has focu
on metals and mixed valence materials, particularly ceri
compounds;14,15 however, there have also been notable
forts to characterize the 4f n energies of divalent and trivalen
rare-earth impurities in insulating host materials. X-ray ph
toemission spectra of the valence band and 4f electrons have
been examined by Wertheimet al.16 for the full series of
rare-earth trifluorides, where both the final-state structure
the 4f photoemission and general trends in the 4f binding
energies were noted. Much of the work on optical materi
has involved optical measurements of transition energies
ing excited-state absorption or photoconductivity and h
arisen from the search for blue and ultraviolet laser mater
based on the high-energy transitions of the divalent a
trivalent rare earths.3–5,17,18The need for more efficient phos
phor and scintillator materials has led to measurements of
position of the 4f n levels relative to band states in oxide
containing Ce31, Pr31, Eu21, Yb31, and Lu31 as both im-
purities and host constituents.12,19 Pedrini et al.20 have also
characterized the 4f n levels relative to band states by stud
ing the photoionization thresholds of the divalent rare-ea
ions in several alkaline-earth fluorides and comparing th
to thresholds calculated from an electrostatic point-cha
model.

III. APPARATUS AND SAMPLES

The photoemission experiments were performed on
Iowa State/Montana State ERG/Seya beam line at the U
versity of Wisconsin-Madison Synchrotron Radiation Cent
The Aladdin electron storage ring was operated at 800 M
or 1 GeV and the synchrotron radiation was dispersed wi
combined ERG/Seya monochromator.21 The extended range
grasshopper~ERG! monochromator was used for these e
periments and operated primarily in the energy range
7-2



eV
th
.
d
o
b

be

th
5
b
n

lo
-
ta

eV
7
n

th
lin

e

er
ge

nt

he

w

re
of
re
on

ro

p
e

rin
th
g
Th
ea
b
ct
ob
tia
c
te
ct
n

; a

nta-
ence
ults
tions.
d as
put-
ile

um,
.

the
ge in
ivity
ved

In
rge
in
rds
the
ured
n
the
dif-

in
come
tal
of

eak

ing
n-
rva-
n
osi-
ng

ual
e

e to
Se-
itor

s no
To
ng
ev-
ali-
pec-

a
if-
in

red

on
f

SYSTEMATICS OF 4f ELECTRON ENERGIES . . . PHYSICAL REVIEW B 64 085107
125–185 eV, with the resolution varying between 125 m
and 275 meV, respectively. The focused spot size at
sample position was 1 mm by 20mm for these experiments
The measurement end station on the beamline consiste
three chambers. The air interlock allowed for introduction
a sample from atmosphere into the main analysis cham
without breaking its vacuum. The midchamber located
tween the air interlock and the main chamber was used
outgas the sample and holder before introduction into
main chamber. The main chamber featured a VSW HA
angle-resolved hemispherical energy analyzer on a dou
axis goniometer, a manipulator with three translational a
three rotational degrees of freedom, a sample cleaver, a
energy electron flood gun, an Ar1 sputtering gun, and a mag
nesium evaporator. The analyzer was operated with cons
electron pass energy providing a resolution of 250 m
thus, the total instrumental resolution varied between 2
meV and 375 meV for the photon energies used. The a
lyzer was aligned to collect electrons emitted normal to
sample surface to maximize the photoemission samp
depth, and the photon beam was typically incident at;30 °
from the surface normal.

The materials studied in this work were rare-earth-dop
yttrium aluminum garnets (RxY32xAl5O12), which belong to
the cubic space groupIa3d ~number 230!.22 Rare-earth con-
centrations greater than 5% were required to clearly obs
the 4f photoemission with the current experimental arran
ment. Ions larger than Gd31 could not be doped into YAG
with sufficient concentration for this series of experime
due to the increasing mismatch of ionic radius with Y31,
which limited the materials that could be studied to t
heavier rare-earth ions (Gd31 to Lu31). Measurements were
made on undoped YAG and rare-earth-doped samples
atomic concentrations ranging from 7% (x50.21) to the sto-
ichiometric rare-earth aluminum garnets (x53). The single-
crystal GdAG, TbAG, DyAG, and HoAG samples we
grown from flux by S. Mroczkowski at the Department
Applied Physics, Yale University. All other samples we
single crystals grown at Scientific Materials Corporati
~Bozeman, MT! using the Czochralski method.

Due to the surface sensitivity of the photoemission p
cess, particularly in the 100–200 eV energy range,23 surface
purity was essential. To ensure clean surfaces, all sam
were fracturedin situ using the sample cleaver while th
vacuum in the chamber was maintained at 1029 Torr or bet-
ter at all times. Since YAG has no cleavage planes, fractu
the sample resulted in surfaces with random orientations
were typically uneven across the crystal and of visibly rou
texture. No attempt was made to orient the samples.
photon beam was focused onto the smoothest region of
surface to minimize potential depth of field effects. No o
servable surface contamination was present in any spe
although a broadening of several meV per minute was
served, possibly due to development of deep differen
charging in the sample or relaxation of the fractured surfa
To maintain the best possible surface quality for all collec
spectra, the samples were refractured whenever spe
broadening became apparent. Each new surface was orie
differently due to the unconstrained nature of the fracture
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a result, spectra were collected with several surface orie
tions for each sample. There was no observable depend
on orientation in the experimental spectra, and all res
presented here represent an average over several orienta
Both argon ion sputtering and sample heating were teste
alternate preparation methods; however, we found that s
tering significantly broadened the spectral features, wh
heating tended to produce metallic features in the spectr
presumably from a depletion of oxygen from the surface

IV. SAMPLE CHARGING CONSIDERATIONS

The process of photoemission ejects electrons from
sample being studied and thus generates a positive char
the sample. In metals and semiconductors, the conduct
of the sample is sufficient to compensate any remo
charge and maintain the sample at a uniform potential.
insulators such as YAG, the resistance of the sample is la
enough that a significant positive potential will develop
the region of photoemission. The induced voltage reta
ejected photoelectrons, reducing their kinetic energy at
detector and producing an apparent increase in the meas
binding energies.24 Nonuniform charging of the sample ca
also cause electrons originating from different regions of
sample to experience different retarding potentials. This
ferential charging effect produces an overall broadening
the observed spectrum and may cause peak shapes to be
distorted.25 Sample charging is highly dependent on crys
purity and experimental conditions, and combinations
electron flooding and spectral calibration to a reference p
are commonly used to compensate for its effects.26

For the YAG samples studied, photoemission result
from the applied ultraviolet light rapidly generated a pote
tial on the sample that was large enough to prevent obse
tion of direct photoemission. To overcome this difficulty, a
electron flood gun was used to partially compensate the p
tive charging from photoemission. We found that floodi
electrons with low kinetic energy (;10 eV) minimized dis-
tortion and broadening of the spectral features. Resid
charging shifts varied from a few eV to tens of eV for th
different samples examined and were extremely sensitiv
photon energy, surface orientation, and surface quality.
quences of spectra were recorded independently to mon
time-dependent charging shifts and ensure that there wa
drift of the spectrum during the period of data acquisition.
further minimize the effect of time-dependent chargi
shifts, the maximum acquisition time was restricted to s
eral minutes or less and the spectra were individually c
brated and then averaged together to obtain the final s
trum. The aluminum 2p photoemission peak was used as
reference for removal of relative charging shifts between d
ferent spectra of an individual sample. To check for shifts
the binding energy of the Al 2p peak for different samples
fracturedin situ, magnesium was evaporated onto a fractu
surface of each sample and the position of the Al 2p peak
was measured relative to the metallic Mg 2p peak. The bind-
ing energy reference was established using the comm
method of placing the carbon 1s peak at a binding energy o
290 eV relative to the vacuum level~a value of 285 eV is
7-3
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C. W. THIEL et al. PHYSICAL REVIEW B 64 085107
often used when binding energies are referenced relativ
the Fermi level of the analyzer!.27,28The calibration was de
termined by measuring the positions of the core levels
pure YAG relative to the carbon 1s peak, and then using th
Mg 2p and Al 2p peaks for subsequent binding energy ca
brations. No carbon was observed on any samples fract
in situ; therefore, the binding energies were determined us
the position of the small carbon 1s signal originating from
adventitious carbon contamination on a YAG sample fr
tured in air. The measured binding energy of the center of
Al 2 p peak was 78.8 eV for all samples studied, whi
agrees well with previous x-ray photoemission studies
core levels in YAG.29 Since the precise binding energy
carbon 1s depends on the chemical environment~varying
between 290 eV and 291 eV for hydrocarbon contamina!
~Ref. 27! and contact potentials present in the electron a
lyzer, absolute binding energies determined by calibrating
carbon 1s may exhibit a systematic shift relative to their tru
values; however, any systematic shift in the binding energ
does not affect measurements of relative binding energie

Differential charging was a source of broadening in t
spectra and arose from several sources such as the irre
nature of the fractured surfaces, inhomogeneity in the li
intensity over the focused spot, reduced probability for el
tron escape for ions further from the surface, and elec
fields originating from regions of the crystal not directly
luminated. The differential charging produced low-bindin
energy tails on all of the spectral features as well as an o
all broadening. A broadening that varied from 1.5 eV to 2
eV was observed in all spectra and was primarily attribu
to differential charging, although lifetime broadening cou
also be a significant contribution.

In addition to simple broadening, spectral distortion d
to differential charging was also observed in all spectra. T
most obvious distortion was a double-peaked struct
present in the spectra of all samples for the photoemis
peaks of both lattice constituents and metals evaporated
the crystals. The double peaks had a relative shift that va
from 2 eV to 8 eV and an intensity ratio of roughly 1:5, wi
the weaker feature corresponding to regions of lesser ch
ing. The same relative intensity and energy shift was
served for every photoemission peak in each spectrum
though the values could be significantly different for spec
taken at separate times. The relative intensity and en
shift observed in each spectrum was strongly dependen
all aspects of the experiment including sample alignme
electron gun current, source intensity, photon energy,
surface morphology. This effect was clearly due to differe
tial charging and was attributed to a small transverse in
sity variation over the source beam.

Since the charging distortion varied significantly betwe
spectra, it was necessary to remove this effect from the
to permit the most accurate comparisons and consistent m
surements. The observed peak shapes suggested mod
the measured spectra as resulting from simultaneous ph
emission from two separate regions of the sample with
ferent surface potentials. This model viewed the spectrum
composed of two spectra that were identical except fo
relative shift, different intensities, and a relative change
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broadening. A relative broadening was included to allow
variations in differential charging between the two regions
the sample, with the weaker feature typically broadened b
few hundred meV relative to the stronger feature. This mo
was sufficient to separate the two components present in
spectrum without making further assumptions regarding
actual shapes of the photoemission peaks. A nonlinear fit
routine was used on the relatively sharp Al 2p photoemission
peak in each spectrum to determine the relative shift, int
sity, and broadening of the two components in the mod
This model produced excellent results for removal of t
charging distortion, and the parameters determined from
ting the Al 2p peak were effective in describing the chargin
distortion for all features in each spectrum. Figure 1 sho
an example of this process for 25% Yb:YAG. The distorti
present in the valence band region is relatively small,
must be removed in order to make precise comparisons
tween spectra.

FIG. 1. Example of photoemission spectrum before and a
removal of charging distortion~see Sec. IV!. ~a! The solid line
shows the photoemission spectrum of 25% Yb:YAG (hn
5181.5 eV) which is composed of two components with a relat
charging shift, and the dotted line is the estimate of the sma
component of the spectrum as determined from fitting.~b! The dif-
ference of the two spectra in the upper plot. The model used
determine the shape of the subtracted spectrum forces the two
ponents to be identical except for a relative shift, different inten
ties, and a relative broadening. For this example, the weaker c
ponent@dotted line in~a!# corresponds to the stronger compone
~b! shifted by 4.8 eV, scaled by 0.16, and broadened by 100 m
7-4
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V. ANALYSIS OF 4 f AND VALENCE BAND
PHOTOEMISSION SPECTRA

Photoemission spectroscopy measures the kinetic en
distribution of electrons ejected from a sample exposed
monochromatic light. These energy distribution curves m
be used, together with knowledge of the photon energy
infer the binding energy distribution of the electronic sta
in the sample. In addition to the features arising from
direct emission of electrons from the sample, a backgro
due to inelastically scattered, or secondary, electrons is
present in the photoemission spectrum. This secondary e
tron background was removed from each individual pho
emission peak when comparing and analyzing spectra
subtract the background, the well-known Shirley method w
employed in which the magnitude of the secondary elect
background at any kinetic energy is approximated as pro
tional to the total direct photoemission at higher kine
energies.30 This model was applied iteratively until the es
mated background matched the actual background on
sides of the photoemission peak under consideration.

The photoemission spectrum contains information ab
both the 4f electrons of the rare-earth impurity and the ele
tronic states of the host crystal, allowing the energies of
states to be measured relative to a common reference. In
V A, we outline the use of resonant photoemission to iden
and extract the 4f component of the crystal’s photoemissio
spectrum. Sections V B and V C discuss the analysis of
structure of the 4f and valence band photoemission, resp
tively. In Sec. V D, the binding energy measurements
summarized and discussed.

A. Separating the 4f and valence band photoemission spectra

One of the difficulties in measuring the position of th
4 f n levels using photoemission is that they often overlap
host valence band. To extract the 4f component of the spec
trum, we employed the technique of resonant photoemis
spectroscopy, which exploits resonances in the photoe
sion cross section through the flexibility provided by sy
chrotron radiation.1 For the partially filled 4f shell of rare-
earth ions, a ‘‘giant resonance’’ in the 4f photoemission
occurs for photon energies that excite the atomic 4d104 f n to
4d94 f n11 transition of the ion.2,15,31 This transition energy
lies between 100 eV and 200 eV for the trivalent rare-ea
ions,32 and the technique of constant initial-state-ene
spectroscopy~CIS! ~Ref. 33! was used to locate the precis
position and shape of this resonance for each rare-earth
studied in YAG. CIS measures the photoemission cross
tion as a function of photon energy; thus, the 4f resonance
can clearly be discerned in the CIS spectrum of the vale
band region (;5 eV to ;20 eV binding energy! for pho-
ton energies from 100 eV to 200 eV. An example CIS sp
trum for DyAG is displayed in Fig. 2, as well as photoem
sion spectra taken at four different photon energies rang
from the minimum of the 4f photoemission to the maximum
The shape of the resonance in the 4f photoemission shows
complex structure due to both the 4f level structure and
coupling to the 4d hole, with the individual components ex
hibiting a distinctive Fano line shape resulting from interfe
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ence between the resonant 4d to 4f Auger component and
direct 4f component of the photoemission.1,34 This interfer-
ence effect causes the total 4f photoemission to be initially
suppressed and then enhanced as the photon energy
creased. Because of the relatively large change in thef
photoemission cross section over this region, the 4f compo-
nent may be extracted by subtracting a spectrum taken a
minimum of the 4f photoemission from a spectrum taken
the maximum, scaled by a factor to compensate for the sm
change in the valence band cross section,35 as shown for 7%
Gd:YAG in Fig. 3. The scaling factor, with typical values o
1.0–1.1, is necessary to ensure that the valence band co
butions in both spectra are equal and therefore cancel w
taking the difference. The precise values of the scaling f
tors were determined by measuring the CIS spectra of b
the valence band and Al 2p peak in undoped YAG and the
using the measured photoemission intensity of the Alp

FIG. 2. The 4d to 4f resonance in the 4f photoemission of
DyAG. ~a! The constant-initial-state energy spectrum~CIS! of the
valence band region~5–20 eV binding energy! of DyAG showing
the 4d to 4f resonance in the 4f photoemission. The dashed lin
shows the trend of the combined valence band and 4f cross section
outside of the resonance. The four dotted vertical lines indicate
photon energies used in generating the 4f spectra (hn1

5149.5 eV, hn25150.5 eV, hn35157.5 eV, and hn4

5161.0 eV). ~b! The energy distribution curves~EDC’s! corre-
sponding to the four photon energies indicated in the CIS spectr
The photoemission spectra have all been normalized to the inte
of the Al 2p peak and the charging effects have been removed
discussed in Sec. IV.
7-5
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peak in each spectrum to normalize for both the overall e
tron yield and changes in the valence band cross sec
Because the photon energy dependence of the cross se
was determined from undoped YAG, any potential resona
in the valence band resulting from hybridization of thef
electrons with the valence band was ignored; neverthel
this effect should be small since mixing of the 4f n states
with the valence band is expected to be negligible. Once
4 f spectrum was obtained, an estimate of the valence b
spectrum was acquired by subtracting the small 4f compo-
nent from the spectrum taken at the minimum of thef
photoemission.

For Lu31, an alternate method was necessary to obtain
4 f spectrum since there is no 4d to 4f transition because o
the filled 4f shell. The Lu31 spectrum was extracted by u
ing the different photon energy dependence of the pho
emission cross sections of the rare-earth 4f electrons and
valence band electrons, which are primarily of oxygenp
character in YAG.36 Over the energy range of 100–200 e
the 4f cross section remains nearly constant while the o
gen 2p cross section rapidly decreases.37 As a result, the
Lu31 spectrum may be obtained by subtracting a spect
taken at low photon energy from a spectrum taken at h

FIG. 3. Example of extracting the 4f component of the photo
emission spectrum.~a! Spectra taken at the minimum (hn
5144.0 eV) and maximum (hn5148.5 eV) of the 4f photoemis-
sion for 7%Gd:YAG. The spectra have been scaled so that the
lence band component has the same amplitude in both spectra~b!
The difference of the two curves in~a! gives the Gd314 f photo-
emission.
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photon energy, scaled such that the valence band contr
tions are equal in both spectra.

Once the photon energies corresponding to the minim
and maximum of the 4f photoemission were determined
spectra were taken for several photon energies between t
extremes and compared in a pairwise manner to produ
series of 4f spectra. All generated 4f spectra were compare
for consistency in both the removal of charging effects a
compensation of the different valence band cross secti
Final 4f spectra were generated for each sample by ave
ing the 4f spectra obtained from each pair of photon en
gies. Since any peculiarities in the spectra due to charg
distortions or calibration errors were usually different f
each spectrum, the averaging process tended to reduce
tortions to a simple broadening that minimized the possi
ity of systematic errors. The 4f spectra for a representativ
concentration of each rare-earth ion studied are given in
4, along with the spectrum of undoped YAG.

B. Analysis of 4f photoemission final-state structure

The 4f photoemission spectra show structure that exte
over a range of up to 10 eV corresponding to excitation

a-

FIG. 4. Representative data for each ion studied. Solid li
represent measured 4f photoemission spectra with the seconda
electron background subtracted and dotted lines are fits to the
oretical final state structure~see Sec. V!. The vertical lines represen
the underlying energy level structure and their height repres
their relative contribution to the photoemission~only states that
contribute more than 0.1% are shown!. The valence band of YAG
has been plotted for reference, with the position of the valence b
maximum shown as a vertical line.
7-6
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upper electronic states of the tetravalent rare-earth ions38,39

This structure arises because the photoemission process
leave the emitting ion in an excited state, reducing the kin
energy of the ejected electron, and therefore resulting in
apparent increase in binding energy due to the final stat
the system. The contribution to the photoemission spect
from each final state can be described by the projection
the 4f n ground-state wave function—with a single electr
removed—onto the electronic states of the 4f n21 configura-
tion; thus, the energy levels of the tetravalent ion each c
tribute to the observed photoemission to a varying deg
The relative magnitude of each level’s contribution to t
photoemission spectrum was estimated using the fracti
parentage method described by Cox.40 The relative energies
of the components present in the photoemission final-s
structure are given by the energies of the 4f n21 levels of the
tetravalent ion, which may be approximated by the we
known level structure of the isoelectronic trivalent ion,41 ex-
panded by 5%–15% to account for the enhanced effec
nuclear charge of the tetravalent ion.39 This approximation of
the tetravalent energy levels and their relative contributi
to the photoemission structure is sufficient for quantitat
interpretation of the 4f photoemission spectra and determ
nation of 4f binding energies.

The parameter of greatest interest for this study is thef
ionization threshold—the energy required to remove onef
electron and leave the remaining tetravalent rare-earth io
its ground state. Although the low-binding-energy edge
the 4f photoemission gives a rough estimate for the ioni
tion threshold, broadening obscures the exact location,
quiring a method for determining the binding energy of t
ground-state component of the final-state structure to fa
tate a quantitative analysis of the results. To obtain a pre
measurement of the 4f ground-state binding energy, the th
oretical final-state structure of the 4f photoemission, includ-
ing spin-orbit splittings, was fit to the observed 4f photo-
emission. The fitting process adjusted the energy, inten
and broadening of the theoretical final-state structure
match the observed spectra. The energy scale factor du
the enhanced effective nuclear charge was also allowe
vary within the expected range of values during the fitti
process since the exact values are not known. The fit of
theoretical final state structure to the observed 4f spectrum is
displayed in Fig. 4 for each rare-earth ion studied, where
dotted line is the fit and underlying tetravalent energy lev
are shown as vertical lines. The height of each vertical l
represents its relative contribution to the photoemission
only states that contribute at least 0.1% to the total inten
are shown. By matching the predicted spectra to the m
sured spectra, particularly for the low-binding-energy reg
of the 4f photoemission, the binding energy that correspo
to leaving the tetravalent ion in its ground state was e
mated and compared to the energy of the VBM. The agr
ment between the predicted structure and data is not pe
due to approximations in the calculation of the final-st
structure, residual valence band contributions, and distor
from differential charging. Using more accurate wave fun
tions in the calculations of the final-state structure would a
improve the agreement, particularly for terbium;39 however,
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this description of the final-state structure is adequate to
termine the energy of the ground-state component with
estimated accuracy of several hundred meV. For m
samples, the 4f spectra appeared to exhibit an addition
broadening of 0.5–1.5 eV relative to the broadening of
valence band and core levels, possibly due to change
differential charging and calibration between the differe
spectra used to generate the 4f spectra or lifetime broaden
ing of the 4f photoemission.

C. Analysis of valence band photoemission

Since we are interested in measuring the energies of
4 f electrons relative to the band states, as well as the eff
of the rare-earth doping on the host lattice, an estimate
the binding energy of the VBM is required for each mater
studied. The photoemission spectrum of undoped YAG
plotted in Fig. 5, with the charging effects and second
background removed. The VBM corresponds to the lo
binding-energy edge of the valence band but experime
broadening obscures the exact location, making a pre
measurement difficult. To overcome this difficulty, the o
served valence band photoemission was compared to t
retical calculations. The theoretical shape of the vale
band photoemission was estimated from the atom-reso
partial density of states calculations of Xu and Ching36

weighted by the calculated atomic photoemission cross
tions from Yeh and Lindau.37 The theoretical cross sectio
broadened by 1.8 eV gave excellent agreement with the
perimental data, allowing an estimate for the underlyi
VBM to be obtained. Using this method, a value of 8.7 e

FIG. 5. Circles represent the measured photoemission spec
of undoped YAG (hn5125.0 eV) with the secondary electro
background subtracted. The dotted line is proportional to the th
retical valence band photoemission cross section at this photon
ergy obtained using the results of Refs. 36 and 37. The solid lin
the theoretical shape broadened by 1.8 eV and scaled to matc
experimental data. By comparing the theoretical curve to the d
an estimate of 8.7 eV is obtained for the binding energy of
valence band maximum.
7-7
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was determined for the binding energy of the VBM. A sim
lar procedure was performed to determine the position of
VBM for each sample studied.

No significant dependence on crystal orientation was
served in the spectra, and the measured results represe
average over several random crystal orientations. This re
is expected since the top of the valence band in YAG is v
flat, with maximum variations of less than a few hundr
meV throughout the Brillouin zone.36 A flat valence band is
characteristic of yttrium and aluminum oxides and impl
that the relative energy of the VBM and 4f n states has very
little orientation dependence in this class of materials.

D. Results of measurements and analysis

The measured binding energies of the 4f n ground states
are given in Table I for all samples studied. Since the VB
exhibited a constant binding energy for all samples to wit
the experimental accuracy, and energy differences are u
fected by errors in absolute calibration, the position of
4 f n ground states are referenced relative to the VBM bind
energy of 8.7 eV. Of the ions studied, Tb31, which was 700
meV above the VBM, was the only ion with its 4f n ground-
state energy within the host band gap. The 4f n ground states
of all other ions studied were degenerate with valence b
states, with Lu31 having the lowest ground-state energy
4.7 eV below the VBM.

To study the effects of concentration on the energy le
structure of the samples, rare-earth concentrations var
between pure YAG and the stoichiometric rare-earth alu
num garnets were examined. Although information about

TABLE I. Measured 4f electron ground-state binding energi
~BE! relative to the valence band maximum for all samples stud
Following the usual sign convention for binding energies, posit
values lie below the valence band maximum and negative value
within the band gap.

Dopant ion Concentration D BE (eV)

Gd 7% 4.8
Gd 100% 4.4
Tb 100% 20.7
Dy 100% 1.5
Ho 100% 2.1
Er 30% 2.5
Er a 30% 2.3
Er 50% 2.5
Er 100% 2.1
Tm 10% 2.1
Tm 100% 1.9
Yb 10% 2.8
Yb 25% 3.0
Yb 50% 3.0
Yb 100% 3.0
Lu 50% 4.7
Lu a 70% 4.7
Lu 100% 4.6

aMeasured in 30% erbium doped lutetium aluminum garnet.
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valence band could be obtained from all samples, the lim
tions of the experimental arrangement prohibited extract
of useful 4f spectra for samples with concentrations low
than 5%. A comparison of the 4f spectra of each ion for
different concentrations revealed that, while the photoem
sion intensity was roughly proportional to the concentrat
as expected, the 4f binding energies were unchanged with
the experimental accuracy of several hundred meV for
full range of concentrations studied. Additional compariso
of measurements on erbium-doped yttrium aluminum gar
and erbium-doped lutetium aluminum garnet did not rev
any significant shift in the Er31 binding energy. This may
also be viewed as a lack of concentration dependence w
the yttrium has been replaced by lutetium rather than
particular rare-earth ion being studied.

The results discussed above indicate that binding ener
obtained for one concentration may be used as an estim
for all concentrations, to within the current experimental a
curacy of several hundred meV. Further measurements
required to determine whether there are observable con
tration shifts in other materials, with effects more likely to b
observed for materials where the rare earths substitute
ions with a significantly different radius or materials
which the rare-earth ions compose a large fraction of the h
volume.

Except for slight changes in the overall shape, the vale
band remained essentially unchanged by the addition of r
earth ions, and the valence band maximum maintained a
stant binding energy within the experimental accuracy. T
dominant oxygen 2p character of the electronic states com
prising the valence band, particularly in the low-bindin
energy region, might explain the limited effect of the rar
earth ion concentration.36 In contrast, the strong yttrium an
rare-earth character of the low-energy conduction band st
might predict a dependence on both rare-earth ion and c
centration for the band gaps of the materials.

VI. SYSTEMATIC BEHAVIOR OF THE 4 f BINDING
ENERGIES

There are several approaches to modeling the binding
ergies of localized electronic levels in a crystalline enviro
ment such as density-functional theory,42 the renormalized
atom approach,43 thermodynamic arguments,44 and electro-
static methods.28 One model applicable to localized levels
an ionic host lattice is the electrostatic point-charge mod
which was first applied to the estimation of ionization thres
olds by Pauling.45 Various versions of this model have sinc
been used to predict the relative binding energies of c
levels, absolute binding energies of electrons, excited-s
absorption energies, and photoionization thresholds.17,18,20,46

The essence of this model is to consider the lattice as c
sisting of point charges with integer valence, and then
calculate the shift in binding energy resulting from the ele
trostatic interactions between the ion and host. In this p
ture, we view the free-ion electron binding energy—whi
by definition is measured relative to the vacuum level—
being shifted by the electrostatic potential, or Madelung p
tential, of the lattice site that the ion occupies. Other effe

.
e
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that must be considered in these calculations include~in or-
der of decreasing importance! polarizability of the lattice,
distortion of the lattice site due to the presence of the im
rity, interatomic Born repulsive energies, and van der Wa
forces. These terms are generally of significant magnit
compared to the total binding energy, with the final res
arising through partial cancellation of relatively large en
gies with opposite signs, requiring that all effects be cal
lated precisely. Because of this complexity, calculations
absolute binding energies based on this method are gene
of limited accuracy and difficult to extend to more than a fe
materials because of the amount of information needed
accurate calculations.

A. Shift of the ionization potential

Regardless of the accuracy in predicting absolute bind
energies, one significant consequence of an electros
model is that the differences in binding energies for differ
ions should be approximately equal regardless of the h
material. These binding energy differences are most ea
found from differences of the known trivalent rare-earth fre
ion ionization potentials,47 which correspond to 4f electron
binding energies in the free ions. The shielded nature of
4 f electrons in the trivalent rare-earth ions should provide
ideal case for application of this model, whereas, for m
ions, this is an oversimplification due to the electronic m
ing with the lattice~covalency! and the changes in the ioni
and electronic radii. To test this approximation, we ha
compared the differences in published values of the free
ionization potentials to the measured 4f binding energies in
YAG. This is shown in Fig. 6, where our measurements
represented by circles on the plot and the shifted free
ionization potentials correspond to the dotted line. The u
form binding energy shift was determined by shifting t
average of the free-ion ionization potentials to the averag
the measured binding energies, resulting in a shift of 31.6
This simple model gives reasonable agreement with the
perimental data to within the combined error bars of the p
lished values for the ionization potentials and the experim
tal error in determining the binding energies. Due to t
phenomenological nature of this model, it has the potentia
describe effects not incorporated in an electrostatic mod

The agreement between the simple electrostatic mo
and the measured binding energies suggests several me
for estimating the 4f electron binding energies for a series
ions from a single measurement. For example, measurem
for one rare-earth ion in a material should give an estim
for the energies of all the rare-earth ions by considering
differences in the free-ion ionization potentials. Since t
method relies on the similarity in ionic radii, the accuracy
the estimate would decrease for larger changes in the i
radius. For materials in which the rare-earth ion substitu
for yttrium, which has an ionic radius similar to the ra
earths, the electrostatic model suggests the possibility of
timating rare-earth binding energies from the shift in the
trium ion binding energies. This method would use the
trinsic yttrium ion in a host crystal as a ‘‘probe’’ fo
determining the effective electrostatic interactions at the
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tice site, and then use this information to predict the effec
the lattice on the binding energies of a rare-earth ion pla
at that site. For trivalent yttrium, the least bound electro
belong to the filled 4p shell, with a free-ion ionization po-
tential of 61.8 eV.48 The photoemission spectrum of the y
trium 4p electrons shows the final-state structure due to
spin-orbit splitting of theJ53/2 andJ51/2 levels, where the
splitting is 1.2 eV and theJ53/2 level is the ground state o
the ionized yttrium.49 Thus, in a manner similar to the
method used for rare-earth ions, the electron energy that
responds to leaving the tetravalent yttrium ion in its grou
state may be determined by measuring the position of
4p3/2 level from the photoemission spectrum. In oxides, t
oxygen 2s peak lies a few eV below the yttrium 4p peaks,
requiring that the oxygen and yttrium peaks be fit simul
neously. 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-io
value, which agrees well with the 31.6 eV shift measur
from the rare-earth ions. In the simplest approximation,
binding energy shift should be uniform for all core leve
allowing an estimate to be obtained from the shift of one
the well-resolved core levels. For example, the measu
3d5/2 peak in YAG is at 162.5 eV and should be;132.7 eV
from 4p3/2,49 giving a shift of 32.0 eV. This agreement su

FIG. 6. Systematic behavior of 4f binding energies relative to
the valence band maximum. Circles represent our measured bin
energies relative to the VBM~at 8.7 eV!; negative binding energies
are within the band gap of the host and positive energies are be
the VBM. The dotted line is the fit of the empirical model to o
measured values without considering the effect of ionic radius.
solid line is the fit of the model to our measured values includ
the effect of ionic radius. The error bars on the model are due
uncertainty in the values of the free-ion ionization potentials and
error bars on the extrapolated values for Eu31 through Ce31 include
the uncertainty due to the accuracy of the fitting parameters.
triangles represent estimated positions from excited-state absor
and photoconductivity measurements in Refs. 4, 5, and 20.
diamond is the estimated position in EuGG from Ref. 52. Note t
the bottom of the conduction band lies at about26.5 eV.
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gests that analysis of the undoped host’s photoemission s
trum may be sufficient to predict the 4f electron energies o
the rare-earth ions with an ionic radius similar to yttrium’

B. Effect of ionic radius

The electrostatic model may also be used to extrapo
our observed binding energies in YAG to the lighter ra
earth ions, but the effect of the change in ionic radius m
be included in the model to obtain accurate estimates for
with a radius significantly different from yttrium. This effec
arises primarily from the distortion of the lattice site caus
by the presence of the rare-earth ion and was first consid
by Pedriniet al.17 for the case of divalent rare-earth ions
the fluorides, where it was found to be important for descr
ing the observed 4f photoionization thresholds. Any chang
in the ionic radius affects all of the terms in the electrosta
model through the corresponding changes in bond length
a result, theoretical calculations of this effect would requ
precise knowledge of the lattice distortions induced by
presence of the impurity ion. Fortunately, the change in io
radius across the rare earths is small enough to allow the
effect to be modeled as linear in ionic radius. This appro
mation allows the proportionality constant to be treated as
empirical parameter that can be determined from meas
ments on two different ions, with comparison of Ce31 and
Lu31 giving the best estimate. Since this approach to
electrostatic model only contains two unknown paramet
measurements on two different rare-earth ions in an io
host should be sufficient to predict the positions of all t
remaining ions in that host, even when substituting for io
with a significantly different radius.

Using the two-parameter model, we extrapolated our m
surements for YAG to the lighter rare-earth ions as shown
Fig. 6. This empirical model is given by the following equ
tion: E4 f5I 2EL1aR(R2R0)2EVBM , whereE4 f is the 4f
binding energy relative to the VBM,I is the free-ion ioniza-
tion potential,EL is the intrinsic electrostatic effect of th
lattice (EL531.6 eV), aR is the binding energy shift pe
unit change in ionic radius,R andR0 are the effective ionic
radii of the trivalent rare-earth and yttrium ions in eightfo
co-ordination (R051.019 Å),50 andEVBM is the binding en-
ergy of the valence band maximum (EVBM58.7 eV). The
dotted line in Fig. 6 corresponds to this model with a co
stant binding energy shift (aR50), and the solid line corre
sponds to the full model (aR5” 0). The error bars in Fig. 6
represent the uncertainty in the free-ion ionization potent
for the ions studied, while the error bars on the extrapola
values for Eu31 through Ce31 also include the uncertainty in
the extrapolation due to the accuracy of the two fit para
eters. The effect of the ionic radius was determined by fitt
our data to the linear model for the deviation from the fre
ion ionization potentials, weighted by the accuracy of t
free-ion ionization potentials used in the model. The res
ing fit to our measurements indicates anaR58.3 eV/Å ef-
fect in YAG arising from the change in ionic radius. Th
causes the estimated binding energy of Ce31 to be increased
by 1.0 eV and the estimated binding energy of Lu31 to be
reduced by 0.35 eV. The origin of this shift can be und
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stood in terms of the effect on the ion’s nearest neighbors.
increase in ionic radius increases the distance to the n
tively charged neighbors, therefore reducing the nega
electrostatic potential at the rare-earth site and increasing
energy required to remove a 4f electron, while the opposite
is true for a decrease in radius. A change in radius affects
polarization and repulsive energies as well as the elec
static potential, but the change in lattice potential should
the dominant contribution to the observed shifts.

It is important to note that although the electrostatic poi
charge model provided the motivation for describing thef
binding energies with a two-parameter model, the limitatio
of the electrostatic model do not necessarily apply to
empirical model. An empirical treatment avoids weaknes
of the electrostatic point-charge model, such as failure
consider covalency in the lattice, details of the charge dis
bution, and modifications of the atomic contributions to t
binding energy. The two-parameter model allows the effe
of these processes to be incorporated into the empirical c
stants even though they cannot be adequately treated w
the theoretical framework of a purely electrostatic mod
The success of this empirical picture of the rare-earth bi
ing energies is derived from the well-known chemical sim
larity of the rare-earth ions and their similar response to
host lattice. Thus, we expect that the empirical tw
parameter model will have much wider applicability than
purely electrostatic model, allowing an extension to a w
range of materials, possibly including materials with sign
cant covalency such as semiconductors.

C. Comparison with optical measurements and extension
to related hosts

Excited-state absorption and photoconductivity measu
ments on Ce:YAG and Pr:YAG allow comparisons to
made with the extrapolation of our measurements using
empirical two-parameter model. Estimates for the energie
Ce31 and Pr31 relative to the VBM from these publishe
results are included in Fig. 6. Given that both of these te
niques involve transitions to the conduction band of the ho
knowledge of the band gap is necessary to determine
energies relative to the VBM. The photoconductivity me
surements of Pedriniet al.20 on Ce:YAG show that Ce31 is
3.8 eV below the conduction band; thus, since the band
of YAG is 6.5 eV,51 this places the 4f n ground state at 2.7 eV
above the VBM, which agrees with the value of 2.4 e
60.3 eV extrapolated from our measurements. Excited-s
absorption measurements have been made on both Ce31 and
Pr31 in YAG, although in both cases the absorption thres
olds occurred below the measured energy ranges, requ
that the position of the rare-earth ion relative to the cond
tion band be estimated by extrapolating the low-energy
sorption signal back to its onset. In Ce:YAG, Hamiltonet al.4

estimated that Ce31 was 2.5 eV above the VBM, which is in
good agreement with both the photoconductivity measu
ments and our estimate. Although there has been some
certainty as to whether the observed excited-state absorp
and photoconductivity signals in Ce:YAG corresponded
direct transitions to the conduction band or to higher ra
7-10
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SYSTEMATICS OF 4f ELECTRON ENERGIES . . . PHYSICAL REVIEW B 64 085107
earth configurations, such as 4f n216p1, the agreement be
tween the estimated thresholds and the energies extrapo
from our photoemission measurements supports the con
sion that the final state is indeed the conduction band.6 For
Pr:YAG, Cheung and Gayen5 proposed that Pr31 was 1.2 eV
above the VBM, which is larger than our estimate
0.4 eV60.3 eV. This discrepancy could be attributed to t
combined errors in the measurements; however, it may
indicate either that the excited-state absorption threshol
Pr:YAG is due to the upper 4f n215d1 levels or crystal de-
fects rather than the conduction band or that the Pr31 ioniza-
tion potential used in our model is too large. Further m
surements on Pr31-doped materials can be used to provide
quantitative analysis of the model’s predictions for Pr31 and
the consequences for Pr:YAG.

The 4f binding energy of Eu31 relative to the VBM in
europium gallium garnet~EuGG! as determined from photo
emission measurements is also included in Fig. 6
comparison.52 Although the binding energies will be shifte
relative to YAG, the effects on the VBM and 4f binding
energies are expected to be relatively small due to the sim
structure of the materials. Since the largest effect on the e
trostatic potential should arise from nearest-neighbor io
we may make a rough estimate for the energy shift of thef
binding energy by comparing the change in bond leng
between the two materials with the observed effect of io
radius in YAG. The increase in average yttrium-oxygen bo
length in YGG compared to YAG is half of the change
bond length between YAG and GdAG.53 Given that the esti-
mated shift between YAG and GdAG due to the change
bond length is less than 300 meV to higher binding ene
~usingaR58.3 eV/Å), weestimate that the 4f binding en-
ergy in EuGG might only be 100–200 meV larger than
EuAG. The effect on the VBM is more difficult to estimat
but is probably at most a few hundred meV. The measu
value of ;3.4 eV below the VBM in EuGG is shifted to
higher binding energy as expected but is still within the u
certainty of the predicted value of 2.8 eV60.6 eV in
EuAG, implying that the difference in relative binding ene
gies between the two crystals is at most several hund
meV.

The extrapolation of our photoemission results using
empirical model offers an opportunity to consider implic
tions for the important solid-state laser material Nd:YA
The predicted energy of the Nd31 ground state is 900 meV
below the VBM in YAG, which places the 4f n ground state
at 7.4 eV below the bottom of the conduction band. T
shows that the single-photon absorption threshold from
Nd31 ground state to the host conduction band is expecte
occur at an energy significantly higher than the fundame
absorption of YAG. Ionization of the Nd31 through a multi-
photon process involving 1.064mm photons would require
a very-low-probability five-photon absorption from the upp
laser level, and even the high-energy photons of a flashla
pump source would lack sufficient energy to ionize af
electron. Thus, the large 4f binding energy of Nd31 in YAG
clearly contributes to the well-known efficiency and res
tance to optical damage exhibited by high-power Nd:YA
laser systems. Since the measured binding energy of thef n
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ground state of Yb31 is even larger than for Nd31, ionization
would be even less likely to occur in high-power Yb:YA
laser systems.

The success of these comparisons suggests that fu
studies of additional host compounds will rapidly lead to
clearer picture for the effect of the host lattice on thef
electron binding energies. That broad picture of the el
tronic structure of rare-earth-doped optical materials w
motivate fundamental theoretical analysis and will be
rectly useful for designing new optical materials.

VII. CONCLUSION

Photoemission spectroscopy is a useful tool for locat
the energy of localized rare-earth impurity levels relative
host band structure in optical materials. In particular,
ability to measure energies of electronic states relative t
common reference avoids many of the difficulties in inte
pretation that are present in optical methods and provi
information that complements excited-state absorption
photoconductivity measurements. Using synchrotron rad
tion, resonances in the 4f photoemission cross section, suc
as the 4d to 4f ‘‘giant resonance,’’ may be exploited to
uniquely identify the 4f component of a photoemission spe
trum from the often-overlapping host valence band. The a
ity to separate the 4f spectrum from the host spectrum a
lows the relative binding energies of the valence ba
maximum and 4f electrons to be determined. This ener
separation is a material parameter that is important for m
technological applications of optical materials, such as so
state lasers, phosphors, scintillators, electroluminescent
vices, rare-earth-doped optical fibers, optical memories,
optical processors.

To explore the systematics of the binding energies of
rare-earth 4f n electronic states relative to the host valen
band, we have performed resonant photoemission spec
copy on a series of rare-earth ions doped into yttrium alu
num garnet. The binding energies of the 4f ground state and
the valence band maximum were measured for rare-e
ions from Gd31 to Lu31 at atomic concentrations varyin
from 7% to 100%. No concentration dependence of the 4f or
the VBM binding energies was observed, suggesting t
measurements for a single concentration are sufficient to
cate the binding energies for samples of any concentrat
however, we might expect a noticeable effect on the cond
tion band, which is primarily formed from cation electron
states in an ionic host. To test this, a series of experime
using a technique complementary to photoemission, suc
inverse photoemission or photoconductivity, will be require

To explain the relative binding energies of the differe
rare-earth ions, we employed an empirical model for the
fect of the host lattice on the ion’s binding energy. Th
model describes the differences in binding energies of
rare-earth ions as due to differences in free-ion ionizat
potentials, modified by a smaller effect due to the variat
in ionic radii. Fitting the measured binding energies ga
good agreement, with a 31.6 eV shift of the free-ion ioniz
tion potentials and an additional 8.3 eV/Å effect arising fro
the difference of the rare-earth and yttrium ionic radii. Th
7-11



ie
a
s

h
re
h
e

re
e
r
r
-
u

e
d
e

e
e

e
d
ti
n
o
u
-
a
y

e
tiv

ng

se-
a
ls.
c-
e
f
is-
uc-
at
ips
ied
be
-

ible
ri-
or

d-
this
,
t
g
e
1,

ial
ce
is
tion
-

C. W. THIEL et al. PHYSICAL REVIEW B 64 085107
model was supported by further comparison with energ
obtained from published photoconductivity and excited-st
absorption measurements. The empirical model’s succes
describing the systematic trends in 4f binding energies indi-
cates that measurements on two rare-earth ions in the
may be sufficient to predict the energies of all other ra
earth ions in that host, particularly if the accuracies of t
free-ion ionization potentials used in the model are improv
by further comparison with measurements.

Another consequence of this model is that, when ra
earth ions substitute for ions of similar radius, it may b
possible to obtain preliminary estimates of the rare-ea
binding energies through measurement of the binding ene
shift of the host crystal’s intrinsic ions. This method is mo
tivated by the ionic nature of the rare-earth bonding in ins
lating optical materials and allows the rare-earth energies
be estimated from examination of the photoemission sp
trum of the undoped host crystal, providing a quick an
simple technique for surveying potential rare-earth-dop
materials.

Additional data with more accurate measurements of el
tron binding energies will permit a detailed analysis of th
empirical two-parameter model and test the range of mat
als for which it is applicable. Development of improve
methods for charge compensation and reducing differen
charging while ensuring maximum uniformity in the photo
beam intensity will improve the accuracy and sensitivity
the photoemission measurements. By comparing meas
ments in different materials with the empirical model, im
proved estimates for the free-ion ionization potentials m
be obtained and used in the model to increase the accurac
its predictions. Study of new materials will undoubtedly r
veal lattice-dependent trends that will enhance the predic
power of the empirical model.
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Much work is still needed to advance the understandi
of relationships between localized 4f electrons and the crys-
tal band states. Measurements over the entire rare-earth
ries in many different host materials are required to build
more complete picture of rare-earth-doped optical materia
Comparison of experimental results with theoretical predi
tions will provide insight into the electronic structure of th
crystal lattice and provide guidance for calculations o
lattice-dependent properties. By supplementing photoem
sion with complementary techniques such as photocond
tivity, excited-state absorption, bremsstrahlung isochrom
spectroscopy, and inverse photoemission, the relationsh
and interactions between rare-earth ions and the occup
and unoccupied electronic states of the host crystal may
thoroughly explored. With sufficient data to guide the theo
retical treatment of these processes, it may become poss
to better understand the properties of current optical mate
als as well as direct the development of new materials f
specific applications.
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