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Mechanism of long-lasting phosphorescence process of Tedoped CaAI,SiO; melilite crystals
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UV excitation of Cé"-doped CaAl,SiO;, melilite crystals produces long-lasting phosphorescence
(1-1C¢° s) from Cé" ions in addition to the intrinsic Gé luminescence with a lifetime of 40 ns. The
distribution of the radiative decay rates is due to recombination of distant pairs of electron and hole in the
crystals. The electron spin-resonance study gives evidence that pairs of electron and hole are produced through
UV excitation of C&" in the crystals and that electrons are trapped?t @acancies a * centers, the wave
functions extending toward Al ions, while holes are self-trapped at®Alions accompanied by i vacan-
cies in the nearest neighbors along {440 or <T10) direction. The intensities of the phosphorescence at the
peak wavelength of 410 nm were measured as functions of temperature and time. The decay curves of the
phosphorescence at various temperatures fii(n<1). The temperature dependence of the intensities inte-
grated in a time domain obeys the Arrhenius’ equation with a thermal activation energy of 243 meV. These
results support that the self-trapped hole§ Aproduced in the crystal by the UV excitation of Cemove
back to Cé&" sites through tunneling and thermal hopping, and the retrapped holes in the fornfof Ce
recombine radiatively the trapped electrons through tunneling.
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. INTRODUCTION diative decay of E%", is explained by recombination of
electron-hole pairs created by optical excitation, wherd'Dy
Rare-earth ions doped materials are good candidates fagns play a role as a hole-trapped center. The distribution of
photonic source$.Trivalent rare-earth ions & in ionic  distances between trapped electrons and holes may give rise
crystals are regarded as optically active ions, which emit iffo the variation of the lifetimes.
the range of the UV and visibfe? The electronic configura- We have grown C¥ -doped CaAl,SiO, melilite crystals
tions of the ground and excited states of Cén crystals are  which are candidates for tunable solid state laser materials in
4f' and 5%, respectively. The absorption and luminescencehe violet and blue region’sFirst observation of long-lasting
transitions between these states are allowed electric-dipoRhosphorescence in the violet and blue regions using the
fransitions, resulting in large absorption coefficients and-€ -doped CaAl,SiO; crystals was reportetlin order to
short luminescence lifetimes of a few tens ns. Laser operadnderstand the phosphorescence, we have examined the local
tion in the UV range has been reported based on the 55tructur.e o_f elecfcrons and holes pr_oduced in the crystals by
. 4f transition of C&" in LiYF, (Refs. 2,3 and LiCaAlR,* U_V excitation using th_e electron spin-resonafESR tech- _
whereas lasing using &&-doped oxides, for example, nique and the properties of the phosphorescence as functions

P of temperature and time using a conventional optical tech-
Y3Als012 YAG) ._Ce3 (Ref. 9 was not successful because nique. In this paper, we have proposed a mechanism of the
of the large excited state absorption.

. . . long-lasting phosphorescence process based on coupled pairs
Divalent rare-earth ions Ei in crystals have the and g g pnosp b pecp

611 . ) ) . of electron and hole produced in the crystals by the UV
4f°5d" electronic configurations of the ground and excitedgyitation.

states, respectivelyThe broadband absorption and lumines-
cence of E&" in crystals are due to thef4—4°5d* tran-
sitions. The optical feature is very similar to that of*Ce
The 5d—4f transition of EG" is also spin and parity al- CaAl,Si0O; (CASM) crystals have the melilite structure
lowed and the lifetime is submicroseconds, being severaltetragonal sheet structyraith space grou3, as shown
times longer than that of €&.! Long-lasting phosphores- in Fig. 1° The sheet structure in CASM consists of five
cence in the blue/green and yellow regions has been omumbered rings oTO, (T=AI3", Si**) tetrahedra perpen-
served in alkaline-earth aluminates,8k;,0,5:EW?*:Dy3* dicular to thec axis. Tetrahedra 1 and 4 are occupied by
and SrAbO,:EWPT:Dy®", respectively. The lifetimes of the  Al(1) ions, whereas tetrahedra 2, 3, and 5 are randomly oc-
phosphorescence in these crystals vary in the range aupied by A(2) and Si ions keeping a composition ratio of
1-10 s. This feature, being different from the intrinsic ra- 1:1. There are three O sites with different symmetry, de-

II. EXPERIMENTAL PROCEDURE
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tions of Sf* and G~ vacancies in the crystals were esti-
mated to be~10 and ~3 %, respectively. They changed

S slightly at the crystal positions along the direction of the
1 crystal growth.
- ESR measurements were carried out using a JES-FA200
X-band spectrometer with microwave frequencies-&.182
2 and ~9.066 GHz at 77 and 293 K, respectively. Low-
o/ temperature ESR spectra were measured using a Bruker

07 IR EMX10/12 X-band spectrometer with-9.687 GHz in the
temperature range of 5-300 K. Both spectrometers em-
ployed 100 kHz field modulation.
Optical absorption spectra were measured at 293 K using
a Hitachi U-3500 spectrometer in the range of 180—2500 nm.
Luminescence spectra under steady-state excitation were
measured at 293 K using a Hitachi F-4500 fluorescence spec-
trophotometer. Lifetimes of the luminescence were measured
using a Horiba NAES-700F time-resolved photolumines-
cence spectrometer in the temperature range of 77—400 K in
Instrumental Analysis Center, Gifu University. Long-lasting
i " & phosphorescence was measured as follows. The sample was
j\ > /\ excited for five minutes with the laser light obtained from the
A m 4\ third harmonics(355 nnm of a pulsed Nd-YAG laser. The
/

measurement of the phosphorescence intensities started at 5 s

after removal of the excitation light. Optical signals passing

through a 1/4 m monochromator were detected by a
Hamamatsu Photonics R943-02 photomultiplier and a Kei-
thley 428 current amplifier. The signals were sampled with
10 kHz, integrated in a period of 1 s, and changed to digital

/ \ ' / ‘& signals using a Stanford Research Systems SR250 boxcar
average controlled by a personal computer. Then, thousand
data were stored in the personal computer. Sample tempera-

(b) Projection to the (010) plane tures below and above 293 K were achieved using a cryore-

o - frigerator and a hot plate with temperature control, respec-
FIG. 1. The projections of the crystal structure oL,8SiO; in tively.

(a) the (001) plane andb) the (010 plane.[O(1), O(2), O(3)] and
[AI(1), Al(2)] denote lattice sites of oxygen and aluminum with
different symmetry. C& ions are eightfold coordinated. The
dashed and solid lines represent the directions from? @an to
the four nearest neighbor?0 ligand ions in eaclf001) plane. A. ESR measurements

IIl. EXPERIMENTAL RESULTS

Figure 2 show the ESR spectra observed for the as-grown
noted by @1), O(2), and G3). Two apexes, @) ions, of the  CASM:Ce crystal with the magnetic field applied parallel to
tetrahedra 2 and 3, two obliques combining with tw@0  the (100), (110), and(001) axes at 5 K with a microwave
ions in the tetrahedra 1 and 4, and a plane containing ongower of 0.01 mW and microwave frequencies of 9.694,
O(1) and two @3) ions in the tetrahedron 5 are located in the9.684, and 9.687 GHz, respectively. The spectrum with
same(001) plane as shown in Fig.(d. C&* ions are sand-  B|(001) consists of fairly broad resonance lines spread in the
wiched between these rings and eightfold coordinated agange of 0.8—1.5 T, denoted #; and six sharp and weak
shown in Fig. 1b). The directions from a Cd ion to the  resonance lines at 0.3—0.4 T, denotecBb§The A signals for
four nearest neighbor © ligand ions in eac001) plane  B|(100) and (110 are shifted to lower fields and clearly
are denoted by solid or dashed lines in Fig. 1. One of the tweplit into two components. The splitting witB[(110 is
planes is rotated with an amount 6f45° around the crys- much larger than that witB||(100). The positions and sepa-
talline ¢ axis so that C&" complexes haveC, symmetry. rations of theB signals are almost the same for the three
There are four structurally equivalent €acomplexes in a magnetic field directions. The line shapes of theand B
unit cell with mirror symmetry with respect to t{@00) and  signals have only positive components of the first derivative,
(010 planes. even when a microwave power is reduced-td uW. Such

The CASM crystals were grown containing nominally phenomena occur for resonance measured under conditions
0.05 at. % C&" relative to CA" by the Czochralski tech- of rapid passage, in which a sweep rate of magnetic field is
nique. C&" ions substitute for Gd ions. The composition much faster than a spin-lattice relaxation rftdsotropic
was determined to be GgyCa g9\l »Sip.ode.50 PY the in-  ESR signals with sharp and perfect derivative curves, de-
ductively coupled plasm&CP) technique. The concentra- noted by an asterisk, are due to impurities in a cavity.
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FIG. 2. The ESR spectra of the as-grown,&3SiO;:Ce crys- ) 30 60 90 120 150 180

tal with B[|{100), (110, and(001) at 5 K with a microwave power
of 0.01 mW and microwave frequencies of 9.687, 9.684, and 9.694
GHz, respectively. The broad and sextet lines are denotedldnyd FIG. 3. The angular variations of theA signals for
B, respectively. Isotropic signals denoted by an asterisk are due t6aAIl,SiO;:Ce measuredtd K in (a) the (010 plane andb) the
impurities in a cavity. (00D plane. The solid curves are calculated using B¢.and the
parameters of thé center in Table I.

In increasing temperatures, the negative component of the
broadA signal appeared at 15 K. The line was broadened, the experimental points. The four structurally equivalent and
rapidly decreased in intensity, and disappeared completeljagnetically inequivalent centers are consistent with the four
above 20 K. Asg values are determined by resonance-fieldC&* complexes in the unit cell of the melilite crystal struc-
positions where the first derivative changes from positive taure in Fig. 1. As the line shapes and thevalues of theA
negative, it is very difficult to estimatg values from only  center are very similar to those of £ein CaYAIO,,'! the A
broad positive components of thesignals in Fig. 2 or very center is assigned to €e ions substituting for Cd ions
weak and broad derivative at 15—20 K. In a previous p&per, with orthorhombic symmetry reflecting the melilite crystal
Yamagaet al. showed that in a system with adiabatic rapid structure.
passage, for example, in €edoped CaYAIQ, the broad Figure 4 shows the temperature dependence of the ESR
spectrum with only positive component of the first derivativespectra withB||(100) and a microwave power of JuW in
is experimentally coincident with the microwave absorption.the range of 5-100 K. Tha signal disappeared completely
As a consequence, the peaks of the positive components age5 K with decreasing the microwave power down tquiV
equal to the resonance fields. The angular variations of\the
signals in the(010 and (001) planes were shown in Fig. 3.
The patterns show orthorhombic symmetry.

The angular dependence of tAesignal fits curves calcu-
lated using the spin Hamiltonian with orthorhombic symme

Angle ( degree)

TABLE |. The spin Hamiltonian parameters in E¢$) and (2)
for A, B, and C centers observed in the 94,SiO;:Ce melilite
crystals.

try in the formt? centers A B C
H= g0yBySc+ updyB,S,+ 159,B,S;, 1) 9 values
HB9xBxS MBQy ySy #89:B.S, 1) 0.(9,) 3482) 20005 2.0515)
whereug is the Bohr magnetorB is a resonance magnetic g, 1.142) 2.02G3)
field, andS(=3) is an effective spin. In order to define the 9.(9) 0.555) 2.0035) 2.0033)
principal X, y, andz axes of orthorhombic centers, the crys- _
talline a, b, andc axes are rotated around an arbitrary direc-n-f- coupling constantéMHz)
tion. This is achieved through a succession of three rotation€x(A.) 490 25
a first rotation by an anglé about thec axis, the new axes Ay 31
beinga’, b’, andc’(=c); a second rotation by an angie  AAA) 590 31
about theb’ axis, the new axes beirgf, b”(=b’), andc”;
and a third rotation by angl¢s about thec” axis. The final polar anglesdeg +5 0 9
axes are defined as the y, and z axes of theg tensor, -~
. . ; . ) +34 0 +45
respectively. Thez axis as determined experimentally is 0 0 0
found to be substantially different two othgrvalues. The
solid curves in Fig. 3, calculated using EGQ) and the pa- temperature$K) 5 5 77

rameters ofA center in Table | are in good agreement with
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) ‘ ) FIG. 5. The angular variation of the sextet of tBesignal for
0.30 0.35 0.40 CaAl,Si0;:Ce at 5 K in the(010) plane. There is no splitting of
Magnetic field (T) the fourth resonance field denoted by solid circles. The solid curves
are calculated using Eqél) and (2) and the parameters of thg
FIG. 4. The temperature dependence of tBesignal of  center in Table I.

CaAl,Si0;:Ce with B||[{100) and a microwave power of JuW.

The signals denoted by an asterisk are due to impurities in a cavity.

Arrows show the resonance fields of the sextet. the ESR spectra witB((001), (110, and(100. The lines

numbered by 3, 4, and 5 are the components oftlsggnal

in Fig. 4. The six lines withB||(100), being denoted by,

('see Fig. 2 Thg B glgnal observedta§ K c'o'n5|§ts of six have the intervals {1 mT) between the adjacent lines,
lines. The asterisk signals are due to impurities in a cavity as . . ; .
hich are an order of magnitude smaller than forBwgnal

ell as in Fig. 2. The se tion fields betw the adjace
we asin g seperation nels Henveen adjiacert g mT). TheC signal with B||{001) is unresolved and

lines are almost equal to 18 mT and increase slightly in in- X . o
creasing the resonance fields. The width of the fourth line af€SS intense, whereas that wiitf(110) is split into several

0.35 T is the narrowest in the six lines. sharp lines. - : :
Although theith (i=1,2,3,5,6) lines measured at 5 K The angular variations of th€ signals in the(010 and

have only positive components, the fourth line has a week00) planes were observed. Figure 7 shows the angular
negative component. The line shapes of these six linekaration of theC signal in the(001) plane. The maximum
change from asymmetry to symmetry in increasing temperaSP!itting occurs wherB[(110). The C signal is composed of
tures. The peaks of the positive componerits & are coin- two sextets. Each line of the sextet in Fig. 7 is further split
cident with the resonance fields at 100K he widths of the
other five lines become broader away from the fourth line. 10 — ‘ . .
These facts indicate that the spin-relaxation rate of the fourth UV-irradiation 4
line is much faster than those of the other five lines. Then, 7K
another single sharp line seems to be superimposed on the
fourth line at 0.35 T. Contrary to this expectation, the angular
variation of the six lines in th€010 plane in Fig. 5 shows
no splitting of the fourth line and all six resonance fields
remain constant in théd01) plane(not shown. Further, the
intensity ratio of the six lines at 40 K calculated by twice
integration of the first derivative curve is obtained to be
0.9:0.9:1:1:0.9:0.8 being close to 1:1:1:1:1:1. These facts
lead to the opposite sense that the six lines ofBleenter is
due to a single center. The detail of tBecenter is further 0 3 B/ <100> 5 |
discussed in the following paragraph.

The ESR measurements were carried out after the sample ¢
was annealed at 300°C for 1 h. The broadignal due to ; ; ;
Cée** was observed at low temperatures. However, the sharp 0.31 ,0'3?’ 0.35
B signal could not be observed in the temperature range of Magnetic field (T)

5-300 K, that is, theB center disappeared through the an- kg 6. After UV irradiation at 355 nm for half an hour at 293
nealing treatment. The annealed sample was excited with the the sample temperature was decreased down to 77 K. The ESR
355-nm laser light for half an hour at 293 K. Tigesignal  spectra for CgAl,SiO,:Ce were measured witB](001), (110),

was again observed at 293 K after the UV excitation. Wherand(100). The newC signal withB|(100) is composed of six lines
the sample temperature was decreased down to 77 K, nex¢ well as theB signal. The numbers 3, 4, and 5 represent the
ESR lines other than thB signal appeared. Figure 6 shows components of th& signal (see Fig. 4

B // <001>

B/ <110>

ESR intensity (arb. units)
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The angular dependence of tBeandC signals fits curves FIG. 8. (a) The absorption spectra of the as-grown and annealed
calculated using the spin Hamiltonian of E@) including  c¢rystals CaAl,SiO;:Ce. The dashed curve represents their differ-
the hyperfine(h.f.) interaction in the fornf? ence. (b) The absorption spectra of the annealed crystal

CaAl,SiO;:Ce before and after UV excitation. The dashed curve
Hni=ASHA S HALLS,, (2 represents their difference. The Celuminescence spectrum ex-

) . ) ) ] cited at 355 nm is added ifb).
wherel is a nuclear spin and\ (i=x,y,z) is a hyperfine

coupling constant. The principalaxes forB andC centers ~ annealed samples is represented by a dashed line in figures.
are experimentally determined to be parallel(i01) and The diff_erence spectrum is composed of an intense _broad-
(110, respectively. Theg values of B and C centers are band with a peak at-300 nm and strong and weak tails at
calculated taking account of the second-order perturbation d¥oth sides of short and long wavelengths, respectft@lye

the hyperfine interactiotf. The solid curves in Figs. 5 and 7 annealed sample was excited with the 355-nm laser light for
calculated using Eqs1) and(2) and the parameters 8fand  half an hour. The optical absorption spectriifig. 8(b)] is

C centers in Table | fit the observed data points. changed to be similar to that of the as-grown sanifpig.

The nuclear spin ol =5/2 can be estimated from the 8(a)]. The difference spectrum between the absorption spec-
six-hyperfine-line patterns (2-1) of B andC centers. The tra of the annealed sample before and after the UV excitation
nuclear spins of the compositiod&Ca, 2’Al, and 2°Si, with IS also represented by a dashed curve. These results indicate
natural abundances of 0.13, 100, and 4.7 %, respectively, aférongly that both difference spectra are associated @ith
7/2, 5/2, and 1/2. Therefor® and C centers are strongly and/orC centers observed using the ESR technique.
associated with the nuclear spin Tfl. The large difference  Steady-state excitation at 350 nm produces broadband lu-
in the magnitude of the hyperfine coupling constantsBor Minescence with a peak at 410 nm, being due to tte 5
and C centers can be explained by the valence of Al. The—4f transition of C&* as shown in Fig. &). The lumines-
detail will be discussed in Sec. IV. cence band has a tail to longer wavelengths created by inho-
mogeneous broadening and overlapping two bands from the
transitions to théF s/, and 2F,/, ground state of C& .13 The
line shape of the phosphorescence spectrum after the re-

The optical absorption spectrum of Tein the as-grown moval of the UV excitation at 293 K is coincident with that
CASM crystal measured at 293 K is shown in Figg)8The  of the luminescence obtained under the steady-state UV ex-
spectrum consists of overlapping broadbands below 360 nneitation in Fig. §b). This gives evidence that the phospho-
After annealing the sample at 300 °C for 1 h, the absorptiomescence occurs at €e sites.
coefficients decrease below 330 nm and the absorption spec- Figure 9 shows the temperature dependence of the radia-
trum is clearly resolved into five bands with peaks at 228tive decay curves at the peak wavelen@i0 nnm of the
244, 278, 300, and 352 nm in Fig(eé. These five bands Ce** luminescence in the time range of 0—250 ns. The in-
correspond to the five energy levels of ®xcited states of trinsic radiative decay of Gé& was observed with a constant
Cée" in the crystal because €e complexes withCg sym-  lifetime of 40 ns in the temperature range of 77—400 K,
metry have the five nondegenerated &rbitals™® The dif-  which is due to the allowed electric-dipoled5:4f transi-
ference between the absorption spectra of the as-grown anidn. The lifetime is close to 65 ns for YAG:Cé (Ref. 5

B. Optical measurements
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FIG. 9. The temperature de-
pendence of the radiative decay
curves of the luminescence at 410
nm in CgAl,SiO;:Ce excited at
355 nm in the time range of 0-250
ns. The background intensities in-
crease drastically above 300 K.

Intensity

100

Time (ns) 380

200 280
180

80 Temperature (K)

and 25 ns for LiCaAlg:Cée**.* The intensities of the intrin- wherekg is the Boltzmann constant, and Iy, are fitting
sic components are constant belewB00 K, gradually de- parameters, and is an activation energy. The fitting param-
creased and reduced to half an amount at 400 K. On the othéters are obtained to bk,,=80, 1,=1.29x10’, and A
hand, the background level at 400 K increase$0® times =243 meV.
larger than below 300 K. This result suggests that the com- As shown in Figs. 10 and 11, the phosphorescence inten-
ponents with long lifetimes are drastically enhanced as théities below 300 K are fairly weak compared with those
temperature increases above 300 K. above 300 K. This indicates that the excitation energy is
Figure 10 shows the decay curves of the phosphorescenstored in the crystal below 300 K and released above 300 K.
in the time range of 5—-10s in log-log scales aT=280, The ESR results suggest that the energy is stored in the form
350, and 500 K. The decay curves below 280 K are almos®f trapped electrons and holes. Then, there is a possibility
the same as that at 280 K, and the intensities increase draat the energy stored at low temperatures is released through
tically above 300 K. The initial intensityt(-4 s) measured irradiation of a visible light, being associated with the tran-
at 500 K is about three orders of magnitude larger than thagition to the excited state of either trapped electrons or holes.
at 280 K. These results are in agreement with the increase &uch experiments were made in Si:Er by Gresorkiewic?.
the background levels in Fig. 9. The decay curves fit the Figure 12 shows the decay curves of the phosphorescence
formulal =axt™", resulting in tunneling recombination be- when the first 355-nm laser light is removedtat0 s and
tween distant pairs of electron and hole in the cry$tal®  the second 633-nm He-Ne cw-laser light is turned on at
Figure 11 shows the intensities of the phosphorescence 100 s with various irradiation periods and a fixed tem-
integrated in the time range of 5-°1G plotted as a function perature of 150 K. The shapes of the decay curves produced
of 1/T. In the higher temperature rang@& %300 K), the by the second cw excitation are very similar to those after the
intensities increase exponentially. The data points fit a curvéirst UV excitation. The intensities are sharply cut when the

calculated using the modified Arrhenius’ equation in the formlight is turned off.
Figure 13 shows the temperature dependence of the decay

I(T)=lwntloXexp(—Al/KgT), (3)  curves with the first and second excitations when the second
s T T T T T TTTT —_ T T T T T T T T T T
107 F> 500K 2 i
E Yy, _ +4-0.86 c
= T 18t 5 10k
= o F
5 10° s
g ~ > |
£ 1L 350K N IR
> 10°¢ =172+ %5 G 10°E
[ S -
O o 8
c 10°¢ 5 -
- E 280K 5.) >
i 1=6.71°¢%% g 10°F
10»1 | Lol L £ £ \ | L ! ! ! L4
10’ 102 0 0.005 0.010
Time (s) 1/T (K")

FIG. 10. The temperature dependence of the decay curves of the FIG. 11. The intensities of the phosphorescence integrated in a
phosphorescence at 410 nm in,85SiO;:Ce measured at 280, time domain plotted as a function ofTL/The solid curve calculated
350, and 500 K in the time range of 5-218. The straight lines are using Eq.(3) and the parameters ¢f=280, I,,=1.29<10’, and
calculated by the least squares method. A=243 meV fits the observed data points.
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FIG. 14. The integrated second-phosphorescence intensities as a
function of temperature. The solid curve is calculated using(&q.

FIG. 12. The decay curves of the phosphorescence with firsRnd the activation energy &fE=12 meV.

355-nm excitation and second 633-nm cw excitation in various ir- . .
radiation periods at 150 K. radiative transition rate is faster than the energy transfer rate

to Ce" sites, in increasing temperatures.
cw light is turned on at=300 s. The intensities of the sec- 19ure 15 shows the relation between the UV excitation
ond phosphorescence rapidly decrease above 70 K. The tef@Wer Pn and the integrated intensity of the phosphores-
perature  dependence of the integrated secondcencel \_/vh|ch are normallzed by_the maximum power and
phosphorescence intensities is shown in Fig. 14. Thdh€ maximum intensity, respectively. The observed data
decrease of the intensities at higher temperatures may be dRgints lie on a straight line represented hy= \P,. This
to nonradiative decay process. The transition probabilitieéesun indicates that pairs of electron and hole are created by

including nonradiative decay process from the excited tg® On€-photon process and that they are trapped at stable sites,
ground states is given in the foffn thermally released from them and recombine radiatively at

Ce" sites!’1820

I 1
TTRoxexp —AE/KT) (4) IV. DISCUSSION

A. Pairs of electron and hole produced by UV excitation

1(T)=

wherel; and R, are fitting parameters andlE is an acti-
vation energy corresponding to the nonradiative decay tran- 1. ESR
sition. The solid curve in Fig. 14 calculated using E4).and
the parameters df,=135, R,,,=5.7, andAE=12 meV fit
the observed data points. This result shows that the no

The energy levels of thedd excited state of C& corre-
sponding to the five absorption bands in the range of 200—
370 nm are located into the band gap of the host CASM

30 ‘ T ‘ T T T T T T
633nm on
i) 275K
= 24— > !
= =
> 200K @
g 18~ - £ 05
S <
Ty - L 100K 8
2 =
g £ L i
E & L L 50K S 02
prd
OL\ | X L | | 1?K 0.1 | L L ||
0 200 400 600 800 0.1 0.2 0.5 1
Time (s) Normalized power

FIG. 13. The temperature dependence of the decay curves of the FIG. 15. The integrated phosphorescence intensities as a func-
phosphorescence with the first and second excitations where th®n of the UV excitation power. The power and intensity are nor-
second light is turned on at=300 s and keeps on. The decay malized by the maximum power and the maximum intensity. The
curve at 13 K fits a dashed curve calculated using(E). and the  solid line with the slope of 1/2, being calculated by the least squares
parameters ok;=2.38,\,=0.070, 8;,=—5.0, andB,=4.9. method, satisfies the equation Igt= /P,
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crystal. As the 355-nm excitation is not the band-to-bandcalculated through the second-order perturbation of the spin-
transition, it is difficult to produce directly pairs of electron orbit interaction are given by
and hole. However, the optical results suggest that the pairs

are produced via the one-photon process, that is, the transi- 9= Ge> )
tion to the excited states of €& According to the ESR

results, the trapped electrons and holes are relatively stable _ (1_ L) ®)
below room temperature. It is very important to identify the 9170 Ap)’

local structure of the trapped electrons and holes in order to ) ) ) )
ere N is the spin-orbit coupling constant for

ropose a mechanism of the long-lasting phosphorescen
Prop g g prosp O~ (A<0).1221-24The g tensor of theC center is ortho-

process, that is, how the UV energy is stored in the crystal; . ot
released, and emitted radiatively. rhombic. The observed value gi=2.000 is in good agree-

First, we discuss the spin Hamiltonian parameterdof ment with that ofg; in Eq. (5). The average value @y and

; . . i ttog, in Eq.(6). Theg shift of g, in Eq. (6) can be
andC centers in Table | being observed after the UV excita-9y 'S S€1 109, N L .
tion. Theirg values are very close to the free electgpvalue estimated to ba/Ap=~0.016, If the value of is assumed

- ; L to be equal to that{ 135 cm!) of O~,23 the energyA, is
of g.=2.0023, resulting in a singlet orbital with the electron . _ : . p =
spin of S= 3. Positive and negative shifts (Ag=g—g,) are roughly estimated to be 8400 crh being associated with

. . . the near infrared region.
strongly associated with holes and electrons, respectively, Next. let us ident?fy theB center. The hyperfine coupling

because they are determined by the sign of the spin-orbit . )
coupling constantisee Eq.(6)].22- Then, B and C centers constants for th& center in Table | are an order of magni-

are expected to be assigned to electrons and holes from ﬂﬁ)léedisliir gﬁ;éh%ngg;tﬁ?e@r Csiﬂ‘t-?rg s%??;%iﬁ?ﬁifggﬂm
observed values, respectively. g PP

Next, the local structure of these centers is discussed ixacanmes. The large difference in the hyperfine coupling

terms of the hyperfine coupling constants. The six—hyperfinegOnStants of theéd and C centers can be explained by the

line patterns (2+1) of B andC centers are ascribed to the ?Agirgpgiyaﬁlﬁggeasr;aﬁﬁ grAé’rtgﬁetcﬁg]ng:r?srglta;ts’ta’; hri:(zlear
nuclear spin (=5/2) of 2’Al. The observedy values @y 9 y

_ _ _ , position than thep orbital. The observed values|A(||
2.052,9,=2.016,9, 2_'000) for tEeC center_are in good =590 MHz and|A,|=490 MHz) are nearly equal to half
agreement with thoseg(=2.052, g, = 2.015,g,=2.005) of

2 + i
the oxygen-hole aluminum centers in the x-ray irradiated zirihe amount of thatL170 MH2 for the Sy, state of AF* in

. . . Si crystals?! This suggests that the electron density at the
con ZrSiQ.?? The hyperfine coupling constants ofA(| . . : L .
—25 MHz. IAyl =|A,|=31 MHz) for C center are slightly nuclear position of Al in CASM is less than in Si, that is, the

larger than those A,— —19 MHz, A,—-22 MHz, A, electron wave function extends out of the Al ion. If the elec-

= =23 MHz) for zircon. The larger hyperfine coupling con- trons are assumed to be localized af™Althe AR ions
. . . " ger yp ping could act as both of electron and hole centers. This explana-
stant is associated with the larger electron density at th

nuclear position. Then, the holes for thicenter are ex- fion leads to the difficulty of how to distinguish trapping

\ . . rocesses of electrons and holes. In addition to this discrep-
pected to be localized at Al sites more efficiently than thos%ncy, theB center has the strange ESR feature. The width of

for the oxygen-hole zalumlnum Eenters In zireon. I.f thg hOIesthe fourth line in Fig. 4 is narrower than those of the other
are shared between’0 and AF" as the same as in zircon

' five lines, which become broader away from the fourth line.

there are many configurations of the holes with variou : : X
02 -AI** bonding axes. However, the ESR results shc)\;I'he resonance fields of the fourth line gige=1.960 and

. . . L =1.974, being very close to thosef centers in simple
only two configurations with the principal axes of(110 g;ides CaO, Srg, anyd Ba®d These results lead to a ch))ssi—

and(110) normal to each other. The two principaxes are pjity that the B center may be assigned to electrons trapped
equal to the lines joining AR) and Si ions in Fig. ). The 5t 2~ vacancies in the form ot * centers.
ICP analyses show the 10% concentration of i vacan- We consider further where the?0 vacancy is created at
cies in the crystal. These facts deduce that the holes prqpree different @1), 0(2), and Q3) sites in the CASM crys-
duced in CASM are attracted around*Sivacancies and t5] as shown in Fig. 1. The CASM crystal haé@1) cleaved
self-trapped at A" ions by the electron-phonon interaction, face. The @1) and Q3) ions make bonding in th¢001)
forming AI** complexes accompanied by*Sivacancies plane, whereas the(@) ion does not bond in th@01) plane.
along the(110 or (110) direction. As a consequence, the In addition, only the direction of @)-Al(2) except @1)-
holes produced in CASM are self-trapped at thé2Abkites.  Al(2), O(3)-Al(2), and Q3)-Al(1) is parallel to the{001)
The ground configurationsf2s?2p® of the self-trapped axis, being coincident with the principalaxis of theB cen-
holes AF* is as the same &~ . The energy levels and the ter. Taking account of these facts? Ovacancies are ex-
g tensors of trapped holes Gn oxides were studied experi- pected to be produced preferentially at th€sites. Then,
mentally and theoretical? A P state splits into an orbital the B center is assigned to a single electron trapped at the
singlet 2P(A) and an orbital doubletP(E), for example, in  O(2) vacancy such as theé* center, the wave function ex-
axially symmetric crystal field, corresponding to the groundtending toward the AR) ion along the(001) direction.
and first excited states. Optical absorption due to the transi- The assignment dB and C centers suggests that the alu-
tion *P(A)—?P(E) occurs at a photon energy ok,  minum ions accompanied by the vacancies 8f Sir O~ at
=E[?P(E)]—E[?P(A)] in the visible range. Thg values the nearest neighbors play an important role for trapping
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holes or electrons, respectively. In order to understand the (1) Pairs of electrons and holes are produced &t Gens
more detailed structures of these centers, a further ESR meby the UV excitation of C& and move to stable trapped
surement, for example, a high frequency ESR measuremesites. The electrons are trapped &t racancies such &&"
and calculation of the electronic energy levels and wavesenters, while the holes are self-trapped at'Ahear to St*
functions of the clusters consisting of trapped electrons/acancies, forming Al".

(holeg and the surrounding ions in CASM are required. (2) The holes move back to €& in the crystal by thermal
and optical excitation. The holes are retrapped at"Cand
2. Optical absorption recombine the trapped electrons radiatively by tunneling.

) _ _ Then, the phosphorescence has the same line shape of the
We consider a relaxation process of electron-hole pairgyirinsic Cé* luminescence.

produced in the CASM crystal by the UV excitation of Ce There is another possible process fay: trapped elec-
The UV light excites the # electron of Cé&" to the & trons move to C¥" sites, forming C&'. However, it may be
energy levels. The excited electron is expected to be transgs,-luded because the energy level of Cés expected to be
ferred to the nearby © vacancy created at the(®) sites, much higher than those of the excited state of ‘C&28
for example, through downward hopping. The electron im'Here, we discuss the above procéBsin detail, that is, how
mediately relaxes to the stable states and is trapped’as the holes move back to €& by thermal and optical excita-
center. On the other hand, the hole produced &f @® the o The integrated phosphorescence intensities are drasti-
UV excitation moves toward a Si vacancy and is self- ¢4)ly increased above 300 K. The intensities as a function of
trapped at an AR) site, forming Af* through the electron- 1/T in Fig. 11 satisfy the Arrhenius’ equation in E@). The
phonen interaction. Such trapped electron and self-trappeffst term in Eq.(3) represents the transfer of holes from Al
hole are strongly associated with thé Cand St* vacancies to Ce sites by tunneling. Tunneling is independent of tem-
produced under the crystal growth process. _ peratures and occurs dominantly at low temperatures. The
The difference spectra in Fig. 8 consist of the intensesecond term represents hopping motion with the activation
bands with the double peaks at 283 and 30_2 nm and aBnergy of 243 me¥ It is strongly related to hopping be-
|nten+se backgr_ound below 270 rinThe absorption spectra yeen adjacent self-trapped-hole sites separated by a
of F™ centers in MgO, CaO, Sr(Ref. 23 and AbO; (Ref.  parrier!® The barrier height may be determined by thé'Si
25) have peaks at 250, 340, 400, and 250 nm, respectlvelwacancy.
Their spectra have double-peak structures in the UV range. next, we consider the energy transfer process from the
Especially, the spectrum & centers in AJO; is resolved  gxcited states of the self-trapped holed“Ato distant C&*
into two peaks clearly, being assigned to the transitions besjtes. The optical excitation of the self-trapped holes en-
tween 1s- and 2p-like states in analogy to the hydrogen pances effectively the phosphorescence at low temperatures
atom:” As the large absorption coefficients are due to spinye|ow 70 K. This suggests that the temperature dependence
and parity-allowed transitions, the difference spectrum obof the hole transfer via the excited states is reverse to that via
served in thg UV range is assigned to the electrons trapped g{e ground state by phonon-assisted hopping. These phenom-
O*~ vacancies such &" centers. . ena can be interpreted by assuming a model that the excited
In the same way, the absorption spectrum of the self,gles may move in the crystal until they are either re-self-
trapped holes A" is expected to be similar to that of O yrapped at Al* or trapped at C¥ . This process is simply
which is assigned to (&,—2py,2p, transitions in the visible jjystrated using a three-energy-level scheme. The population
and near infrared ranges. The transitions are parity forbiddemmbers of self-trapped holes of %Al in the ground and
resulting in small absorption coefficierftSAlthough the vis-  aycited states are, andn,, respectively, whereas that of

ible absorption was not clearly observe_d in the difference,gles trapped at G& is ns. The rate equations can be given
spectra in Fig. 8, the second visible excitation enhanced thg,29

phosphorescence in a pulse shape as shown in Figs. 12 and

13. Therefore, the visible excitation may be due to the optical dn;
transition of the self-trapped hole %l to the excited state ar - Wi+ Wainy, (7)
with small transition probabilities.
dn,
W = lenl_ (W23+ WZl) I’]2 y (8)
B. A model of long-lasting phosphorescence process
The line shape of the phosphorescence with long lifetimes dns
(1-10° s) is the same as that of the intrinsic®Cdumines- o0 = Wahz, 9

cence with the lifetime of 40 ns. The decay curves of the

phosphorescence intensity at various temperatures satisfy tb\ﬁ]erewij is thei— | transition probabilityW;, is the opti-
equation ofl(t)=1ot™" (n<1) calculated in terms of tun- cal transition of self-trapped holes %Al to the excited state
neling between trapped holes and electrths® The tem-  corresponding to the second visible excitation in Figs. 12 and
perature dependence of the integrated intensity obeys the3. The solutions of the rate equations are, in general, de-

Arrhenius’ equatiorf® scribed in form&’
These results suggest the following process for the phos-
phorescence. Ny (t)=aexp—Aqt) + azexp—A\,t), (10
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Na(t) = Brexp(—Agt) + Brexp(—Nat), (11) V. CONCLUSIONS

The UV excitation of C&" in the CASM crystal produces
the long-lasting phosphorescence with the distribution of the
Ngh oy =W Was. (13 radiative decay rates. The excitation energy is stored in the
_ ) crystal below 300 K and gradually released above 300 K.
Here, ; and B; (i=1,2) are constants determined by the The ESR results indicate that the energy is stored in the
initial conditions of the experiments and given by forms of the electrons trapped af Ovacancies such &+

)\l+ )\2:W12+ W21+ W23, (12)

ny(0)=a;+ a,=N, (14) cente_zrs and the holes self-trapped at Ahear to St* va-
cancies, forming Al*.
n,(0)= B+ B,=0, (15) In the previous papérthe properties of the phosphores-
cence from the C& -doped CaYA}O, (CYAM) crystal with
n3(0)=0. (16)  the same melilite crystal structure were reported. The ther-

moluminescence curves of the CASM:Ce and CYAM:Ce
crystals as a function of temperature show broadbands with
maxima of the intensities at 370 and 90 °C, respectively. The

The transition probabilitiesV;; represented using the con-
stantse;, B; and\; (i=1,2) are given by

Bs activation energy for the CYAM:Ce crystal was obtained to
12:m)\1, (170 be 131 meV. The higher temperature corresponds to the
larger activation energy. In the case of CASM, the holes are
a, a, self-trapped as Al accompanied by a Si vacancy. On the
W2l:m)\1_ ,3_)\2' (18) other hand, the holes in the CYAM may be self-trapped at an
2 P2 2 AI®* jon without an AP* vacancy, because the activation
ar+ Bo energy of CYAM is half an amount of that for CASM. In
Wo3= 2, Np. (190 consequence, the vacancies or some defects in CASM:Ce

and CYAM:Ce modify the barrier height between the self-

If the radiative decay rate of the phosphorescence due tdapped holes.
recombination between ¢& and a trapped electron is as- Matsuzawa etal® reported the  long-lasting
sumed to be much larger tha,5, the decay rate is propor- phosphorescence using alkaline-earth aluminates
tional todns/dt in Eq. (9). The observed decay curve for the SiAl;0.5:EWPT:Dy3* and SrALO,:EW?*:Dy3*. They
second 633-nm cw excitation at 13 K in Fig. 13 fits the proposed that the phosphorescence occurs through recombi-
dashed curve calculated using EG1) with parameters of nation of electron-hole pairs created by optical excitation,
N1=2.38, \,=0.070, B;=—5.0, and8,=4.9, where the where Dy" plays a role as a hole-trapped center. According
values of3; and B, nearly satisfy Eq(15). The single ex- to our model of the phosphorescence for CASM:Ce, there is
ponential curve deviates largely from the tail of the observedy possibility that a hole is not trapped at Dy but self-
curve. The disagreement may be removed by a distributioqapped at AI* and that Dy affects the barrier height be-
of Wy in terms of distances between self-trapped holes anglyeen the self-trapped holes in the crystals as well as the

Ce*" ions. _ Si** vacancies in CASM.
In the case oW, <W,3, W45, andW,sin Egs.(17) and

(19) become); and \,, respectively. Therefore, the rapid
increase and gradual decrease rates of the phosphorescence
intensity induced by the second cw excitation are equal to
Wy, andW,3, respectively. The temperature dependence of This work was in part supported by a Grant-in-Aid for
the second decay curves in Fig. 13 indicates thaj in-  Science Researd€) from the Japan Society for the Promo-
creases as temperatures increase, that is, the excited hotem of Science(Grant Nos. 12650665, 1455003ne of
relax to the ground state nonradiatively through a mul-the authors(M.Y.) is indebted to the lketani Science and
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