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Abstract

Fluoride crystals, LiYE and LiCaAlRs, doped with C& are useful for ultraviolet tunable lasers because of large band gaps. Although
oxide crystals doped with Geare not useful for lasing, they have an advantage to scintillators and new passive optical sources. Such optical
properties of C¥ strongly depend on host crystals.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Furthermore, a new model of a mechanism that the afterglow

observed in CgAl,SiO;:Ce?* persists for several hours after
Ce**-doped materials are attractive for applications to removal of excitation is proposed.

lasers, scintillators, and phosphits. Laser action in the ul-

traviolet (UV) range has been performed using LiYEe** . 3 s

[2], LiLuF4:Ce** [3,4] and LiCaAlFs:Ce®* [4] because the 2. Crystal field splitting of Ce”" in crystals

fluoride crystals have high energy band gaps. However, it has

not been achieved for oxide crystals, for examplgANO12

(YAG):Ce** [5] because of the excited state absorption

(ESA). Recently, LuSiOs (LSO):Cé* [6] and LUAIO;:Ce**

[7] were developed as new scintillators having high conver-

sion efficiency from high energy to visible light. In addi-

tion, long-lasting phosphorescence i@k SiO;:Ce3* [8],

which is a great disadvantage to the above two applications

has been attractive for new passive optical sources emitting The spatially diffuse 5d electron orbital extends outward

persistently for several hours. . . T . :
A . . . from the ion to overlap the neighbouring ligand ions, and is
The Cé* luminescent materials have a variety of applica- . . .
more strongly influenced by their motion. In consequence,

tions, which depend on host crystals. In this paper, we discuss : .
. ; : : . the optical properties depend strongly on structure of host

optical properties of C¥-doped fluoride and oxide single crvstals

crystals in which the effects of the strength and symmetry of y .

. . Fig. 1 shows schematic energy levels of the 4f and 5d
the crystal field depending on host crystals can be as’Sesseds'tates of C& in cubic crystal field. The 5d excited state is

split into E and b orbital states with separation energy of
* Corresponding author. Tel.: +81 58 293 3052; fax: +81 58 2933052.  10Dg. The magnitude of 10Dq is determined by distances
E-mail address: yamaga@cc.gifu-u.ac.jp (M. Yamaga). between C& and ligand ions, valence of ligand ions, and

The lowest energy state of &an crystals has a single 4f
electron outside the closed shells. The state is splitifip
and?F7, with separation energy of 2250 crhby spin—orbit
interaction. The next highest state with 30,000-60,000cm
in energy has a 5d electron. The<4f5d transitions corre-
sponding to optical absorption and fluorescence ot Qe
crystals are parity- and spin-allowed so that lifetimes of the
‘fluorescence are in the range of 10-60 ns.
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Fig. 1. Schematic energy levels of 4f and 5d states Gf @ecubic crystal
field. I Oxides |
number of surrounding ligand ions. In a strong crystal field, 20 = 7
the five absorption bands spread toward high and low energies N A |
so that luminescence is red-shifted.
Fig. 2 shows the typical vacuum ultraviolet (VUV) and §J T T Y
UV absorption and UV fluorescence spectra in Eafystals 200 800 400 500 600
codoped with C& and N& as charge compensators. Two Wavelength (nm )

groups of the broad bands are composed with 303 nm, and _ ) ) o

179. 186 and 192 nm. These bands correspond to the tran_ﬁg. 3. Relationship between peak wavelengths and lifetimes ®f flie-
o ’ . . rescence in various fluoride and oxide crystals.

sitions from the?Fs), ground state of the 4f configuration Y

2 2 : .
to egTe E and“T; excited states of the 5d configuration of |, \yavelengths compared with those observed in fluoride
Ce™", respectively, as shownig. 1 These bands have been o qta1s. The red-shift of the luminescence is also caused by
assigned as being due to the transitions from cubic centersy,q nephelauxetic effegt1].

[9,10]. The UV fluorescence has double peaks at 315 and Fig. 3 shows the relationship between the peak wave-

335nm corresponding to the ground state splitting. lengths and lifetimes of the @& luminescence in various

When anions are changed from fluorine to oxygen ions, g,qrige and oxide crysta[d 2]. The lifetimes (40 ns) of C&
the crystal field is enhanced because the change in the valenceg, CaR, SrAIFs, LiYF4 and BaMgh, where C&* is eight-

.Ofth(? anionsis frqn?rlto—Z.Then,the crystal field of éé fold-coordinated, are close to each other. The lifetimes in
in oxide crystals is increased so that the fluorescence is red+,orides are distributed in the range of 20-50 ns. The varia-
shifted as shown ifiig. 1. The peak wavelengths ofthe®e i of the lifetimes and the wavelengths in the oxides are
luminescence bands in @8>Si0y [8] and YAG[S], being  |514er than those in fluorides. The 560 nm luminescence with
located at 410 and 560 nm, respectively, are shifted toward i, jitetime of 60 ns in YAG:C# shows the largest red-shift

in Fig. 3 The slope of the lifetime versus wavelength in the
oxides is slightly smaller than in the fluorides.

CaF,: Ce*": Na’ ’F The strength of the crystal field is associated with the size
1.0 - 5’22 Emission | of complexes composed of central ¢and anion ligand
Absorption r Fre ions. As the size becomes small, thatis, the distances between
‘ ! Ce** and ligand ions are short, mixing the wavefunctions of

Ce** and ligand ions is enhanced. Then, the center of gravity
of the 5d excited state energy levels is reduced. This phe-
nomenon is called as the nephelauxetic effét}. Lowering

- symmetry, which is associated with odd-parity distortion of
the complexes, mixes the opposite-party wavefunctions into
the wavefunctions of the ground and excited states. For ex-
ample, the 4f-orbital wavefunction of the ground state mixes
with the 2s-orbital wavefunctions of ligand ions of Br 0,
while the 5d-orbital wavefunctions of the excited states mixes
with the p-orbital wavefunctions of G&and/or ligand ions.

100 The large mixing coefficients are associated with the energy
shift of the lowest excited state to lower energy as shown in
Fig. 1L The enhancement of the mixing coefficients reduces
Fig. 2. VUV/UV absorption and UV fluorescence spectra off'Cin the transition probabilities, resulting in increasing the life-
CaF»:0.01% Cé&*:1% Na" measured at 15K. times of the C&" fluorescence. In consequence, the lifetime

Intensity (arb. units )
o
(4]

Wavelength (nm)
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versus peak wavelength shows the linearly relation when theditions, it is possible to operate lasing in the wavelength of
fluorescence is red-shifted. 150-200 nm.

3. Applications 3.2. Long-lasting phosphors
) UV excitation in the C&" absorption bands of GAl,
3.1. Laser materials SiO;:Ce** at room temperature produces an intense broad-
o ~ band of the C& fluorescence with a peak wavelength of
_Laser af:tlon in the UV range has been perforrTed USING 410 nm and a lifetime of 40 ns and simultaneously phospho-
LiYF 4:Ce* [2], LiLuF4:Ce**[3,4] and LiCaAlRs:Ce** [4]. rescence with the same line shape of the fluorescence and

Substitution of C&" for Y3*in LiYF 4 does not require charge fairly wide decay times of 1~£s[8]. Laser action could not
compensators because of the same valence 8t &al Y. be achieved using GAl,SiO;:Ce.

On the other hand, Ceions substitute for C in LiCaAlFe Fig. 4shows the decay curves of the phosphorescence for
accompanied by charge compensators. The charge balanc%agA|28iO7:C63+ in the time range of 5-£Gs in log—log
bet\ivee_n C%:: and C&" is compensated by replacement of gcajes. The decay curve at 306 K fits a functiom 86, At
Ca* with Li* or dopant Na. An excess of the charge com- 400k the initial intensity is about one order of magnitude
pensators leads to reduction of optical quality of crystals, larger than that at 306 K. The decay curve at 500K fits a
that is, creation of cation and anion vacancies in crystals. In ,nction ofs—0-86.
the case of L|CaAIE:ICe3+, pump-induced solarization pre- Before we consider a mechanism of the long-lasting phos-
vented laser operatiofi3]. However, the improvement of  yhqorescence, it is very important to understand how UV ex-
the optlc_al qua_llty could_ achieve laser operation in LiCaAIF  citation energy is stored in the crystal at low temperatures. In
doped withasingle Céion and codoped with Cé and N4 the previous papdB], we have reported the ESR results that
ions[4]. _ _ . electrons and holes produced ingB# SiO;:Ce** by UV ex-
Recently, laser materials operating at near 200 nm is re- jtation at low temperatures are trapped at oxygen vacancies
quired. In order to satisfy this requirement, laser materials i, the form of F center and self-trapped at Al@etrahedra

are designed taking account of the crystal field of Gaur- respectively.

rounding in host crystals and crystal growth with high op- | et ys consider the properties of the long-lasting phos-
tical quality without vacancies. Materials design is as fol- phorescence, taking account of the above ESR results. As the
lows: (1) choice of fluorides as shown ifig. 3 (2) a de-  |ine shape of the phosphorescence is coincident with that of

crease of number of ligand ions, for examplle, from cube 10 he flyorescence, self-trapped holes (STH) should move in
octahedron; (3) larger distances betweer?"Cand ligand  {he crystal and again be captured aBCét is assumed that
ions; (4) high symmetry (cubic symmetry). Fluoride crys-  an STH hops to an adjacent Al@etrahedron through ther-
tals with perovskite structure are candidates for laser host 4] activation energy as shownfiig. 5and the hopping rate

crystals. _ . _ . is enhanced in increasing temperature. This assumption can
Another method is frequency doubling using non-linear

materials. There are a few of fluoride crystals having a non- \
linear effect. BaMgk (BMF) crystalg14] are a candidate for 10
laser host crystals with a non-linear effect. Optical and crys-

talline properties of the BMF:Cé&:Na" crystal have been re-

ported by Yamaga et gl15]. Two luminescence spectra with

different peak wavelengths observed in BMF are assigned to

T TTTT] T T T T1TT7TT

500K
I=4190 "%

two Ce¥* centers: one is a G&center occupied at perfect lat- 10° E
tices reflecting superlattice structure; the other is % €en- . 400K ]
ter perturbed by charge compensatoré Nsrong UV excita- = [ 0 g/ =1150" "7 ]

tion produces coloration of the crystal corresponding to elec-
tron and hole trapping, resulting in no lasifig]. Whether

the BMF:Cé*:Na" crystal performs lasing or not strongly
depends on the optical quality of the host crystals. Excesses of
Na* produce F vacancies in the crystal, resulting in reduce
the optical quality. In order to obtain the high quality crystal
with less F- vacancies keeping charge balance betweéti Ce
and N4, the most suitable growth conditions should be found
through changing the melting temperature, the pressure of
the growth atmosphere, and the ratio of starting compounds

of BaF;, MgF,, CeFs and NaF. If the crystals with less™F Fig. 4. Decay curves of phosphorescence fosAlgSiO;:Ce** at various
vacancies are obtained through the above best growth contemperatures.

Intensity (arb. units)

306K
1=68%"%¢

107 102
Time (s)
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tions, it is possible to operate lasing in the wavelength of

tunneling g O b) O STH 150-350 nm.

o n—> O @) O Although oxide crystals doped with €eare not useful for
A lasing, they have an advantage to scintillators and new pas-
Electron ce* Al ive optical sources. X-ray irradiation pr lectron-hol
(E e e O MQ sive optical sources. X-ray irradiation produces electron—hole

pairs in crystals. If electron—hole pairs recombine radiatively
at Ce* sites, intense C& fluorescence can be observed
Fig. 5. Schematic diagram of hopping process of self-trapped holes in the with short lifetimes in the ran_ge,Of 2,0_60 ns. prever’ holes
form of AlO4 in C&Al2SiO7 and electron-hole recombination process at created by X-ray or UV excitation in some oxides are self-
Ce** site. trapped at cation lattice sites, for example3*gite forming
AlO4 tetrahedra in CgAl»SiOy [8]. If self-trapped holes are
stable at room temperature, the electron—hole recombination
explain enhancement of the phosphorescence in increasingreates background emission, that is, afterglow. Scintillator
temperature 306-400 K. materials are required to reduce this background emission. On
Here, we discuss the hopping process using the decaythe other hand, a new passive optical source takes an advan-
curves of the phosphorescenceFiiy. 4 The decay curve  tage ofthe afterglow persistently for several hours. Therefore,
at 500K fits a function of %%, As the decay curve of radia- e must design separately host crystals doped wif ©@e
tive recombination of electrons and holes caused by tunnelingfor applications to scintillators or passive optical sources be-
can be represented by [17], itis expected that holes (€9 cause such optical properties ofstrongly depend on host
localized at C&' recombine radiatively with nearby trapped crystals.
electrons by tunneling as shownfig. 5. On the other hand,
the decay curves at 306 and 350 K fit a functiond¥°, that
is, the phosphorescence at 306 and 350K persist for IongerAcknowled ments
times than that at 500 K. Therefore, this difference deduces g

information on the thermal hopping of STH. _ This work was in part supported by a Grant-in-Aid for
A succession of phonon-assisted hopping of STH is ggjence Research (C) from Japan Society for the Promotion

strongly associated Witzh a diffusion process. The diffusion o geience (No. 14550037). One of the authors (M. Yamaga)
constantis given b =a“R, wherez is the distance between g jhqepted to the Iwatani Naoji Foundation for a Research
two adjacent STHs anlis the hopping rate of STH. Adiffu- 5ot

sion timerg of STH to Cé* sites is given byy = r2/D, wherer

is the distance between STH and®€.& THs produced by UV
excitation at low temperatures are distributed in the crystals.
Taking account of the diffusion process, the number of holes
captured at C¥ sites at =14 is proportional to the distribu-
tion function,n(r), of STH in the crystal. The decay curve of

Al* hopping
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