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Excited-state absorption of Eu +-doped materials
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We have investigated the excited-state absorption spectra of four Eu +-doped materials: CaF2, SrF2,
SrClz, and LiCaA1F6. The excited-state absorption in the emission region of each material is similar in
nature to that previously observed for CaF2, and is suggested to arise from a 5d ~ (conduction band)
transition. An electrostatic model for the onset of this type of transition is successful in predicting
trends among difterent hosts.

I. INTRODUCTION

Eu + energy levels

Excited state

Ground State

ESA

Emission

The bright blue luminescence characteristic of Eu +-
doped materials has enticed many researchers to search
for blue laser systems based on this divalent ion. Howev-
er, no one has reported gain in any of the numerous of
hosts in which Eu + can be incorporated. An explana-
tion for the lack of gain came from Owen, Dorian, and
Kobayasi' who found strong excited-state absorption
(ESA) in the emission region of CaFz.Eu . Recent stud-
ies have found similar ESA features in alkali halide
hosts, although the emission region was not actually stud-
ied in these cases. Unfortunately, the presence of Eu +

clusters and varied charge compensators serve to confuse
the interpretation if these ESA spectra. Here, we sys-
tematically investigate the nature of the ESA observed in
several different hosts in order to better understand
whether the mechanism which inhibits the gain in

CaF2..Eu + affects all Eu +-based systems.
Based on the oscillator strength, width, and spectral

position of the ESA band, Owen, Dorain, and Kobayasi'
tentatively suggested that the ESA transition was due to
the transfer of an electron from the 5d orbital of the im-
purity ion to the conduction band (CB) of the host (Fig.
l), although he also discussed the possibility of it arising
from a 5d -5d-type transition. This 5d —+ CB assignment
relied heavily on the theory developed by Pedrini,
McClure, and Anderson, which estimated the position of
the divalent impurity's energy levels in the band gap of
the host. Although transitions in which an electron
transfers from an impurity ion to the CB of the host have
commonly been observed in semiconductors, it remains
an unusual feature to be observed for impurity ions doped
into insulators. In fact, it represents one of the few in-
stances of localized ~ delocalized transitions seen in in-
sulators.

During the course of our previous work on Sm +, we
observed an ESA band similar in nature to that seen for
Eu +. Although the ESA does not overlap the emission
region in CaFz..Sm + and does not prevent gain, basic
similarities of Eu and Sm + (such as the ground-state
electronic configurations being 4f and 4f, respectively)
suggest that the insights gained for Sm + may be directly
applicable to Eu +. We have shown that the onset of the
5d —+CB transition for Sm + in various Auorite hosts can
be predicted using an electrostatic model originally
developed to model the photoionization thresholds of di-
valent ions in fluorite hosts. Here, we attempt to expand
on previous calculations in order to model the onset of
the ESA band for Eu + in various hosts.

II. BACKGROUND

A. Electronic configuration

FIG. 1. The energy levels of Eu + reside in the band gap of
the host. Excited-state absorption (ESA) defeats gain when the
wavelength of a transition between the excited state and the
conduction band overlaps that of the emission.

The bulk of information about rare-earth ions concerns
the trivalent ions, since the 3+ oxidation state is the en-
ergetically preferred valency. However, Eu +, Sm +, and
Yb are known to have stable divalent states. A survey
paper recently written by Rubio summarizes much of
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the spectroscopic information available for these divalent
ions.

The free ion energy levels for Eu + were obtained by
Sugar and Spector and are shown in Fig. 2. The
ground-state electronic configuration of Eu + is that of a
half-filled 4f shell, i.e, 4f . This results in a S7&z level
for the ground state. The next 4f manifold ( P~) lies ap-
proximately 28000 cm ' higher. The lowest-lying 4f 5d
levels begin near 34000 cm ' and are labeled HJ for the
free ion. The 4f Sd levels experience much more
crystal-field splitting than the 4f levels due to the in-
creased spatial extent of the Sd orbital (thousands of
cm ' vs hundreds of cm '), and often are the metastable
state, or the lowest excited state, when the free ion is in-
corporated in a crystalline host.

Much of the information available for Eu + is for the
ion in alkaline-earth Auorides or alkali halides. ' The
initial interpretation of the data for crystals confirmed
the presence of a low-lying 4f Sd band, which is found to
be much more sensitive to the crystal-field efFects than
levels arising from the highly shielded 4f orbitals. Al-

though the broad bands apparent in the absorption and
emission spectra of alkali and alkaline-earth halide crys-
tals were quickly associated with the 5d orbital (see for
example Ref. 10), the structure of the bands and the com-
plex coupling of the 4f and 5d orbitals at first was not
well understood. Yanase and Kasuya' refined the sug-
gestion made by Freiser, Methfessel, and Holtzberg' that
the interactions between the Sd and 4f electrons are
small and can be neglected to first order, by showing that
a fortuitous cancellation of the multipole-multipole
Coulomb interactions and the anisotropic exchange in-
teractions occurs. They also noted that conventional
L,S-coupling schemes could not be usefully applied to a
system where the cubic crystal-field shifts are as large or
larger than the shifts due to I.S coupling, since the
crystal-field splitting of the 5d states is usually larger
than 1 eV in cubic hosts. Thus, the notation for the
4f Sd bands in crystalline hosts that we use is not the
standard L,S notation, but is based on the description of
the 4f Sd state developed by Yanase and Kasuya.

In Yanase and Kasuya's description of the 4f 5d state,
the e6'ect of the crystal field on the 5d electron is first
considered and noted to split the 5d orbitals into two
components, t2 and e . The isotropic part of the ex-
change interaction between the 5d and 4f electrons re-
sults in an exchange splitting into states with total spins
of S=—,'and —', . Thus, for the absorption spectra of Eu +

in the fiuorite structure hosts studied (as shown in Fig. 3),
the lowest energy band arises from the state described by
the notation ~4f ( FJ) e, S=—', ). Note that the lowest
energy configuration corresponds to the situation where
the FJ(4f ) state couples to the Sd e orbital such that
all the spins are parallel.

The relative strength of the various electron interac-
tions was supported by the electron spin resonance mea-
surements of the metastable 4f 5d level of Eu + in CaFz,
SrF2, and BaF2 by Chase. He interpreted his results as
resulting from a large crystal-field splitting of the 5d elec-
tron and a considerably smaller coupling of this electron
to the 4f configuration. In addition, he found the ex-
change coupling on the same order as the spin-orbit cou-
pling for the 4f Sd configuration. Weakleim, Anderson,
and Sabisky ' also substantiated this type of coupling
scheme by calculating the relative magnitude of the
Coulomb and exchange interactions in the crystal envi-
ronment. They showed that existing data was consistent
with the coupling scheme outlined above.
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FICJ. 2. The free-ion energy levels of Eu'+ [after Sugar and
Speetor (Ref. 9)].

B. Existing ESA measurements

Previous ESA measurements of Eu + exist, which be-
gin to explain the reasons behind the lack of gain for
Eu +-doped materials. Table I summarizes much of the
relevant work reported to date. Owen, Dorain, and
Kobayasi' suggested that the ESA band seen in
CaFzEu + might be due to a Sd ~ conduction band (CB)
transition. Since then, Merkle, and co-workers ' have
studied the Eu +-doped salts and have seen a similar
ESA band in KBr, KCl, NaCl, and NaF. Data recorded
by Nagli and Karklinya for KCl:Eu + convict somewhat
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from Merkle's results but again document the presence of
a broad ESA band.

Several aspects of these data are remarkable. The large
cross section, broad width, and the large shifts in position
of the transition are very unusual for transitions involv-
ing rare-earth ions. The cross section are as large or
larger than those for the allowed 4f Sd -transitions (which
are typically on the order of 10 ' cm ). Both the full
widths at half maximum (FWHM) and the host-
dependent energy shifts in the position of the peak are on
the order of an electron volt. These values are not typical
for the localized transitions involving rare-earth ions.
(Note that the broadest 4f —«5d absorption bands are
only about 0.5 eV wide. ) However, the strength and
width of the ESA bands are consistent with a transition
involving the transfer of an electron. For this type of
transition, large dipole moments would by typical and
widths would be on the order of the conduction or
valence bandwidths.

TABLE I. Summary of ESA data reported to date for Eu +

in various hosts.

Host ESA band properties
Onset Peak FTHM

(energies in eV)

Peak cross
section

(10 ' cm )

CaF2'
NaClb
KC1'
KClb
KBr
NaF"

1.7
& 3.1

& 3.1

1.9

2.4
4.2
4.2
4.0
4.1

2.6

0.8

0.8
1.1
1.0
1.0

28
(5—12)
0.7

(7—13)
(10—19)

0.6

'Reference 1.
Reference 2. Values in brackets reAect uncertainty in the quan-

tum efticiency.
'Reference 3.
Reference 4.
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Figure 4 describes schematically the difference in the
two types of electron-transfer transitions that may exist.
The analogy with transitions typically observed in semi-
conductors is apparent here. Charge-transfer transitions
involve an electron from the valence band of the host be-
ing transferred to the impurity ion. This process corre-
sponds to acceptor transitions and sometimes results in
the subsequent formation of an exciton in semiconduc-
tors. The other possibility involves the transfer of an
electron from the impurity to the host. This is the type
of transition Owen, Dorain, and Kobayasi, tentatively
proposed to explain the origin of the ESA band observed
in CaF2.Eu +. Although these two types of transitions
are similar, they behave in opposite ways with respect to
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FIG. 3. Absorption and emission spectra of the four materi-
als investigated in this study [spectra of CaFz, SrF2, and SrC12
after Kobayasi, Mroszkowski, and Owen (Ref. 24); LiCaAlF6
data was from our measurements].

FICs. 4. Two possible transitions can occur involving the ex-
change of an electron between an impurity and the host medi-
um. The electron can be transferred from the valence band of
the host to the impurity, possibly forming an exciton (i.e.,
charge-transfer transition) or the electron can be transferred
from an impurity ion, whose energy level reside in the band gap
of the host, to the CB (i.e., as occurs in the 5d ~CB transition).
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changes in the host or impurity. For example, if the
halogen in the host is changed from fluorine to chlorine,
the increased polarizability and enlarged lattice constant
tend to increase the energy separation of the impurity en-

ergy levels from the conduction band of the host, while
decreasing the gap from the valence band. A charge-
transfer transition would therefore decrease in energy,
while a impurity ~ host transition would increase in en-

ergy in passing from a fluoride to a chloride host medi-
um.

C. Photoconductivity thresholds

Since the depth of the ground state of the ion in the
band gap of the host plays a central role in determining
the position of the ESA band, we have included published
data (Table II) available on the photoconductivity thresh-
old of the ions in the various hosts, including both
the theoretical and observed values. The close associa-
tion of the ESA and photoconductivity data lies in the
dependence of both processes on the transfer of an elec-
tron from the impurity to the CB of the host. In photo-
conductivity measurements, the depth of the ground state
from the CB is directly measured as the amount of opti-
cal energy required to ionize the impurity and produce a
source of measurable current in the sample. Since we
know the energy difference of the ground 4f and meta-
stable 4f 5d states of the impurity ion from absorption
and emission data, the photoconductivity threshold al-
lows us to estimate the onset of the 5d ~CB transition.
Unfortunately, photoconductivity measurements are sen-
sitive to the presence of impurities and defects in the
sample. The threshold measured is that of the first
species in the sample to ionize. If that species is not the
one intended for study, the results of the photoconduc-
tivity measurements are confusing and open to misinter-
pretation.

Experimental photoeonduetivity data exist for many of
the divalent ions in various fluorite hosts. Early measure-

ments by Pedrini, Rogemond, and McClure of the photo-
conductivity threshold of Eu + in fluorite were
significantly lower than predicted. However, recent stud-
ies by Fuller and McClure of selective photoionization
in the codoped SrFz.Eu, Sm system showed that the pho-
toionization of Eu in SrFz actually had a much higher
threshold than originally measured. They suggested that
the lower value reported for the earlier data was associat-
ed with a fluorine compensated Eu + ion. New measure-
ments have not been reported on CaFz.Eu + although a
similar situation may also exist here. Data for the alkali
halides recorded by de Ca.reer, Cusso, and Jaque pro-
vide values of the photoionization threshold very similar
to the alkaline-earth halides, although calculations using
similar models for the two crystal structures produces
very different magnitudes for the thresholds of the alkali
halides. The actual electrostatic model used in these cal-
culations and the possible source of the large discrepancy
in the calculated and observed thresholds will be dis-
cussed in detail below.

D. Exciton luminescence

An interesting situation occurs in BaFz..Eu + and
CdFz. Eu + that further illustrates the unique role the CB
plays in the transitions of Eu + in crystalline hosts. Pho-
toconductivity measurements of CdFz. Eu +

by
Godlewski et al. and of BaFz.Eu +

by Moine, Pedrini,
and Courtois ' showed that the 4f Sd levels of Eu + ac-
tually reside in the CB of these crystals. Furthermore,
the emission from BaFz.Eu + suffers an anomalous red
shift. In this system, photoionization of the Eu + ion re-
sults in an electron being transferred from the impurity
to the CB of the host. There it is quickly trapped into a
large orbit by the attractive potential of the Eu + ion to
form an exciton. The emission occurs when the exciton
collapses back to the Eu + ion.

TABLE II. Summary of photoconductivity data reported to
date for Eu + in various hosts.

Host
Photoionization
threshold (eV)

Calc.Obs.

CaF
SrF2
NaCl
KC1
KBr
NaF

(3 8)'
47'
4.5
4.4'
37d

5.25b

4.45b

6.6—8.0'
6.7—8.5'
7.0—9.0'
4.9—6. 1

'This result may be due to an anomalous site; subsequent study
is needed.
Reference 27.

'Reference 29.
Reference 28.

'Reference 2.
'Reference 4.

III. PUMP-PROBE EXPERIMENT

We recorded the pump-probe spectrum for Eu in
CaF2, SrF2, SrC12, and LiCaAlF6 (LiCAF) over a broad
spectral range (from approximately 250 to 800 nm). CaF2
SrFz, and SrClz all possess the fluorite crystal structure
and the effec of the impurity ion on the characteristic
distances of the lattice is well understood. The rare-earth
ion occupies the metal site and is surrounded by the
halides in eightfold coordination. LiCaA1F6, in contrast,
has the colquiriite (ABCF6) structure. The divalent
rare earth will occupy the Ca + site and see a sixfold
coordination of fluorines. With this selection of hosts, we
can examine both the result of systematic changes in the
eightfold-coordinated anion environment within a single
structure (i.e. , fluorite) and also the result from the
change of both the coordination (eightfold~sixfold) and
structure (fluorite ~colquiriite).

In order to cover a broad spectral range, we used two
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separate pump-probe arrangements. The arrangement
shown in Fig. 5 used a flashlamp probe to cover a broad
spectral region, although the flashlamp lacked sufficient
spectral intensity in the emission region to overcome the
background generated by fluorescence from the sample.
Fortunately, the fluorescence only effects data collected
inside the emission region, leaving a large spectral region
of use to the experimenter. The light transmitted by the
sample was collected into a spectrometer, whose output
was recorded by an EGA.G Princeton Applied Research
optical multichannel analyzer (OMA). The spectrum was
obtained in the presence and absence of the pump by the
OMA and later transferred to an IBM computer, which
calculated the pump-probe spectrum.

In order to study the emission region, we used a dye
laser probe arrangement (Fig. 6). Di6'erent spectral re-
gions could be reached either by choosing the appropri-
ate blue dye (Coumarin or Stilbene), or by frequency con-
verting one of the efficient Rhodamine dyes to produce
tunable blue light. The frequency conversion schemes
used potassium dihydrogen phosphate or P-barium
borate to double the dye output or to mix the dye output
with one of the Nd:YAG harmonics. The methods em-
ployed to produce the laser probe resulted in a variety of
output powers ranging from millijoules for the Coumarin
dyes to microjoules for the least efficient mixing schemes.
Probe intensity fluctuations and the probe transmission of
the sample were monitored by Molectron J-3 pyroelectric
detectors unless the lack of sensitivity required the use of
voltage biased diodes. The diodes were operated in a re-
gion where the linearity of the response was verified. The
outputs of the detectors were collected by Standard
Research Systems (SRS) boxcar averagers. Data were re-
trieved from the boxcars using a SRS computer interface
connected to an IBM computer via a National Instrum-
nets general purpose interface bus. The computer inter-
face also allowed the computer to control scanning of the
dye laser and the opening and closing of various shutters.
Data were collected for the pumped and unpumped state
and recorded as

Nd: YAG
pumgp Sampl

Spectrograph

trigger

Flashlamp

Gate
circuit

Opticai
multi~annot

analyzer

Computer

FIG. 5. Flashlamp probe experimental arrangement.

Ad = ln(I~/I—„),
where I and I„are the intensities of the transmitted
probe with and without the pump overlapped spatially

M
Nd:YAG = Dye laser

I

Interf

Computer

FIG. 6. Laser probe experimental arrangement.

and temporally.
The information generated by both arrangements was

merged into a single representation by scaling the various
segments from the different dyes or from the flashlamp,
taking care to match the magnitude and slope of the
spectrum in the regions of overlap. When no overlap ex-
isted between two adjoining regions, we attempted to ex-
trapolate through the missing region in a reasonable
fashion.

IV. PUMP-PROBE SPECTRUM

Our results are shown in Fig. 7. Comparison with the
absorption data (Fig. 3) demonstrates that the ground-
state bleaching feature at 350 nm reproduces the absorp-
tion band faithfully. Slight evidence of a negative feature
in the emission region (noted by the asterisk at 420 nm)
suggests that the magnitude of the emission cross section
is significantly smaller that of the absorption cross sec-
tion. However, in each of the four hosts, a prominent
ESA band overlaps the emission region.

The onset of this band differs strongly from host to
host. The ESA spectrum that we recorded for
CaF2.Eu + agrees closely with the spectrum originally
taken by Owen, Dorain, and Kobayasi. ' The onset of the
ESA band occurs at approximately 1.7 eV. The peak
ESA cross section appears to be approximately 3.5 times
the magnitude of the ground-state bleaching feature at
350 nm. The peak cross section for the ground-state ab-
sorption feature was measured by Arkhangelskaya,
Kiselyeva, and Shraiber' to be 7.3X10 ' cm . This im-
plies that the peak cross section of the ESA band is ap-
proximately 2.6X 10 ' cm, in very close agreement
with the value reported by Owen, Dorain, and Kobayasi'
of 2. 8X10 ' cm .

In SrF2..Eu +, the onset of the ESA band is shifted over
a hundred nanometers to the red, beyond the range
which the OMA spectrometer was configured to detect.
It appears that the ESA band begins around 850 nm, or
1.5 eV. The peak cross section of the ESA band is ap-
proximately 1.5 times the magnitude of the ground-state
bleaching feature. The width of the band has also in-
creased from that seen in CaF2. This may be due to an
increase in the width of the CB in SrF2 vs CaF2. In
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SrC12.Eu +, the onset of the ESA band is shifted to much
higher energies than either of the other two fluoride
hosts, but still overlaps with the emission region. We es-
timate the onset of the ESA band to occur at 2.1 eV. The
peak ESA cross section in this host is about 3 times the
magnitude of the ground-state belaching feature. The
width of the ESA band in this case appears comparable
to that in CaF2. Assuming that the ground-state absorp-
tion cross section in both of these hosts is comparable to
that measured in CaFz, we estimate the peak ESA cross
section in SrF2 and SrC12 to be 1 X 10 ' and 2X 10
cm, respectively.

The crystal-Geld strength of LiCaA1F6 is much less
than the fiuorite hosts, shifting the absorption and emis-
sion deeper into the untraviolet. The onset of the ESA
band occurs at the highest energy among the hosts stud-
ied; it is near 2.2 eV. The peak ESA cross section is only
40%%uo of the magnitude of the ground-state bleaching
feature. Based on an inductively coupled plasma-mass
spectrometry measurement of the europium concentra-
tion and measured optical density, we determined the

1.0—

0.5—

0.0

0.5—

b) KH:Srf

value of the ground-state absorption cross section at 299
nm to be 4.3X10 ' cm . This implies that the peak
ESA cross section is approximately 1.7X10 ' cm . In-
terestingly, the magnitude of the ESA band is much
smaller in LiCaA1F6 than in the fluorite hosts. This sug-

gests a basic difference in the nature of the hosts strongly
affects the strength of the ESA transition. The Eu + ion
substitutes for the Ca + ion in LiCaA1F6 and is surround-
ed by Auorine ions. In contrast to the fluorite hosts, the
nearby metal ions are not alkaline-earth metals, but the
highly ionic Li+ and Al + ions. The increased ionic
character of these ions possibly leads to a reduced level of
overlap with the Eu +Sd orbital. The overall effect of
these ions on the structure of the conduction band, the
Eu +5d orbitals and, ultimately, the Sd —+CB transition,
is not readily obvious.

V. ANALYSIS

We used the electrostatic model developed previously
by Pedrini, McClure, and Anderson to predict photoion-
ization thresholds for divalent rare-earth ions in fluorite
hosts in order to better understand the existing ESA data
and to explain our results. In essence, the electrostatic
model places the ground state of the rare-earth ion in the
band gap of the host (E„;) by modifying the free-ion ion-
ization potential (I ) to account for the stabilization ex-
perienced by the ground state of the impurity ion in the
host medium. This stabilization consists of the Madelung
potential present at the impurity site (E ), a correction
to this potential to compensate for the polarizability of
the anions (Ez ), and a correction term to account for the
changes in lattice distances that results from the substitu-
tion of the impurity for a host ion (bE):

E;=I —(E +E )+b,E .

We can gauge the distance of the 4f 5d excited state
from the CB by subtracting the energy of the metastable
5d level (E,„) from E;, the value calculated with the
electrostatic model:

c) SH+:SrCI~
esa pi Eex (3)

0.0

d) EW:LICaAIFI

0

-6.0—

-1.0—
I

CN 600
WSVIIOflgth {Illll)

FIG. 7. Results of the pump-probe experiment show that the
onset of the prominent ESA band varies widely with different
hosts. The asterisks denote the peak positions of the emission
bands.

It is difFicult to extend the electrostatic model to situa-
tions other than that for which it was originally intended,
i.e., divalent ions in fluorite hosts. When modeling the
stabilization that a divalent ion encounters when substi-
tuted into the metal site in a fluorite host, no charge com-
pensation is involved and the extend of lattice relaxation
due to the incorporation of the impurity ion was known
from previous work. Thus, the description of the local
environment of the rare-earth ion could be modeled accu-
rately. The issues are much more complex in other cases,
where for example, a divalent ion replaces a monovalent
ion in an alkali halide with a rocksalt structure.

In order to use the electrostatic model for Eu +-doped
alkali halides, Merkel assumed a simple charge compen-
sation mechanism of a vacancy on a nearest neighbor cat-
ion site. A major difhculty arises, however, in approxi-
mating the lattice relaxation around the impurity ion.
Merkle established limits for the possible values by calcu-
lating the onset of the ESA with no change in lattice
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TABLE III. Analysis of observed Eu + ESA band in various
hosts (all energies in eV).

Host

CaF2
SrF2
SrClz
LiCaAlF6
NaCl
KCl
KBr

Measured
ESA band

onset

1.7'
1.5'
2.1'
2.2'

& 3.1'
& 3.1'

Eesa
calc.

(Ep, —E,„)
2.3
1.6
3.2

1.6
1.5
0.7

obs.

47

4.5'
4.4'
3.7'

E.
calc.

53

6.2b

3.0
3.1

3.0
3.4
2.9
2.9
3.0

'Reference 1.
Reference 26.

'This work.
Reference 28.

'Reference 3.
'Reference 27.

spacing, and again assuming that the equilibrium dis-
tances relax to those characteristic of the stoichiometric
rare-earth dihalide (see Table II). This model does not
correctly predict the onset of the ESA band, but does pre-
dict trends similar to those seen in the data. The large
magnitude of the discrepancy originally led Merkle to
consider charge transfer as the ESA mechanism, but the
decrease in onset energy in going from bromide to
chloride makes the assignment seem improbable.

In light of the difficulty in using the electrostatic model
to estimate the depth of the ground state from the CB,
the measured photoionization thresholds for Eu + in the
alkali halides may instead be used to predict the onset
of the ESA band for Eu + in these materials. In fact,
these data suggest that values calculated based on the
electrostatic model overestimate the photoionization
threshold by several electron volts.

The results of our calculations are given in Table III.
The trends in the observed onset energies agree with the
trends in the calculated measurements. Also included in
the table are our estimates for the onset of the ESA band
in the alkali halides based mainly on the measured photo-
conductivity thresholds (although the calculated E;
values were used for CaF2 and SrC12).

VI. DISCUSSION AND CONCLUSION

We have measured the pump-probe spectrum of Eu +

in four hosts: CaF2, SrF2, SrClz, and LiCaA1F6. In each
case, a strong, broad ESA band overlaps the emission re-
gion, preventing gain. The ESA band seen in CaF2 is
consistent with the one reported by Owen, Dorain, and
Kobayasi. ' The strength, width, spectral position, and
shape of the ESA band in each host suggest that the same
type of transition is occurring in each case. The most
likely source of the ESA band was suggested by Owen,
Dorain, and Kobayasi as the transfer of an electron from
the Eu + 5d orbital to the CB of the host.

The shift in the onset of the ESA band differs widely
from host to host, although the trends are consistent with

our ability to judge the depth of the 5d levels from the
conduction band using the electrostatic model developed
by Pedrini, McClure, and Anderson. In fact, the calcu-
lated onset of the ESA band for SrF2.-Eu + agrees closely
with the measured onset. The agreement based on calcu-
lated photoionization thresholds for the other fluorites
does not agree as closely, in general overestimating the
value of the onset, although closely rejecting the trends.
Without values for the onset of the ESA band in the al-
kali halides, it is dificult to do more than estimate the be-
havior of the ESA band. Nevertheless, the electrostatic
model results in reasonable values for the ESA band in
the alkali halides.

Our ability to model this transition is limited by the
sparseness of existing knowledge about the interactions
between the impurity and the CB of the host. This is one
of the few cases of localized ~ delocalized transitions
observed in insulators. We have found that the concepts
developed for modeling the measured photoionization
thresholds were critical in understanding the trends in
the data. The 5d~CB ESA band may be, in fact, per-
vasive among the states of the divalent rare-earth ions
where the Sd orbital plays a prominent role.

The photoionization problems experienced by Ce +

lasers probably have their origin in the ESA transition
described here. Although YLF:Ce and LaF3.Ce have
been shown to lase, ' YLF:Ce in particular is plagued
by problems due to photoionization. The pump-induced
loss in this system was studied by Lim and Hamilton
who determined that the loss mechanism involved a tran-
sition from the Sd level of Ce + to the CB. Other at-
tempts at finding a laser based on Ce + included studies
of YAG and CaF2. ' These studies have also noted a
strong ESA band identified with a 5d —+ CB transition.
In fact, Owen, Dorain, and Kobayasi' studied the ESA of
YAG:Ce + as well as CaF2:Eu + and found strong simi-
larities between the two ESA transitions. They conclud-
ed with a general statement which emphasized the impor-
tance of the CB of the host in determining whether
excited-state absorption would prevent laser action.

If the positive characteristics of the 5d ~4f transition
are to be fully exploited, we must explore the behavior of
the Sd~CB transition in detail. The results presented
here add a major piece to the existing puzzle. The onset
of the ESA band can be shifted by a suitable choice of
host. The reduced oscillator strength of the ESA band in
presence of the sixfold coordination and crystal field ex-
perienced by Eu + in the colquiriite structure demon-
strates the sensitivity of the ESA band to the choice of
the host medium. Whether the reduction is due to the
change in symmetry, difference in overlap of the ion and
anion orbitals, or some other effect is not clear from our
data. However, the width and strength of the band
makes it difficult to shift the onset past the emission re-
gion for Eu +. Thus, it appears unlikely that any host
exists in which Eu will demonstrate gain.
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