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Spectroscopy and calculations for #N—4fN~15d transitions of lanthanide ions in LiYF,
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Excitation spectra of transitions between thé'4nd 4N~ 15d configurations of C&, P£*, and Nd* in
LiYF, have been measured using UV and VUV synchrotron radiation. Both zero-phonon lines and vibronic
bands are observed. The energy levels and transitions intensities are reproduced by a theoretical model that
extends established models for thE'4configuration by including crystal-field and spin-orbit interactions for
the 5d electron and the Coulomb interaction between tifieedd 5 electrons.

I. INTRODUCTION vibronic bands are compared with the experimental data.

Over the past several decades energy levels and transition

intensities for the &\ configurations of lanthanide ions in a Il. EXPERIMENT
variety of solids have been characterized and understood in
terms of detailed theoretical modélg Since the 4N tran- Excitation spectra for LiYF crystals doped with G&,

sitions consist of sharp lines, a large number of energy angr* and Nd* were measured at liquid helium temperature
intensity measurements may be obtained from each spegt the HIGITI UV/VUV beamline at the DESY synchrotron
trum. The transitions between thé™configuration and the laboratory by monitoring #V~15d—4fN emission. The ex-
4fN-15d configuration have not received as much attentionperimental methods have been described previoudlge
This is partly because the transitions generally lie in the UVmeasurements reported here are from powder samples, so the
and VUV regions, making them experimentally less accesspectra are unpolarized.
sible. In addition, since thed orbitals are much more ex- The experimental spectra are the solid lines in Fig. 1. The
tended than the #orbitals, most of the intensity is in broad energy scales for the three ions are displaced so that for each
vibronic bands, making the spectra more difficult to analyzejon the first zero-phonon lines for thef™—4fN~15d tran-
Recently there has been considerable interest in UV angjtions are at the same horizontal position. This makes the
VUV spectra of lanthanide compounds as part of the effort ticommon structure of the fd~15d configurations apparent.
design new phosphors for lamps and displays. |n the S, site symmetry of the " sites that the C& ions
4fN—4fN"15d spectra of lanthanide ions in LiyFand  substitute into the &' configuration is split into five doubly
other hosts have been measured at the HIGITI facility at thelegenerate crystal-field levels and this is what is observed
DESY synchrotron laboratoryBoth absorption and emis- for Ce**, as will be discussed in detail below. The excitation
sion SpeCtra for transitions W|th|nfﬁ and between ﬂ\‘ and monochromator used on the Synchrotron beamline is Opti_
4fN~15d have been obtained for most lanthanide ions inmized for the VUV region and the relative intensities of the
several host crystals. lowest two bands in the Gé spectrum are not accurately

; N N-1 " ;
Most modeling of 47« Af g_d% transitions has either meaqyred by this equipment. Measurements with more con-
been for simple one-electron casespr has treated the ex- ventional equipment give a much higher intensity for the

cited configuration as adbelectron, which couples strongly lowest-energy banésee, for example, Refs. 7 and)13he

to the lattice, p!us a ﬂ“. core™ However, there is signifi- band at 46 000 cm' does not appear in the spectra of Refs.
cant Coulomb interaction between thé dnd & electrons, . . .
7 and 13 and is probably a defect or impurity. Fo? Pand

so this is a rather poor approximatithas illustrated by a a4 . I .
recent analysis of excited-state absorption spectra®f Pr Nd there'|s additional structure that, as we d|§cuss below,
LiYF 411 can be attributed to the presence df dectrons in the ex-

In this paper we demonstrate that the energy levels anfitéd configuration.

transition intensities of the 4'—4fN~15d transitions for

ce*t, P, and Nd* in LiYF, can be consistently modeled

by extensions to the standard calculations fét 4o include ll. THEORY

the 4fN~15d states. Literature values of atomic and crystal-

field parameters for thefd' configuration are used and other ~ To calculate the #~15d energy levels the established
atomic parameters for thef¥15d configuration are esti- theoretical model for &V energy levels must be extended.
mated by standard atomic calculatibhand crystal-field pa- The energy levels of the fd' configurations of lanthanide
rameters for the & electrons are fitted to the €e spectrum. ions in solids may be parametrized by a Hamiltonian that
Calculated energies and intensities of zero-phonon lines andescribes the atomic interactions within the ion and the
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FIG. 1. Experimental and simulated spectra for thé" 4
—4fN~15d excitation of (8 C€", (b) PP, and (c) Nd®" in

HA(ff)=Ek Fk(ff)fk(ff)+g’(ff)ASO(ff)+a(ff)L(L+1)
+B(FH)G(G,) + ¥(FH)G(Ry) + X, TH(FH)t(ff)

+§k) PK(FF)pe(F)+ 2 MI(FHm(Ff), 2
J

wherek=2, 4, 6;i=2, 3,4, 6, 7, 8; anfl=0, 2, 4. Both the
notation and meanings of the various operators and param-
eters in this expression are defined according to standard
practice? The FX(ff) parametrize the Coulomb interaction
between the fl electrons. Thex(ff), B(ff), andy(ff) pa-
rameters are associated with two-electron correlation correc-
tions to the Coulomb repulsion. Th&'(ff) parametrize
three-electron correlation. The parameféff) parametrizes
the spin-orbit interaction, th@X(ff) electrostatically corre-
lated spin-orbit interaction, and thel!(ff) spin-spin and
spin-other orbit interactions. F&t<3 the three-body opera-
torst;(ff) cannot contribute and fal<2 there is no con-
tribution from the Coulomb interaction, the spin-spin inter-
action, or the spin-other orbit interaction, and the only
atomic interaction in this Hamiltonian is the spin-orbit inter-
action.

The H(ff) operator is defined to represent thriso-
tropic components of th@ne-electroncrystal-field interac-
tions, and may be expressed in the following form:

HCF(ff):; Ba(ff)CI(f1), 3
q

where theB';(ff) parameters contain the radially dependent
parts of the one-electron crystal-field interactions, and the
ClI(ff) are spherical tensor operators acting within tti& 4
electronic configuration. The allowed valueskodre limited

to 2, 4, and 6. The site symmetry of théYsites in LiYFy,

for which the lanthanide ions substitute,3s. In this sym-
metry the allowed values af are limited to 0, and-4. In
many treatments the symmetry is approximated by ,?
since the deviation fronD,4 is small. In that case only real
parameters witly=0 are required. All reported calculations

LiYF,. In each case the solid curve is the experimental spectrumjp, this paper use this approximation, which will be discussed
the vertical lines are predicted positions of zero-phonon lines, withygre fully below.

heights proportional to predicted intensities, and the dashed curve is The values for the atomic and crystal-field parameters
a simulated spectrum, including zero-phonon lines and vibronig, .o heen established in a wide variety of crystals. For the

bands.

crystal-field interaction with the host lattié&. This Hamil-
tonian may be written as

H(Ff)=HA(FF)+Hep( F), (1)

LaF; host parameters are available for the entire lanthanide
series: Parameters for most lanthanides in LiyBre also
available? though these have not been the subject of such a
consistent study as for LgF

For the excited &N~ '5d configuration theH (ff) Hamil-
tonian discussed above still contributescept in the case of
Ce**, where the excited configuration isd%. However,
since one of the #lelectrons has been excited to @ érbital,
there are several additional contributions to the Hamiltonian.

whereH(ff) denotes an “atomic” Hamiltonian defined to The atomic Hamiltonian is supplemented by the spin-orbit
include all relevant interactiorsxceptthose associated with interaction for the 8 electron and the Coulomb interaction
nonisotropic components of the crystal-field potential, andbetween the 8 electron and the # electrons(in the cases
Hce(ff) is the crystal-field interaction defined below. The whereN>1). We define the additions to the atomic Hamil-

atomic Hamiltonian is expressed explicitly as

tonian as
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TABLE I. Observed and calculated energies for tltesbates of

HA(fd)=2 Fk(fd)fk(fd)+z Gj(fd)gj(fd) Ce" in LiYF,, in cm L. The energies given here are for the zero-
K ! phonon lines. Apart from the first state, these have been deduced by
+(dd)Add) (4) assuming a 400 cnt displacement between the zero-phonon lines
S )

and the peak of the vibronic band. Octahedral ang ifreducible
with k=2, 4, andj=1, 3, 5. TheFk(fd) and Gi(fd) are  representations for the states are given.
direct and exchange Slater parameters for the Coulomb ir=

teraction between thef4and 5 electronst? The 7(dd) pa- Experimental Calculated Octahedral 5D
rameter is associated with the spin-orbit interaction of td_e 5 33433 33433 E r,
glectron. The 8 electron is also affected by the crystal-field 41101 41090 E T's
Interaction 48564 48590 T, r,
50499 51093 T, I's
HCF(dd)zkE Be(dd)C{(dd), (5) 52790 52178 T, I,
q

with k=2 and 4, and the same restrictions gnas for

Hce(ff). -
_ . . . then used for the P¥ and N&* calculations.
The 4™ %5d configuration has a higher average energy The transitions from & to 4fN~15d are electric-dipole

than the 4N configuration. This energy difference contains o : :
oo . : S allowed and it is straightforward to calculate the matrix ele-
contributions from several sourc&sjncluding kinetic en- LS .
: ; : ments of the electric dipole moment operator for the transi-
ergy, Coulomb, andisotropig crystal-field effects. These jons. This is in contrast to transitions within thé™con
effects cannot be distinguished experimentally and can b " ! .
iguration, for which a much more elaborate calculation is

fﬁ:ﬂgﬁ:ﬁg;&goxggztfhéoo‘;;;%ﬁ ftgfti%(cfii(;)g%rg;?)vx/lir:h necessary.However, because thedSorbitals are more ex-
' ' tended than the # orbitals, there is a displacement of the

unit matrix elements for #~15d and zero matrix elements o - : . :
for 4f\ equilibrium p95|t|on§ of the Ilgand§ in t_he exmte? states and
Sincé the 4N and 4/N-15d configurations have opposite most of the intensity is in the vibronic bants** In our
arity. there is no Coulomb con% uration interacr'zir())n be_modeling we made the standard approximation that the in-
Fweex;{ them. However. the odd- aritg crvstal-field interactiontenSitieS of the vibronic bands are proportional to the squares
: L EN—1 parity cryst: . of the electric dipole moment operator evaluated between the
can couple the # and 4fN~15d configurations. This con-

tribution to the Hamiltonian is initial and final electronic states.

to the C&" spectrum. These crystal-field parameters were

IV. RESULTS

Hee(fd)=2 Bg(fd)C{o(fd), (6) , o
kq Experimental spectra and the results of our simulations

A _ _ are presented in Fig. 1. The solid curves are experimental
W'trlk_l' 3, and 5. Fof5, or Dyg Symmetryq is restricted — gnecirg Calculated positions and intensities of zero-phonon
to £2. This mixing of configurations is one of the Major jines are indicated by vertical lines. The dotted curves are
contributions to electric dipole transition intensities within ;.\, jated spectra that approximate the vibronic bands by
the 4f" configuration? However, as we shall discuss below, Gayssian curves, displaced from the zero-phonon lines by
it has only a small effect on the spectra considered in thi$;ng cn? with width 1200 cm® with intensity propor-
work. . ) ! tional to the zero-phonon lines. There are many vibrational

In our calculations we used establishetlZrystal field modes for LiYF; crystal€® and the spectra contain superpo-

N ; A
para_met_eﬁsand 4 atomic parametefb_FOr Cé the de-  gjtions of several vibronic progressiotfsgiving rather fea-
termination of crystal-field parameters is difficult, due to theeless vibronic bands.

limited number of energy levels in thef% configuration.
The analysis of Ref. 13 is based on a limited number of -
optical and EPR measurements. We found that crystal-field A.Ce
parameters reported for forPrin LiYF, gave ground-state The excitation spectrum of the €e emission in
eigenfunctions almost identical to the eigenfunctions derived.iYF,:Ce** is shown in Fig. 1a). The five strongest bands
in Ref. 13. Since in this work we only consider spectra thatare assigned to f4—5d vibronic progressions. Only the
involve transitions from the ground state, we used those pazero-phonon line for the first band is seen. The other
rameters in our final calculations. zero-phonon lines lie in the conduction band, so photo-
For 4fN~15d, we used literature values for the parametersionization gives lifetime broadening and no sharp zero-
in Ha(ff) for the same ion. These parameters are not rephonon line can be observed. The widfthll width at half
quired to be identical for the ' and 4N~!5d configura- maximum (FWHM)] of all the bands is approximately
tions but there is not enough information in the spectra ta1200 cm ! and the peak of the first band is offset from the
definitively test the effect of varying these parameters fromzero-phonon line by 400 cnt. Since the width of the bands
the 4fN values. ForH ,(fd) we used atomi¢Coulomb and is constant, it is a reasonable assumption that the peaks of the
spin-orbiy parameters calculated from standard atomic comfour higher-energy bands are offset by this same energy from
puter programé? The only fitted parameters in our calcula- the (unobservel zero-phonon lines. With this assumption
tions are theB'é(dd) crystal-field parameters, which we fitted we obtain the energies given in Table | for the zero-phonon
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TABLE II. Energy parameters forid' and 4"~ *5d configura-  cajlculations of excited-state distortions of 3Cesystems
tions of Cé", PP*, and Nd" in LiYF,. Units are cm*. See text  have been recently publishBdhe splitting could be better
for details. reproduced by doubling the spin-orbit parametgdd).
However, experimental spin-orbit parameters for thg 5

ce” Pe™ N configuration® are similar to those quoted in Table II, so
F2(ff) 68878 73018 such a large spin-orbit parameter seems unlikely.
F4(ff) 50347 52789 Our calculations make two approximations that might be
FS(ff) 32901 35757 expected to have an influence on the quality of the fit. The
a(ff) 16.23 21.34 first approximation is that the site symmetryls, whereas
B(FF) —566.6 —593 the .a.ctual site symmet.ry i5,. I2 S, symmetry th_ere is an
¥(ff) 1371 1445 addmonal parameter since 'FPB;‘(dd) pgrar_neter is not re-
T,(ff) 208 stng:ted to be real.' The additional contrlbutlpns to the Hamil-
T4(Ff) 35 tonian from Io_vvermg the symmetry 8, are imaginary off? _
TL(F) 59 diagonal matpx elements who;e influence on the energies is
To(F) P only subtly @fferent from the mflugnce of thg,4 Ham!l-
T.(FF) 332 tonian and, in f_act, a suitable rotation about thaxis will
To(ff) 305 ellmlnate 6the |magLnary part. of one pf the parameters
() 614.9 7517 885.3 34(”).’ B4(ff), or.B4(dd), so if we consider the & con-
Mo(FF)2 208 511 figuration in isolation, the reductlo_n 18, symmetry has no
P,(FF)P 886 192 effect on thg energy-level calcu'latlon. For further discussion
Bg(ff) 461 vy 200 the reader is referred to the literatdfeé The second ap-

9 proximation is that the odd-parity crystal-field that couples
Bg(ff) —1150 —1150 —1135 the 4f and & states was set to zero. The major effect of the
Bg(ff) —1228 —1228 —1216 interconfigurationaB3(fd) andB3(fd) crystal-field param-
Bg(ff) —89 ~89 27 eters is a second-order perturbation correction tda‘qmei d)
B4(f7) - 1213 - 1213 1083 and Bg(ff) parameters. Extensive calculations were carried
ég((:(jd)) 43754 3501287115 3507370409 out usingS, symmetry and with nonzero values for the in-
F4(td) 15004 15038 te5rconf|gurat|onal crystal-field parameteng(fd) gnd
Gi(fd) 12903 12914 Bz(fd). It was clear from these calcula_ltlons that the.dlscrep-
G3(fd) 11160 11135 ancies between caICL_JIated and experimental energies cannot
G5(td) 8691 8659 be resolved_ by Iowenng the symmetry $3 or by including

the odd-parity crystal field.
¢ (zdd) 1082 1148 1216 The fitted 5 crystal-field parameters have the same signs
Bg(dd) 10519 10519 10519 as the 4 parameters, but are about 20 times larger, which is
Bo(dd) —24549 —24549 —24549 expected because thel Sorbitals are much more extended

B3(dd) —18966 —18966 —18966 than the 4 orbitals’® Note that the ratios between the
fourth-rank parameters forf4and 5 are different. A simple
point-charge model of the crystal field would predict these
ratios to be the same, but in realistb initio calculationd

the 4f and 5 orbitals have very different interactions and
admixtures with the ligand orbitals.

lines. We estimate the uncertainties for these energies to be Y& show only unpolarized results in Fig. 1. However, our
200 crml. calculated polarization dependence is consistent with the po-

The only terms in Hamiltonian that split thel configu- larized meqsurements of Ref. 13 and our calculated grounQ—
ration are the spin-orbit and crystal-field interactions. THe 5 State (4) eigenfunctions are the same as those calculated in
crystal-field parameters were fitted to the observed splittingtN@t Paper. These eigenfunctions give a good reproduction of
using standard nonlinear least-squares methagiging the '€ ground-state electron paramagnetic resonaifideR
calculated energies of Table | and the parameters of Table [["€asurements reported in that work. As explained above, the
The crystal-field spliting may be interpreted as a distortion®XPerimental intensity of the lowest two transitions in our
of a cubic field with the twcE components lowest and the SPECtrum is not accurate, probably because the intensity of
threeT, components highest. The standard deviation for théN€ €xcitation Sbe;am is very low in this region. Other
fit is 850 cm ! and the uncertainties of thed5crystal-field measurements*give a much larger intensity for the lowest-
parametersB2(dd), B4(dd), and B4(dd) are 1600, 2200, ©Nergy transition.
and 1600 cm?, respectively, i.e., about 10%. The spin-orbit
parameter/(dd) was not varied, but fixed at the value cal-
culated by standard atomic-physics computer progréms. Experimental and calculated4— 4f5d spectra for P¥*

The splitting of the two highest-energy states is not wellare presented in Fig.(4). Only for the lowest 4°—4f5d
reproduced by our calculation. This discrepancy has beetransition is the zero-phonon line observed, but the calcu-
extensively discussed previousRand is thought to be a lated shapes of the vibronic bands match the observed spec-
result of distortions in the excited state. Detailgld initio  trum quite well. The spectrum consists of the &ystal-field

M2 and M* parameters were included with the ratit?/M°
=0.56 andM*/M°=0.31.

P4 and P® parameters were included with the rati®4/P2=0.5
andP%/P?=0.1.

B. Pré+
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s54x10° | quite well. The higher-energy zero-phonon lines and vi-
bronic bands are not reproduced so well. The calculated en-
ergies are affected by a large number of parametses

— Table 1). In addition, the spectra are unpolarized, since they
are obtained from powders, so conclusive identification of
the symmetry properties of the states for which zero-phonon
lines are observed is not possible. It would therefore be pre-
mature to try to fit the parameters to the data. However, we
note that better agreement between calculation and experi-
ment can be achieved by small reductions of thigsd!

0.0 0.2 0.4 A 06 0.8 1.0 atomic parameters and thel ®rystal-field parameters.

o
[
]

o
o
1

energy (cm™)

FIG. 2. Splitting of the lowest & crystal field component of the
4f5d configuration of P¥" in LiYF,. The parameteA represents V. CONCLUSIONS
the the 45d Coulomb and 8 spin-orbit interactions, as explained
in the text. On the left4=0) the parameters for these interactions  \y\e have demonstrated that it is possible to give a consis-
are set to zero and on the right£ 1) they take on their full  on; 5ccount of the the energy levels and transition intensities
calculated values, as used in the simulation of Fig).1 for the entire 4V— 4fN-15d excitation spectra for Ge
P*, and Nd* in LiYF, by extending the standard calcu-

levels plus fine structure arising from the presence of the 4 . .
P g P lations for 4fN to include the 4N~15d states. Both the zero-

electron. It is tempting to try to analyze this fine structure in . . . :
terms of the splitting of the # states by the spin-orbit and phonon lines and the vibronic bands have been considered.

crystal-field interaction&’ However, this is not a very good [N our calculations we have used™ parameters from the
approximation. The Coulomb interaction between thieadd ~ literature and calculated the atomid3H parameters. We

5d electrons has a significant effect. To visualize this effecthave only adjusted thedscrystal-field parameters and the
in Fig. 2 we show the splitting of #5d states corresponding same 3 crystal-field parameters have been used for all three
to the lowest 8l crystal-field level as the #d atomic  ions. In contrast with the case for thef™ configuration,
Hamiltonian parameterg FX(fd),G/(fd),Z(dd)] are in- Where the atomic interactions are responsible for the gross
creased from zero to the values used in our simulafibits features of the spectra, with the crystal-field interactions be-
1(b)]. The parameteA used as the horizontal axis of the ing a small perturbation, the gross features of tfif 45d
graph multiplies the operatar 5(fd) defined in Eq.(4). spectra arise from thedbcrystal-field interactions, with the
WhenA=0, which corresponds to setting all the parametersther terms in the Hamiltonian being responsible for the fine
in Ha(fd) equal to zero, the multiplet structure of4is  structure.

clearly discernible. Ad\ is increased from O to 1 the energy ~ The success of the calculations presented here gives us
levels take on the structure used in the simulatieig. 1(b)].  confidence that thefd'— 4fN~15d spectra for all ions in the
The Coulomb interaction between thé and X electrons is  |anthanide series will be amenable to similar treatment. De-
responsible for most of the additiona_l s.plitting. The atomicta"ed comparisons between theory and experiment for the
parameters that we have used are similar to those obtainghtjre lanthanide series in a variety of host crystals should

from free-ion spectrd and those used to fitf&d states de- gjiou the fitting of some of the atomic parameters for the
termined from excited-state absorption measurentertts 4fN=15d configuration, the determination of trends for

fll_}?m clitlfferetrjce being t?at Of&éig) parameter'|s'llarger. atomic and crystal-field parameters, and more detailed com-
I? avsrna |ve| dparametetrhva gavet ver¥ St')m' ar re- h risons of the calculations for energy levels and transition
sults. We would expect these parameters to be somewhgaf, oo\ i experiment,

reduced in the crystal from their free-ion values, as is the

case for the &V configurationt However, we found that if

the parameters were reduced by more than about 30%, the
calculated splittings become too small to reproduce the ex-

perimental spectrum.

ACKNOWLEDGMENTS

The authors are grateful to P." @er from Hamburger
C. NG+ Synchrotronstrahlungslab@dASYLAB) for the opportunity
' to measure at the HIGITI experimental station at the
Experimental and calculated spectra for’Ndare shown Deutsches Elektronen SynchrotrdDESY) in Hamburg,
in Fig. 1(c). As in the case of Bf there is fine structure built Germany. The authors also thank Michele Faucher for assis-
on top of the % crystal-field splitting. Again, this fine struc- tance in running the computer programs used to determine
ture cannot be explained in terms of the multiplet structure othe atomic parameters. The work described here was sup-
the 4fN~! configuration with the Coulomb interaction be- ported by the Council for Chemical Sciencé8W), with
tween the 4 and & electrons having a significant effect on financial aid from the Netherlands Organization for Scientific
the calculated energy levels of thé%&d configuration. ResearciNWO) and the Netherlands Foundation for Tech-
We can identify several sharp zero-phonon lines in thenical ResearciSTW). Financial support from Philips Light-
spectrum. In the 56 000-58 000 chnregion our calcula- ing and the New Zealand Marsden Futi@ontract No.
tions reproduce the positions and intensities of these featur&a$dOC704 is also gratefully acknowledged.



PRB 62 SPECTROSCOPY AND CALCULATIONS FR. .. 14 749

IW.T. Carnall, G.L. Goodman, K. Rajnak, and R.S. Rana, J. 61, 16 477(2000.

Chem. Phys90, 3443(1989. 9J. Andriesseret al, in Proceedings of the International Confer-

2C. Galler-Walrand and K. Binnemans, iHandbook on the Phys- ence on Inorganic Scintillators and their Applications, SCINT95
ics and Chemistry of Rare Earthsedited by J. K. A. (Delft University Press, Amsterdam, 199¢p. 142—-143.
Gschneidner and L. EyringNorth-Holland, Amsterdam, 1996 104, Meijerink, R. T. Wegh, and L. van Pieterson, Proc. Electro-
Vol. 23, pp. 121-283. chem. Soc99-4Q 23 (2000.

3C. Galler-Walrand and K. Binnemans, iHandbook on the Phys- *M. Larocheet al, J. Opt. Soc. Am. BL7, 1291 (2000.
ics and Chemistry of the Rare Earthedited by K. A. '?R. D. CowanThe Theory of Atomic Structure and Spedfhni-

Gschneidner, Jr. and L. EyringNorth-Holland, Amsterdam, versity of California Press, Berkeley, 1981
1998, Vol. 25, p. 101. 13T, Yoshidaet al, J. Phys.: Condens. Mattér 3733(1997).
4R.T. Wegh, H. Donker, K.D. Oskam, and A. Meijerink, Science *B. Henderson and G. F. ImbusdBptical Spectroscopy of Inor-
283 664 (1999. ganic Solids(Clarendon Press, Oxford, 1989
SR.T. Wegh and A. Meijerink, Phys. Rev. &), 10 820(1999. 155 A. Miller, H.E. Rast, and H.H. Caspers, J. Chem. PI5%.
6J. Sytsmaet al., Phys. Rev. BA7, 14 786(1993. 4172(1970.
7C.M. Combeset al, J. Lumin.71, 65 (1997. 183, Sugar, J. Opt. Soc. Ans5, 1058(1965.

8M. Marsman, J. Andriessen, and C.W.E. van Eijk, Phys. Rev. B!’C. Rudowicz, Chem. Phy97, 43 (1985.



