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Mechanism of long-lasting phosphorescence process of Ce3¿-doped Ca2Al2SiO7 melilite crystals
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UV excitation of Ce31-doped Ca2Al2SiO7 melilite crystals produces long-lasting phosphorescence
(1-103 s) from Ce31 ions in addition to the intrinsic Ce31 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 Ce31 in the crystals and that electrons are trapped at O22 vacancies asF1 centers, the wave
functions extending toward Al31 ions, while holes are self-trapped at Al31 ions accompanied by Si41 vacan-

cies in the nearest neighbors along the^110& or ^1̄10& 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 fitt2n(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 holes Al41 produced in the crystal by the UV excitation of Ce31 move
back to Ce31 sites through tunneling and thermal hopping, and the retrapped holes in the form of Ce41

recombine radiatively the trapped electrons through tunneling.

DOI: 10.1103/PhysRevB.65.235108 PACS number~s!: 78.55.2m, 76.30.2v, 76.30.Kg, 78.20.2e
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I. INTRODUCTION

Rare-earth ions doped materials are good candidates
photonic sources.1 Trivalent rare-earth ions Ce31 in ionic
crystals are regarded as optically active ions, which emi
the range of the UV and visible.1,2 The electronic configura
tions of the ground and excited states of Ce31 in crystals are
4 f 1 and 5d1, respectively. The absorption and luminescen
transitions between these states are allowed electric-di
transitions, resulting in large absorption coefficients a
short luminescence lifetimes of a few tens ns. Laser op
tion in the UV range has been reported based on thed
→4 f transition of Ce31 in LiYF4 ~Refs. 2,3! and LiCaAlF6,4

whereas lasing using Ce31-doped oxides, for example
Y3Al5O12(YAG):Ce31 ~Ref. 5! was not successful becaus
of the large excited state absorption.

Divalent rare-earth ions Eu21 in crystals have the 4f 7 and
4 f 65d1 electronic configurations of the ground and excit
states, respectively.1 The broadband absorption and lumine
cence of Eu21 in crystals are due to the 4f 7↔4 f 65d1 tran-
sitions. The optical feature is very similar to that of Ce31.
The 5d→4 f transition of Eu21 is also spin and parity al
lowed and the lifetime is submicroseconds, being sev
times longer than that of Ce31.1 Long-lasting phosphores
cence in the blue/green and yellow regions has been
served in alkaline-earth aluminates Sr4Al14O25:Eu21:Dy31

and SrAl2O4 :Eu21:Dy31, respectively.6 The lifetimes of the
phosphorescence in these crystals vary in the range
1 –104 s. This feature, being different from the intrinsic r
0163-1829/2002/65~23!/235108~11!/$20.00 65 2351
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diative decay of Eu21, is explained by recombination o
electron-hole pairs created by optical excitation, where Dy31

ions play a role as a hole-trapped center. The distribution
distances between trapped electrons and holes may give
to the variation of the lifetimes.

We have grown Ce31-doped Ca2Al2SiO7 melilite crystals
which are candidates for tunable solid state laser materia
the violet and blue regions.7 First observation of long-lasting
phosphorescence in the violet and blue regions using
Ce31-doped Ca2Al2SiO7 crystals was reported.8 In order to
understand the phosphorescence, we have examined the
structure of electrons and holes produced in the crystals
UV excitation using the electron spin-resonance~ESR! tech-
nique and the properties of the phosphorescence as func
of temperature and time using a conventional optical te
nique. In this paper, we have proposed a mechanism of
long-lasting phosphorescence process based on coupled
of electron and hole produced in the crystals by the U
excitation.

II. EXPERIMENTAL PROCEDURE

Ca2Al2SiO7 ~CASM! crystals have the melilite structur
~tetragonal sheet structure! with space groupD2d

3 as shown
in Fig. 1.9 The sheet structure in CASM consists of fiv
numbered rings ofTO4 (T5Al31, Si41) tetrahedra perpen
dicular to thec axis. Tetrahedra 1 and 4 are occupied
Al ~1! ions, whereas tetrahedra 2, 3, and 5 are randomly
cupied by Al~2! and Si ions keeping a composition ratio
1:1. There are three O22 sites with different symmetry, de
©2002 The American Physical Society08-1
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noted by O~1!, O~2!, and O~3!. Two apexes, O~2! ions, of the
tetrahedra 2 and 3, two obliques combining with two O~3!
ions in the tetrahedra 1 and 4, and a plane containing
O~1! and two O~3! ions in the tetrahedron 5 are located in t
same~001! plane as shown in Fig. 1~a!. Ca21 ions are sand-
wiched between these rings and eightfold coordinated
shown in Fig. 1~b!. The directions from a Ca21 ion to the
four nearest neighbor O22 ligand ions in each~001! plane
are denoted by solid or dashed lines in Fig. 1. One of the
planes is rotated with an amount of;45° around the crys-
talline c axis so that Ca21 complexes haveCs symmetry.
There are four structurally equivalent Ca21 complexes in a
unit cell with mirror symmetry with respect to the~100! and
~010! planes.

The CASM crystals were grown containing nomina
0.05 at. % Ce31 relative to Ca21 by the Czochralski tech
nique. Ce31 ions substitute for Ca21 ions. The composition
was determined to be Ce0.001Ca1.998Al2Si0.90O6.80 by the in-
ductively coupled plasma~ICP! technique. The concentra

FIG. 1. The projections of the crystal structure of Ca2Al2SiO7 in
~a! the ~001! plane and~b! the ~010! plane.@O~1!, O~2!, O~3!# and
@Al ~1!, Al~2!# denote lattice sites of oxygen and aluminum w
different symmetry. Ca21 ions are eightfold coordinated. Th
dashed and solid lines represent the directions from a Ca21 ion to
the four nearest neighbor O22 ligand ions in each~001! plane.
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tions of Si41 and O22 vacancies in the crystals were es
mated to be;10 and ;3 %, respectively. They change
slightly at the crystal positions along the direction of t
crystal growth.

ESR measurements were carried out using a JES-FA
X-band spectrometer with microwave frequencies of;9.182
and ;9.066 GHz at 77 and 293 K, respectively. Low
temperature ESR spectra were measured using a Br
EMX10/12 X-band spectrometer with;9.687 GHz in the
temperature range of 5–300 K. Both spectrometers e
ployed 100 kHz field modulation.

Optical absorption spectra were measured at 293 K us
a Hitachi U-3500 spectrometer in the range of 180–2500 n
Luminescence spectra under steady-state excitation w
measured at 293 K using a Hitachi F-4500 fluorescence s
trophotometer. Lifetimes of the luminescence were measu
using a Horiba NAES-700F time-resolved photolumine
cence spectrometer in the temperature range of 77–400
Instrumental Analysis Center, Gifu University. Long-lastin
phosphorescence was measured as follows. The sample
excited for five minutes with the laser light obtained from t
third harmonics~355 nm! of a pulsed Nd-YAG laser. The
measurement of the phosphorescence intensities started
after removal of the excitation light. Optical signals passi
through a 1/4 m monochromator were detected by
Hamamatsu Photonics R943-02 photomultiplier and a K
thley 428 current amplifier. The signals were sampled w
10 kHz, integrated in a period of 1 s, and changed to dig
signals using a Stanford Research Systems SR250 bo
average controlled by a personal computer. Then, thous
data were stored in the personal computer. Sample temp
tures below and above 293 K were achieved using a cry
frigerator and a hot plate with temperature control, resp
tively.

III. EXPERIMENTAL RESULTS

A. ESR measurements

Figure 2 show the ESR spectra observed for the as-gr
CASM:Ce crystal with the magnetic field applied parallel
the ^100&, ^110&, and ^001& axes at 5 K with a microwave
power of 0.01 mW and microwave frequencies of 9.69
9.684, and 9.687 GHz, respectively. The spectrum w
Bi^001& consists of fairly broad resonance lines spread in
range of 0.8–1.5 T, denoted byA, and six sharp and wea
resonance lines at 0.3–0.4 T, denoted byB. TheA signals for
Bi^100& and ^110& are shifted to lower fields and clearl
split into two components. The splitting withBi^110& is
much larger than that withBi^100&. The positions and sepa
rations of theB signals are almost the same for the thr
magnetic field directions. The line shapes of theA and B
signals have only positive components of the first derivati
even when a microwave power is reduced to;1 mW. Such
phenomena occur for resonance measured under condi
of rapid passage, in which a sweep rate of magnetic fiel
much faster than a spin-lattice relaxation rate.10 Isotropic
ESR signals with sharp and perfect derivative curves,
noted by an asterisk, are due to impurities in a cavity.
8-2
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In increasing temperatures, the negative component of
broadA signal appeared at;15 K. The line was broadened
rapidly decreased in intensity, and disappeared comple
above 20 K. Asg values are determined by resonance-fi
positions where the first derivative changes from positive
negative, it is very difficult to estimateg values from only
broad positive components of theA signals in Fig. 2 or very
weak and broad derivative at 15–20 K. In a previous pape11

Yamagaet al. showed that in a system with adiabatic rap
passage, for example, in Ce31-doped CaYAlO4, the broad
spectrum with only positive component of the first derivati
is experimentally coincident with the microwave absorptio
As a consequence, the peaks of the positive component
equal to the resonance fields. The angular variations of thA
signals in the~010! and ~001! planes were shown in Fig. 3
The patterns show orthorhombic symmetry.

The angular dependence of theA signal fits curves calcu
lated using the spin Hamiltonian with orthorhombic symm
try in the form12

H5mBgxBxSx1mBgyBySy1mBgzBzSz , ~1!

wheremB is the Bohr magneton,B is a resonance magnet
field, andS(5 1

2 ) is an effective spin. In order to define th
principal x, y, andz axes of orthorhombic centers, the cry
talline a, b, andc axes are rotated around an arbitrary dire
tion. This is achieved through a succession of three rotatio
a first rotation by an anglef about thec axis, the new axes
beinga8, b8, andc8(5c); a second rotation by an angleu
about theb8 axis, the new axes beinga9, b9(5b8), andc9;
and a third rotation by anglec about thec9 axis. The final
axes are defined as thex, y, and z axes of theg tensor,
respectively. Thez axis as determined experimentally
found to be substantially different two otherg values. The
solid curves in Fig. 3, calculated using Eq.~1! and the pa-
rameters ofA center in Table I are in good agreement w

FIG. 2. The ESR spectra of the as-grown Ca2Al2SiO7 :Ce crys-
tal with Bi^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.
GHz, respectively. The broad and sextet lines are denoted byA and
B, respectively. Isotropic signals denoted by an asterisk are du
impurities in a cavity.
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the experimental points. The four structurally equivalent a
magnetically inequivalent centers are consistent with the f
Ca21 complexes in the unit cell of the melilite crystal stru
ture in Fig. 1. As the line shapes and theg values of theA
center are very similar to those of Ce31 in CaYAlO4,11 theA
center is assigned to Ce31 ions substituting for Ca21 ions
with orthorhombic symmetry reflecting the melilite cryst
structure.

Figure 4 shows the temperature dependence of the E
spectra withBi^100& and a microwave power of 1mW in
the range of 5–100 K. TheA signal disappeared complete
at 5 K with decreasing the microwave power down to 1mW

4

to
FIG. 3. The angular variations of theA signals for

Ca2Al2SiO7 :Ce measured at 5 K in ~a! the ~010! plane and~b! the
~001! plane. The solid curves are calculated using Eq.~1! and the
parameters of theA center in Table I.

TABLE I. The spin Hamiltonian parameters in Eqs.~1! and ~2!
for A, B, and C centers observed in the Ca2Al2SiO7 :Ce melilite
crystals.

centers A B C

g values
gx(g') 3.48~2! 2.000~5! 2.052~5!

gy 1.14~2! 2.020~3!

gz(gi) 0.55~5! 2.003~5! 2.003~3!

h.f. coupling constants~MHz!

Ax(A') 490 25
Ay 31
Az(Ai) 590 31

polar angles~deg!
u 65 0 90
f 634 0 645
c 0 0 0

temperatures~K! 5 5 77
8-3
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~see Fig. 2!. The B signal observed at 5 K consists of six
lines. The asterisk signals are due to impurities in a cavity
well as in Fig. 2. The separation fields between the adjac
lines are almost equal to 18 mT and increase slightly in
creasing the resonance fields. The width of the fourth line
0.35 T is the narrowest in the six lines.

Although the i th (i 51,2,3,5,6) lines measured at 5
have only positive components, the fourth line has a w
negative component. The line shapes of these six li
change from asymmetry to symmetry in increasing tempe
tures. The peaks of the positive components at 5 K are coin-
cident with the resonance fields at 100 K.11 The widths of the
other five lines become broader away from the fourth li
These facts indicate that the spin-relaxation rate of the fo
line is much faster than those of the other five lines. Th
another single sharp line seems to be superimposed on
fourth line at 0.35 T. Contrary to this expectation, the angu
variation of the six lines in the~010! plane in Fig. 5 shows
no splitting of the fourth line and all six resonance fiel
remain constant in the~001! plane~not shown!. Further, the
intensity ratio of the six lines at 40 K calculated by twic
integration of the first derivative curve is obtained to
0.9:0.9:1:1:0.9:0.8 being close to 1:1:1:1:1:1. These fa
lead to the opposite sense that the six lines of theB center is
due to a single center. The detail of theB center is further
discussed in the following paragraph.

The ESR measurements were carried out after the sam
was annealed at 300 °C for 1 h. The broadA signal due to
Ce31 was observed at low temperatures. However, the sh
B signal could not be observed in the temperature rang
5–300 K, that is, theB center disappeared through the a
nealing treatment. The annealed sample was excited with
355-nm laser light for half an hour at 293 K. TheB signal
was again observed at 293 K after the UV excitation. Wh
the sample temperature was decreased down to 77 K,
ESR lines other than theB signal appeared. Figure 6 show

FIG. 4. The temperature dependence of theB signal of
Ca2Al2SiO7 :Ce with Bi^100& and a microwave power of 1mW.
The signals denoted by an asterisk are due to impurities in a ca
Arrows show the resonance fields of the sextet.
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the ESR spectra withBi^001&, ^110&, and^100&. The lines
numbered by 3, 4, and 5 are the components of theB signal
in Fig. 4. The six lines withBi^100&, being denoted byC,
have the intervals (;1 mT) between the adjacent line
which are an order of magnitude smaller than for theB signal
(;18 mT). TheC signal with Bi^001& is unresolved and
less intense, whereas that withBi^110& is split into several
sharp lines.

The angular variations of theC signals in the~010! and
~001! planes were observed. Figure 7 shows the ang
variation of theC signal in the~001! plane. The maximum
splitting occurs whenBi^110&. TheC signal is composed o
two sextets. Each line of the sextet in Fig. 7 is further sp

ty.

FIG. 5. The angular variation of the sextet of theB signal for
Ca2Al2SiO7 :Ce at 5 K in the~010! plane. There is no splitting of
the fourth resonance field denoted by solid circles. The solid cur
are calculated using Eqs.~1! and ~2! and the parameters of theB
center in Table I.

FIG. 6. After UV irradiation at 355 nm for half an hour at 29
K, the sample temperature was decreased down to 77 K. The
spectra for Ca2Al2SiO7 :Ce were measured withBi^001&, ^110&,
and^100&. The newC signal withBi^100& is composed of six lines
as well as theB signal. The numbers 3, 4, and 5 represent
components of theB signal ~see Fig. 4!.
8-4
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MECHANISM OF LONG-LASTING PHOSPHORESCENCE . . . PHYSICAL REVIEW B 65 235108
into two components due to small misalignment between
magnetic field and the crystalline~001! plane.

The angular dependence of theB andC signals fits curves
calculated using the spin Hamiltonian of Eq.~1! including
the hyperfine~h.f.! interaction in the form12

Hh.f.5AxI xSx1AyI ySy1AzI zSz , ~2!

where I is a nuclear spin andAi ( i 5x,y,z) is a hyperfine
coupling constant. The principalz axes forB andC centers
are experimentally determined to be parallel to^001& and
^110&, respectively. Theg values of B and C centers are
calculated taking account of the second-order perturbatio
the hyperfine interaction.12 The solid curves in Figs. 5 and
calculated using Eqs.~1! and~2! and the parameters ofB and
C centers in Table I fit the observed data points.

The nuclear spin ofI 55/2 can be estimated from th
six-hyperfine-line patterns (2I 11) of B andC centers. The
nuclear spins of the compositions43Ca, 27Al, and 29Si, with
natural abundances of 0.13, 100, and 4.7 %, respectively
7/2, 5/2, and 1/2. Therefore,B and C centers are strongly
associated with the nuclear spin of27Al. The large difference
in the magnitude of the hyperfine coupling constants foB
and C centers can be explained by the valence of Al. T
detail will be discussed in Sec. IV.

B. Optical measurements

The optical absorption spectrum of Ce31 in the as-grown
CASM crystal measured at 293 K is shown in Fig. 8~a!. The
spectrum consists of overlapping broadbands below 360
After annealing the sample at 300 °C for 1 h, the absorpt
coefficients decrease below 330 nm and the absorption s
trum is clearly resolved into five bands with peaks at 2
244, 278, 300, and 352 nm in Fig. 8~a!. These five bands
correspond to the five energy levels of 5d excited states of
Ce31 in the crystal because Ce31 complexes withCs sym-
metry have the five nondegenerated 5d orbitals.1,13 The dif-
ference between the absorption spectra of the as-grown

FIG. 7. The angular variation of theC signal for
Ca2Al2SiO7 :Ce at 77 K in the~001! plane. The solid curves ar
calculated using Eqs.~1! and~2! and the parameters of theC center
in Table I.
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annealed samples is represented by a dashed line in fig
The difference spectrum is composed of an intense bro
band with a peak at;300 nm and strong and weak tails
both sides of short and long wavelengths, respectively.8 The
annealed sample was excited with the 355-nm laser light
half an hour. The optical absorption spectrum@Fig. 8~b!# is
changed to be similar to that of the as-grown sample@Fig.
8~a!#. The difference spectrum between the absorption sp
tra of the annealed sample before and after the UV excita
is also represented by a dashed curve. These results ind
strongly that both difference spectra are associated witB
and/orC centers observed using the ESR technique.

Steady-state excitation at 350 nm produces broadband
minescence with a peak at 410 nm, being due to thed
→4 f transition of Ce31 as shown in Fig. 8~b!. The lumines-
cence band has a tail to longer wavelengths created by in
mogeneous broadening and overlapping two bands from
transitions to the2F5/2 and 2F7/2 ground state of Ce31.13 The
line shape of the phosphorescence spectrum after the
moval of the UV excitation at 293 K is coincident with tha
of the luminescence obtained under the steady-state UV
citation in Fig. 8~b!. This gives evidence that the phosph
rescence occurs at Ce31 sites.

Figure 9 shows the temperature dependence of the ra
tive decay curves at the peak wavelength~410 nm! of the
Ce31 luminescence in the time range of 0–250 ns. The
trinsic radiative decay of Ce31 was observed with a constan
lifetime of 40 ns in the temperature range of 77–400
which is due to the allowed electric-dipole 5d→4 f transi-
tion. The lifetime is close to 65 ns for YAG:Ce31 ~Ref. 5!

FIG. 8. ~a! The absorption spectra of the as-grown and annea
crystals Ca2Al2SiO7 :Ce. The dashed curve represents their diff
ence. ~b! The absorption spectra of the annealed crys
Ca2Al2SiO7 :Ce before and after UV excitation. The dashed cur
represents their difference. The Ce31 luminescence spectrum ex
cited at 355 nm is added in~b!.
8-5
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FIG. 9. The temperature de
pendence of the radiative deca
curves of the luminescence at 41
nm in Ca2Al2SiO7 :Ce excited at
355 nm in the time range of 0-250
ns. The background intensities in
crease drastically above 300 K.
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and 25 ns for LiCaAlF6 :Ce31.4 The intensities of the intrin-
sic components are constant below;300 K, gradually de-
creased and reduced to half an amount at 400 K. On the o
hand, the background level at 400 K increases;103 times
larger than below 300 K. This result suggests that the co
ponents with long lifetimes are drastically enhanced as
temperature increases above 300 K.

Figure 10 shows the decay curves of the phosphoresc
in the time range of 5 –103 s in log-log scales atT5280,
350, and 500 K. The decay curves below 280 K are alm
the same as that at 280 K, and the intensities increase d
tically above 300 K. The initial intensity (t;4 s) measured
at 500 K is about three orders of magnitude larger than
at 280 K. These results are in agreement with the increas
the background levels in Fig. 9. The decay curves fit
formula I 5a3t2n, resulting in tunneling recombination be
tween distant pairs of electron and hole in the crystal.14–16

Figure 11 shows the intensities of the phosphoresce
integrated in the time range of 5 –103 s plotted as a function
of 1/T. In the higher temperature range (T.300 K), the
intensities increase exponentially. The data points fit a cu
calculated using the modified Arrhenius’ equation in the fo

I ~T!5I tun1I 03exp~2D/kBT!, ~3!

FIG. 10. The temperature dependence of the decay curves o
phosphorescence at 410 nm in Ca2Al2SiO7 :Ce measured at 280
350, and 500 K in the time range of 5 –103 s. The straight lines are
calculated by the least squares method.
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wherekB is the Boltzmann constant,I 0 and I tun are fitting
parameters, andD is an activation energy. The fitting param
eters are obtained to beI tun580, I 051.293107, and D
5243 meV.

As shown in Figs. 10 and 11, the phosphorescence in
sities below 300 K are fairly weak compared with tho
above 300 K. This indicates that the excitation energy
stored in the crystal below 300 K and released above 300
The ESR results suggest that the energy is stored in the f
of trapped electrons and holes. Then, there is a possib
that the energy stored at low temperatures is released thro
irradiation of a visible light, being associated with the tra
sition to the excited state of either trapped electrons or ho
Such experiments were made in Si:Er by Gresorkiewicz.17,18

Figure 12 shows the decay curves of the phosphoresc
when the first 355-nm laser light is removed att50 s and
the second 633-nm He-Ne cw-laser light is turned on at
5100 s with various irradiation periods and a fixed te
perature of 150 K. The shapes of the decay curves produ
by the second cw excitation are very similar to those after
first UV excitation. The intensities are sharply cut when t
light is turned off.

Figure 13 shows the temperature dependence of the d
curves with the first and second excitations when the sec

he FIG. 11. The intensities of the phosphorescence integrated
time domain plotted as a function of 1/T. The solid curve calculated
using Eq.~3! and the parameters ofI 0580, I tun51.293107, and
D5243 meV fits the observed data points.
8-6



-
te
n
h
d

tie
t

ra

o

rate

ion
s-

nd
ata

by
sites,
at

0–
M

fir
ir

f t
t

y

as a

unc-
or-
he
res

MECHANISM OF LONG-LASTING PHOSPHORESCENCE . . . PHYSICAL REVIEW B 65 235108
cw light is turned on att5300 s. The intensities of the sec
ond phosphorescence rapidly decrease above 70 K. The
perature dependence of the integrated seco
phosphorescence intensities is shown in Fig. 14. T
decrease of the intensities at higher temperatures may be
to nonradiative decay process. The transition probabili
including nonradiative decay process from the excited
ground states is given in the form19

I r~T!5
I 1

11Rnon3exp~2DE/kBT!
, ~4!

whereI 1 andRnon are fitting parameters andDE is an acti-
vation energy corresponding to the nonradiative decay t
sition. The solid curve in Fig. 14 calculated using Eq.~4! and
the parameters ofI 15135, Rnon55.7, andDE512 meV fit
the observed data points. This result shows that the n

FIG. 12. The decay curves of the phosphorescence with
355-nm excitation and second 633-nm cw excitation in various
radiation periods at 150 K.

FIG. 13. The temperature dependence of the decay curves o
phosphorescence with the first and second excitations where
second light is turned on att5300 s and keeps on. The deca
curve at 13 K fits a dashed curve calculated using Eq.~11! and the
parameters ofl152.38, l250.070,b1525.0, andb254.9.
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radiative transition rate is faster than the energy transfer
to Ce31 sites, in increasing temperatures.

Figure 15 shows the relation between the UV excitat
power Pn and the integrated intensity of the phosphore
cenceI n which are normalized by the maximum power a
the maximum intensity, respectively. The observed d
points lie on a straight line represented byI n5APn. This
result indicates that pairs of electron and hole are created
a one-photon process and that they are trapped at stable
thermally released from them and recombine radiatively
Ce31 sites.17,18,20

IV. DISCUSSION

A. Pairs of electron and hole produced by UV excitation

1. ESR

The energy levels of the 5d1 excited state of Ce31 corre-
sponding to the five absorption bands in the range of 20
370 nm are located into the band gap of the host CAS

st
-

he
he

FIG. 14. The integrated second-phosphorescence intensities
function of temperature. The solid curve is calculated using Eq.~4!
and the activation energy ofDE512 meV.

FIG. 15. The integrated phosphorescence intensities as a f
tion of the UV excitation power. The power and intensity are n
malized by the maximum power and the maximum intensity. T
solid line with the slope of 1/2, being calculated by the least squa
method, satisfies the equation ofI n5APn.
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crystal. As the 355-nm excitation is not the band-to-ba
transition, it is difficult to produce directly pairs of electro
and hole. However, the optical results suggest that the p
are produced via the one-photon process, that is, the tra
tion to the excited states of Ce31. According to the ESR
results, the trapped electrons and holes are relatively st
below room temperature. It is very important to identify t
local structure of the trapped electrons and holes in orde
propose a mechanism of the long-lasting phosphoresc
process, that is, how the UV energy is stored in the crys
released, and emitted radiatively.

First, we discuss the spin Hamiltonian parameters oB
andC centers in Table I being observed after the UV exci
tion. Theirg values are very close to the free electrong value
of ge52.0023, resulting in a singlet orbital with the electro
spin ofS5 1

2 . Positive and negativeg shifts (Dg5g2ge) are
strongly associated with holes and electrons, respectiv
because they are determined by the sign of the spin-o
coupling constants@see Eq.~6!#.12,21 Then,B andC centers
are expected to be assigned to electrons and holes from
observedg values, respectively.

Next, the local structure of these centers is discusse
terms of the hyperfine coupling constants. The six-hyperfi
line patterns (2I 11) of B andC centers are ascribed to th
nuclear spin (I 55/2) of 27Al. The observedg values (gx
52.052,gy52.016,gz52.000) for theC center are in good
agreement with those (gx52.052,gy52.015,gz52.005) of
the oxygen-hole aluminum centers in the x-ray irradiated
con ZrSiO4.22 The hyperfine coupling constants of (uAxu
525 MHz, uAyu5uAzu531 MHz) for C center are slightly
larger than those (Ax5219 MHz, Ay5222 MHz, Az
5223 MHz) for zircon. The larger hyperfine coupling co
stant is associated with the larger electron density at
nuclear position. Then, the holes for theC center are ex-
pected to be localized at Al sites more efficiently than tho
for the oxygen-hole aluminum centers in zircon. If the ho
are shared between O22 and Al31 as the same as in zircon
there are many configurations of the holes with vario
O22-Al31 bonding axes. However, the ESR results sh
only two configurations with the principalz axes of^110&
and^1̄10& normal to each other. The two principalz axes are
equal to the lines joining Al~2! and Si ions in Fig. 1~a!. The
ICP analyses show the;10% concentration of Si41 vacan-
cies in the crystal. These facts deduce that the holes
duced in CASM are attracted around Si41 vacancies and
self-trapped at Al31 ions by the electron-phonon interactio
forming Al41 complexes accompanied by Si41 vacancies
along the^110& or ^1̄10& direction. As a consequence, th
holes produced in CASM are self-trapped at the Al~2! sites.

The ground configuration 1s22s22p5 of the self-trapped
holes Al41 is as the same asO2. The energy levels and th
g tensors of trapped holes O2 in oxides were studied exper
mentally and theoretically.23 A 2P state splits into an orbita
singlet 2P(A) and an orbital doublet2P(E), for example, in
axially symmetric crystal field, corresponding to the grou
and first excited states. Optical absorption due to the tra
tion 2P(A)→2P(E) occurs at a photon energy ofDp
5E@2P(E)#2E@2P(A)# in the visible range. Theg values
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calculated through the second-order perturbation of the s
orbit interaction are given by

gi5ge , ~5!

g'5geS 12
l

Dp
D , ~6!

where l is the spin-orbit coupling constant fo
O2 (l,0).12,21–24 The g tensor of theC center is ortho-
rhombic. The observed value ofgz52.000 is in good agree
ment with that ofgi in Eq. ~5!. The average value ofgx and
gy is set tog' in Eq. ~6!. Theg shift of g' in Eq. ~6! can be
estimated to bel/Dp520.016. If the value ofl is assumed
to be equal to that (2135 cm21) of O2,23 the energyDp is
roughly estimated to be 8400 cm21, being associated with
the near infrared region.

Next, let us identify theB center. The hyperfine coupling
constants for theB center in Table I are an order of magn
tude larger than for theC center, so that theB center cannot
be assigned to another self-trapped hole Al41 without Si41

vacancies. The large difference in the hyperfine coupl
constants of theB and C centers can be explained by th
different valence states of Al, that is,p ands orbitals, where
thes orbital has a much larger electron density at the nucl
position than thep orbital. The observed values (uAiu
5590 MHz anduA'u5490 MHz) are nearly equal to hal
the amount of that~1170 MHz! for the 2S1/2 state of Al21 in
Si crystals.21 This suggests that the electron density at
nuclear position of Al in CASM is less than in Si, that is, th
electron wave function extends out of the Al ion. If the ele
trons are assumed to be localized at Al31, the Al31 ions
could act as both of electron and hole centers. This expla
tion leads to the difficulty of how to distinguish trappin
processes of electrons and holes. In addition to this disc
ancy, theB center has the strange ESR feature. The width
the fourth line in Fig. 4 is narrower than those of the oth
five lines, which become broader away from the fourth lin
The resonance fields of the fourth line givegi51.960 and
g'51.974, being very close to those ofF1 centers in simple
oxides CaO, SrO, and BaO.23 These results lead to a poss
bility that theB center may be assigned to electrons trapp
at O22 vacancies in the form ofF1 centers.

We consider further where the O22 vacancy is created a
three different O~1!, O~2!, and O~3! sites in the CASM crys-
tal as shown in Fig. 1. The CASM crystal has a~001! cleaved
face. The O~1! and O~3! ions make bonding in the~001!
plane, whereas the O~2! ion does not bond in the~001! plane.
In addition, only the direction of O~2!-Al ~2! except O~1!-
Al ~2!, O~3!-Al ~2!, and O~3!-Al ~1! is parallel to the^001&
axis, being coincident with the principalz axis of theB cen-
ter. Taking account of these facts, O22 vacancies are ex
pected to be produced preferentially at the O~2! sites. Then,
the B center is assigned to a single electron trapped at
O~2! vacancy such as theF1 center, the wave function ex
tending toward the Al~2! ion along thê 001& direction.

The assignment ofB andC centers suggests that the al
minum ions accompanied by the vacancies of Si41 or O22 at
the nearest neighbors play an important role for trapp
8-8
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holes or electrons, respectively. In order to understand
more detailed structures of these centers, a further ESR m
surement, for example, a high frequency ESR measurem
and calculation of the electronic energy levels and wa
functions of the clusters consisting of trapped electro
~holes! and the surrounding ions in CASM are required.

2. Optical absorption

We consider a relaxation process of electron-hole p
produced in the CASM crystal by the UV excitation of Ce31.
The UV light excites the 4f electron of Ce31 to the 5d
energy levels. The excited electron is expected to be tra
ferred to the nearby O22 vacancy created at the O~2! sites,
for example, through downward hopping. The electron i
mediately relaxes to the stable states and is trapped asF1

center. On the other hand, the hole produced at Ce31 by the
UV excitation moves toward a Si41 vacancy and is self-
trapped at an Al~2! site, forming Al41 through the electron-
phonon interaction. Such trapped electron and self-trap
hole are strongly associated with the O22 and Si41 vacancies
produced under the crystal growth process.

The difference spectra in Fig. 8 consist of the inten
bands with the double peaks at 283 and 302 nm and
intense background below 270 nm.8 The absorption spectr
of F1 centers in MgO, CaO, SrO~Ref. 23! and Al2O3 ~Ref.
25! have peaks at 250, 340, 400, and 250 nm, respectiv
Their spectra have double-peak structures in the UV ran
Especially, the spectrum ofF1 centers in Al2O3 is resolved
into two peaks clearly, being assigned to the transitions
tween 1s- and 2p-like states in analogy to the hydroge
atom.25 As the large absorption coefficients are due to sp
and parity-allowed transitions, the difference spectrum
served in the UV range is assigned to the electrons trappe
O22 vacancies such asF1 centers.

In the same way, the absorption spectrum of the s
trapped holes Al41 is expected to be similar to that of O2,
which is assigned to 2pz→2px,2py transitions in the visible
and near infrared ranges. The transitions are parity forbidd
resulting in small absorption coefficients.23 Although the vis-
ible absorption was not clearly observed in the differen
spectra in Fig. 8, the second visible excitation enhanced
phosphorescence in a pulse shape as shown in Figs. 12
13. Therefore, the visible excitation may be due to the opt
transition of the self-trapped hole Al41 to the excited state
with small transition probabilities.

B. A model of long-lasting phosphorescence process

The line shape of the phosphorescence with long lifetim
(1-103 s) is the same as that of the intrinsic Ce31 lumines-
cence with the lifetime of 40 ns. The decay curves of
phosphorescence intensity at various temperatures satisf
equation ofI (t)5I 0t2n (n,1) calculated in terms of tun
neling between trapped holes and electrons.14–16 The tem-
perature dependence of the integrated intensity obeys
Arrhenius’ equation.26

These results suggest the following process for the ph
phorescence.
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~1! Pairs of electrons and holes are produced at Ce31 ions
by the UV excitation of Ce31 and move to stable trappe
sites. The electrons are trapped at O22 vacancies such asF1

centers, while the holes are self-trapped at Al31 near to Si41

vacancies, forming Al41.
~2! The holes move back to Ce31 in the crystal by thermal

and optical excitation. The holes are retrapped at Ce31 and
recombine the trapped electrons radiatively by tunneli
Then, the phosphorescence has the same line shape o
intrinsic Ce31 luminescence.

There is another possible process for~2!: trapped elec-
trons move to Ce31 sites, forming Ce21. However, it may be
excluded because the energy level of Ce21 is expected to be
much higher than those of the excited state of Ce31.27,28

Here, we discuss the above process~2! in detail, that is, how
the holes move back to Ce31 by thermal and optical excita
tion. The integrated phosphorescence intensities are dr
cally increased above 300 K. The intensities as a function
1/T in Fig. 11 satisfy the Arrhenius’ equation in Eq.~3!. The
first term in Eq.~3! represents the transfer of holes from A
to Ce sites by tunneling. Tunneling is independent of te
peratures and occurs dominantly at low temperatures.
second term represents hopping motion with the activa
energy of 243 meV.26 It is strongly related to hopping be
tween adjacent self-trapped-hole sites separated b
barrier.14 The barrier height may be determined by the Si41

vacancy.
Next, we consider the energy transfer process from

excited states of the self-trapped holes Al41 to distant Ce31

sites. The optical excitation of the self-trapped holes
hances effectively the phosphorescence at low temperat
below 70 K. This suggests that the temperature depende
of the hole transfer via the excited states is reverse to tha
the ground state by phonon-assisted hopping. These phen
ena can be interpreted by assuming a model that the exc
holes may move in the crystal until they are either re-se
trapped at Al31 or trapped at Ce31. This process is simply
illustrated using a three-energy-level scheme. The popula
numbers of self-trapped holes of Al41 in the ground and
excited states aren1 and n2, respectively, whereas that o
holes trapped at Ce31 is n3. The rate equations can be give
by29

dn1

dt
52W12n11W21n2 , ~7!

dn2

dt
5W12n12~W231W21!n2 , ~8!

dn3

dt
5W23n2 , ~9!

whereWi j is the i→ j transition probability.W12 is the opti-
cal transition of self-trapped holes Al41 to the excited state
corresponding to the second visible excitation in Figs. 12 a
13. The solutions of the rate equations are, in general,
scribed in forms29

n1~ t !5a1exp~2l1t !1a2exp~2l2t !, ~10!
8-9
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n2~ t !5b1exp~2l1t !1b2exp~2l2t !, ~11!

l11l25W121W211W23, ~12!

l1l25W12W23. ~13!

Here, a i and b i ( i 51,2) are constants determined by t
initial conditions of the experiments and given by

n1~0!5a11a25N, ~14!

n2~0!5b11b250, ~15!

n3~0!50. ~16!

The transition probabilitiesWi j represented using the con
stantsa i , b i andl i ( i 51,2) are given by

W125
b2

a21b2
l1 , ~17!

W215
a2

a21b2
l12

a2

b2
l2 , ~18!

W235
a21b2

b2
l2 . ~19!

If the radiative decay rate of the phosphorescence du
recombination between Ce41 and a trapped electron is a
sumed to be much larger thanW23, the decay rate is propor
tional todn3 /dt in Eq. ~9!. The observed decay curve for th
second 633-nm cw excitation at 13 K in Fig. 13 fits t
dashed curve calculated using Eq.~11! with parameters of
l152.38, l250.070, b1525.0, andb254.9, where the
values ofb1 andb2 nearly satisfy Eq.~15!. The single ex-
ponential curve deviates largely from the tail of the observ
curve. The disagreement may be removed by a distribu
of W23 in terms of distances between self-trapped holes
Ce31 ions.

In the case ofW21!W23, W12, andW23 in Eqs.~17! and
~19! becomel1 and l2, respectively. Therefore, the rapi
increase and gradual decrease rates of the phosphores
intensity induced by the second cw excitation are equa
W12 and W23, respectively. The temperature dependence
the second decay curves in Fig. 13 indicates thatW21 in-
creases as temperatures increase, that is, the excited
relax to the ground state nonradiatively through a m
tiphonon emission process.
.J
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V. CONCLUSIONS

The UV excitation of Ce31 in the CASM crystal produces
the long-lasting phosphorescence with the distribution of
radiative decay rates. The excitation energy is stored in
crystal below 300 K and gradually released above 300
The ESR results indicate that the energy is stored in
forms of the electrons trapped at O22 vacancies such asF1

centers and the holes self-trapped at Al31 near to Si41 va-
cancies, forming Al41.

In the previous paper,8 the properties of the phosphore
cence from the Ce31-doped CaYAl2O7 ~CYAM ! crystal with
the same melilite crystal structure were reported. The th
moluminescence curves of the CASM:Ce and CYAM:C
crystals as a function of temperature show broadbands
maxima of the intensities at 370 and 90 °C, respectively. T
activation energy for the CYAM:Ce crystal was obtained
be 131 meV. The higher temperature corresponds to
larger activation energy. In the case of CASM, the holes
self-trapped as Al41 accompanied by a Si vacancy. On th
other hand, the holes in the CYAM may be self-trapped at
Al31 ion without an Al31 vacancy, because the activatio
energy of CYAM is half an amount of that for CASM. In
consequence, the vacancies or some defects in CASM
and CYAM:Ce modify the barrier height between the se
trapped holes.

Matsuzawa et al.6 reported the long-lasting
phosphorescence using alkaline-earth alumina
Sr4Al14O25:Eu21:Dy31 and SrAl2O4 :Eu21:Dy31. They
proposed that the phosphorescence occurs through reco
nation of electron-hole pairs created by optical excitatio
where Dy31 plays a role as a hole-trapped center. Accord
to our model of the phosphorescence for CASM:Ce, ther
a possibility that a hole is not trapped at Dy31, but self-
trapped at Al31 and that Dy31 affects the barrier height be
tween the self-trapped holes in the crystals as well as
Si41 vacancies in CASM.
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