
PHYSICAL REVIEW B 66, 184101 ~2002!
Ce3¿ luminescence in a LiBaF3 single crystal at low temperatures
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The luminescence and decay kinetics of Ce31-based centers in a LiBaF3 single crystal are reported in the
80–300 K temperature range. At about 130 K the leading low-temperature double-peak emission band at
270/296 nm is transformed into a single peak at 325 nm. The transformation is also well reflected in the decay
kinetics of both emission bands. A simple two-level model with a separating thermal barrier is used to fit the
experimental data. Ce31-excitation-induced interchange of the LiBa and BaBa surrounding ions in the@011# and
@001# directions, respectively, is proposed to explain the observed band transformation. Thermoluminescence
glow curves at low temperatures support the possibility of such LiBaF3 lattice instability.
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I. INTRODUCTION

Single crystals of LiBaF3 belong to the family of fluorop-
erovskitesABF3, whereA1 is an alkali-metal ion andB21

is one of the elements Mg, Ba, Zn, etc. The thermolumin
cence~TSL! properties of LiBaF3 in the extended tempera
ture range 80–600 K were already studied in the 1981

Most of its TSL peaks below room temperature~RT! were
ascribed to a radiative recombination of thermally relea
VK hole centers withF-electron centers. Furthermore, und
x-ray and VUV synchrotron excitations, the cros
luminescence peaking around 220 nm and self-trapped e
ton emission peaking around 290–300 nm were brie
reported.2 Ce31-doped LiBaF3 became of interest for solid
state lasers, scintillatos and other applications.3–5 The scin-
tillator application was especially intended for thermal ne
tron detection due to the expectation of efficie
discrimination against an unavoidableg-ray background.5,6

Several laboratories reported both the luminescence
scintillation characteristics of Ce-doped LiBaF3 ~see Refs.
7–10! mostly at RT. Induced absorption phenomena~radia-
tion damage! and related color center creation were a
studied.11–13 Ce31 emission centers show a dominant em
sion band at about 325 nm at RT and a characteristic
decay time of about 25–27 ns. However, at least two ot
Ce31-related weaker emissions at 280 nm and 340 nm w
resolved at RT~Ref. 10!. Even more centers were seen
electron paramagnetic resonance~EPR! studies.14 Evidence
was found for four different perturbed Ce31 centers at tem-
peratures below 20 K~two tetragonal and two orthorhombi
distortions!. The dominant emission around 360 nm in t
powder form of LiBaF3 :Ce observed in Ref. 9 is most prob
ably due to significant oxygen contamination as a resul
preparation procedures~final annealing in air at 600°C); i.e.
oxygen-perturbed Ce31 centers could be responsible. Th
plausible presence of a perturbing defect close to the C31

ion follows from the fact that incorporation of Ce31 at the
Ba21 site requires charge compensation. Even if LiBa3
melts incongruently, single crystals of good quality can
grown from a nonstoichiometric melt provided high-puri
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raw materials are used and oxygen-related contaminatio
carefully avoided.10,15Grown crystals show a deviation from
stoichiometry towards Li-rich composition.10 Despite the
several luminescence studies we have mentioned there
basic unanswered problem related to the anomalously la
Stokes shift of Ce31 emission of about 1–1.2 eV at RT. A
recent theoretical study16 treated this problem in detail, bu
the values of about 0.47 eV and 0.61 eV calculated by
supercell and cluster methods, respectively, correspon
only about 50% of the experimentally observed value. As
most favorable charge compensation of the Ce31Ba ion, the
LiBa

1 antisite defect in the@001# direction was proposed. Thi
possibility was also considered in the aforementioned E
study.14

In the present study we complete the emission and de
kinetics characteristics of the Ce31 center in LiBaF3 at low
temperatures. Below 100 K the excitation in the lowestf
→5d absorption band of Ce31 around 244 nm results in a
characteristic double-peak emission at 279/296 nm an
Stokes shift of 0.65 eV is obtained. Under the same exc
tion, above 130 K, this emission band is transformed into
325 nm band, which is well known from RT measuremen

II. EXPERIMENTAL METHODS

Emission and excitation spectra were measured b
Spectrofluorometer 199S~Edinburgh Instrument! using a hy-
drogen steady-state lamp. All spectra were corrected for
perimental distortions. The decay kinetics was measured
der excitation by a hydrogen-filled coaxial ns flashlamp@full
width at half maximum (FWHM)51.5 ns] using a single-
photon-counting detection method. All the characterist
were measured in the 80–300 K range using a DN754
ford Instrument cryostat~for further experimental details se
Ref. 17!. A deconvolution procedure was used~SpectraSolve
program package, Lastek! to extract true decay time param
eters from the measured decay curves. Wavelength-reso
TSL measurements were performed following x-ray irrad
tion ~Philips 2274 x-ray tube operated at 20 kV! at 100 K.
The TSL apparatus was a spectrometer measuring the
intensity both as a function of temperature and waveleng
©2002 The American Physical Society01-1
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the detector was a double-stage microchannel plate follo
by a diode array. The detection range was 200–800 nm
the spectral resolution was about 5 nm. The detector oper
between 10 and 320 K. A 0.1 K s21 heating rate has bee
adopted.

The crystals were grown in a vacuum-tight Czochral
system equipped with a high-purity graphite heater and
automatic diameter control system. The starting material
prepared from commercially available LiF and BaF2 pow-
ders of high purity (.99.99%, rare metals! and melted in a
platinum crucible 60 mm in diameter. The pulling rate was
mm/h and the rotation rate was 10 rpm. Growth orientat
was controlled using a@100#-oriented LiBaF3 seed. The con-
centration of Ce31 in the crystal is estimated to be abo
several tens of ppm.

Chemical analysis was performed to obtain true stoic
ometry between the Li and Ba ions. A sample of LiBaF3 was
dissolved in hydrochloric acid with the addition of bor
acid. The Li and Ba content was determinated by the fla
atomic absorption spectroscopy using a Spectr AA-
Varian apparatus. The stoichiometrical ratio of Li/Ba w
found to be 1.16/1. The error of determination was 2
relativ. %.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The emission and excitation spectra of Ce31-related cen-
ters at 80 K are given in Fig. 1. The dominant double-pe
emission band at 279/296 nm is most efficiently exci
within the 237 nm and 244 nm bands, which coincide w
with the reported leading Ce31 absorption at RT~Ref. 10!.
The small high-energy shift of excitation spectral peaks
most probably related to a different temperature. The
served emission splitting of about 0.255 eV (2050 cm21)
due to the split 4f ground state of Ce31 corresponds well to
the values observed for the Ce31 center in fluoride matrices

FIG. 1. Emission~a!, ~b! and excitation~c!, ~d! spectra at 80 K
related to Ce31-based centers in LiBaF3:Ce31. ~a! lex5240 nm,
~b! lex5260 nm, ~c! lem5290 nm, and~d! lem5340 nm.
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@e.g., 2100 cm21 in CaF2 :Ce ~Ref. 18!#. The excitation
around 260 nm at the low-energy side of the dominant ex
tation peaks yields a low-energy-shifted and rather com
cated emission spectrum of much lower intensity—Fig.
curve~b!. Taking into account the emission splitting of abo
0.255 eV, which is well resolved under 240 nm excitati
@curve ~a!#, another double-peak emission around 304/3
nm can be extracted, while such splitting is not present in
case of the emission peak around 410 nm. The mentio
three emissions are related to three different and stable
based emission centers in LiBaF3 :Ce.

The temperature dependence of the dominant Ce31 emis-
sion in the range 80–300 K under 244 nm excitation is d
played in Fig. 2. Interestingly, this leading 279/296 nm em
sion becomes weaker above 100 K, while another emiss
at 325 nm appears. Above 180 K the former emission
completely suppressed, but it again increases slightly ab
250 K. The inset of Fig. 2 reports the temperature dep
dence of the integral intensities of both bands. The to
emission intensity becomes partly quenched above 180–
K. The 325 nm emission is of different origin with respect
that of 304/333 nm. It follows from their different ban
shapes@compare Fig. 1, curve~b!, and Fig. 2, curves~c! and
~d!# and from the fact that the 325 nm band is not related
the permanent~static! emission center configuration, whic
is the case of the 304/333 nm emission. Furthermore,
intensity of the 304/333 nm emission is much weaker w
respect to that of the 325 nm at 180 K, which points to ve
different concentration of related emission centers. The
cay kinetics of both emissions shows typical features o
thermally stimulated transition and energy transfer betw

FIG. 2. Temperature dependence of the dominant Ce31 emis-
sion spectrum under excitation at 244 nm,~a! T580 K, ~b! T
5130 K, ~c! T5150 K, and~d! T5190 K. In the inset integral
intensities of the (279 nm1296 nm) and 325 nm bands are give
Solid lines are calculated from the model described in the text.
parameter values of the model are as follows:k153.73107, k2

55.43107, k12x
5731011, E125130 meV, k21x

5131011, and
E215120 meV.
1-2
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two-excited-state minima and emission centers often lab
as the donor and acceptor levels and centers; see Fig. 3

Under the 244 nm excitation the decay time of the 2
296 nm emission@donor center, curve~b!# starts to decreas
simultaneously with its intensity above 100 K and the 3
nm emission band@acceptor center, curve~c!# shows biexpo-
nential decay curves with a well-expressed rising edge.
decay time in the rising edge of the 325 nm band de
curve included in the negative component of the approxim
tion function~see the caption of Fig. 3! approximately agrees
with the leading decay time observed at 290 nm through
all temperatures. At temperatures above 200–220 K, the
ond ~slower! exponential component in the 296 nm dec
increases rapidly in intensity and has a decay time equa
the leading one in the 325 nm emission decay. The de
times are extracted in the inset of Fig. 3. The appearanc
a second, slower decay component in the 296 nm de
above 220 K and the observed increase of the intensit
this band above 250 K give evidence of a backward tra
tion.

The observed features in the temperature dependenc
intensities and related decay curves match the situation
served, for example, in thermally stimulated transitions
tween Jahn-Teller minima of the excited state of the Tl1 ion
in a KBr host17 or in similar systems. However, the Jah
Teller effect is not significant in this case due to the fact t
the lowest component of the split Ce315d state is based on
the 2E term in cubic symmetry, which is rather weak
coupled to lattice vibrations, and the degeneracy of
Ce315d excited state is removed by strong static site sy

FIG. 3. Decay curves of Ce31 emission at 140 K.~a! Instrumen-
tal response to the excitation pulse.~b! Decay curve, lex

5244 nm,lem5289 nm. The solid line is a convolution of instru
mental response with the two-exponential functionI (t)
55062 exp@2t/8.2 ns#1150exp@2t/27.7 ns#13; ~c! Decay curve,
lex5244 nm,lem5340 nm. The solid line is a convolution of in
strumental response with a two-exponential functionI (t)
524750 exp@2t/7.6 ns#15990 exp@2t/27.2 ns#12.2. Curve ~c!
is horizontally and vertically shifted for better display. In the ins
the temperature dependences of the decay times related to th
diative transitions at the 296 nm and 325 nm bands are given. S
lines are calculated from the model described in the text; the
rameter values are the same as those given in the caption of F
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metry distortions.10,14,16The energy transfer of any kind be
tween two centers~i.e., differently perturbed Ce31) also can-
not play an important role: in such a situation the don
decay becomes strongly nonexponential due to the dista
dependence of the energy transfer process. Also, it would
difficult to imagine that all Ce31 ions are organized in suc
couples in the LiBaF3 matrix despite their low concentration
which is below 100 ppm. Following the situation discuss
in Refs. 14 and 16 for possible charge compensation, a
ferent solution could be proposed. Both theoretic
calculations16 and measured crystal composition10 evidence a
strong tendency in LiBaF3 :Ce for a LiBa

1 antisite defect that
is close to the Ce31 ion. The existence of such a defect
further supported by a chemical analysis of this crystal p
formed by us, which also evidences the Li-rich compositi
of LiBaF3; see Sec. II. Two configurations of the LiBa

1 ion
were mentioned with respect to Ce31; namely, in the@001#
and @011# directions. While the former was considered
Refs. 14 and 16 as responsible for the 325 nm band, the l
was ascribed to the weak 280 nm emission at RT~Refs. 10
and 14!. Theoretical calculations16 show that the Ce31 ion in
the ground state moves strongly towards LiBa along @001#,
and the LiBa is moved out from its position as well in th
same direction. After the Ce31 excitation, this motion and
distortion is further strengthened. If the conclusion of Re
10 and 14 is correct, the major part of the Ce31 emission
observed below 100 K~279/296 nm band! comes from the
centers perturbed by LiBa in the@011# direction. Excitation of
Ce31, however, induces another force in the@001# direction,
which tends to move the next nearest cation farther aw
along @001#. Below 100 K there should be a regular Ba21,
which will be pushed out from its regular site along@001#
and one could imagine site exchange with the mentio
~smaller! LiBa @011# antisite ion and this Ba21 @001# cation to
better accommodate the situation induced by the Ce31 exci-
tation. Such ion exchange, however, induces in turn a dee
relaxation of the Ce31 excited-state potential surface itse
and as a result the emission transition is shifted to 325
After the Ce31 deexcitation both LiBa @001# and BaBa @011#
switch back to their original sites and the initial conditions
the lattice~before the Ce31 excitation! are fully restored. It is
worth noting that the calculations performed16 indicated an-
other Li1 irregular position of similar energy with respect
that along the@001# direction: namely, along the@111# direc-
tion. This result indicates that the mentioned exchange
LiBa @011# and BaBa @001# cations should not be governed b
an unreasonably high-energy barrier.

To obtain an estimate of such an energy barrier we c
sidered a simple model of ‘‘two minima,’’ similar to the situ
ation found in KBr:Tl1, mentioned above.17 A higher-energy
minimum thus corresponds to a situation in which Ce31 is
accompanied by LiBa in the @011# direction, while the lower-
energy minimum matches the situation with LiBa in the @001#
direction, see Fig. 4. The excited state of each minim
~which can be referred to as level 1 related to the 325
band and level 2 related to the 279/296 nm band! is charac-
terized by a transition rate to the ground state (k1 ,k2), which
corresponds to a reciprocal value of the low-temperature

,
ra-

lid
a-
2.
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cay time (t1 ,t2). The energy exchange between the exci
states of the minima occurs by thermally stimulated tran
tions, possibly in both directions. The transition rate in t
direction 1→2 would be

k125k12x
exp~2E12/kbT!, ~1!

with k12x
, and E12, kb being the frequency factor, energ

barrier, and Boltzmann constant, respectively. An analog
expression can be written for the opposite direction, w
parametersk21x

andE21. The two-level system introduced i
this way can be described by a couple of rate equations
the level populationsn1 andn2:

ṅ152k1n12k12n11k21n2 , ṅ252k2n22k21n21k12n1 .
~2!

Based on these equations one can calculate the decay
and the emission intensity of the light emitted from bo
minima ~for details see Ref. 17!. Then, fitting the experimen
tal data, one can extract the parameters used in the m
particularly the energy barriers for nonradiative energy tra
fer. The results of numerical simulations are given by
solid lines in the insets of Figs. 2 and 3 for transitions in bo
directions 1↔2. The calculated forward transition barrie
E12 is within 130–150 meV, while the backward transition
governed by a somewhat lower barrier around 120 m
However, satisfactory agreement with experimental d
could not be obtained simultaneously for both intensities
decay times. Consideration of the backward transition~justi-
fied by the observed decay course and emission intens
above 220–250 K! apparently improves the agreement w
the experimental data~with respect to the forward channe
only!, but does not solve the problem completely. The ex
tence of the backward transition supports the dynam
character of the Li and Ba ion interchange and a full res
ration of the lattice arrangement after the Ce31 deexcitation.
Moreover, there is a strong experimentally observed inten
reduction of the 325 nm band~level 1! above 180 K, possi-
bly by nonradiative quenching to the ground state, but t
additional channel was not considered in our numerical m
eling.

It is worth mentioning another interesting coinciden
within the 130–140 K temperature interval. Namely, there
a leading TSL glow peak both in the undoped and Ce-do
LiBaF3 in this region,~see Fig. 5! which becomes even mor
intense in the Ce-doped sample. The TSL emission spec

FIG. 4. Sketch of the emission center spatial arrangement
related energy levels.
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within the glow peaks obtained is rather complex, show
several bands within the 280–400 nm region, and can c
tain both the Ce31-related and~auto!localized exciton emis-
sions of LiBaF3 reported in the literature. The temperature
the dominant glow peak exactly matches that of the obser
emission band transformation described above. Despite
apparently different quality of the crystals, very similar glo
curves were reported by other authors as well19 and ascribed
to tunneling recombination between the releasedVK centers
and theF centers. It is reasonable to consider the localizat
of the VK center close to the LiBa antisite defect, since the
localization of VK centers close to an Na1 impurity was
observed in CaF2 :Na crystals,20 and similar centers were
noted also in KMgF3.21 Such crystal-origin-independent TS
features and the Ce31 emission transformation within the
130–140 K interval may indicate some local instabilities
the LiBaF3 lattice related to the LiBa antisite defects. Even if
it is not straightforward, the tunneling character of these T
phenomena19 may provide a reason for the observed discre
ancy between numerical simulations and experimental d
related to the Ce31 emission center above, when only
simple thermal barrier governed process is considered for
lattice ion exchange.

IV. CONCLUSION

Three perturbed Ce31, stable centers were resolved in th
emission spectra at 80 K. These give rise to the 279/296
304/333 nm, and 410 nm bands. At temperatures below
K the excitation within the leading Ce31 absorption and ex-
citation bands around 244 nm yields dominant characteri
5d→4 f Ce31 double-peak emission at 279 nm and 296 n
which shows a decay time of 18 ns. A Stokes shift of ab
0.65 eV is obtained, which is in a good agreement with
calculated values.16 This emission band is around 130–14
K transformed into another broadband peaking at 325 n
which is well known from RT measurements. We propo
that exchange of a LiBa @011# antisite defect and regular BaBa
@001# cations due to the nearby Ce31 ion excitation is re-

nd

FIG. 5. Thermoluminescence glow curve of undoped and
doped LiBaF3 samples after x-ray irradiation at 10 K. The TS
glow curves were obtained by integration of the waveleng
resolved measurements in the 280–400 nm range.
1-4
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sponsible for this band transformation. The energy barrier
such a process is calculated to be about 130–150 meV.
observed Stokes shift at RT is thus the result of a two-s
process: the relaxation of the 5d excited state of the Ce31

center itself is followed by cation exchange, resulting in a
other relaxation of the 5d excited-state minimum of Ce31. A
possible local instability of a LiBa antisite defect in the
LiBaF3 lattice is also supported by the leading thermolum
ta

nd

N

e,
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a

.
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nescence glow peak occurring within exactly the same te
perature interval.
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