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ce*t luminescence in a LiBak single crystal at low temperatures
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The luminescence and decay kinetics of Géased centers in a LiBaingle 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. G&-excitation-induced interchange of thes}.and Ba, surrounding ions in thg011] and
[001] directions, respectively, is proposed to explain the observed band transformation. Thermoluminescence
glow curves at low temperatures support the possibility of such LiBaffice instability.
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[. INTRODUCTION raw materials are used and oxygen-related contamination is
carefully avoided®®Grown crystals show a deviation from
Single crystals of LiBagbelong to the family of fluorop-  stoichiometry towards Li-rich compositidfi. Despite the
erovskitesABF;, whereA™ is an alkali-metal ion an@®?t several luminescence studies we have mentioned there is a
is one of the elements Mg, Ba, Zn, etc. The thermoluminesbasic unanswered problem related to the anomalously large
cence(TSL) properties of LiBak in the extended tempera- Stokes shift of C& emission of about 1-1.2 eV at RT. A
ture range 80—600 K were already studied in the 1880s.recent theoretical stud¥ treated this problem in detail, but
Most of its TSL peaks below room temperatufRT) were the values of about 0.47 eV and 0.61 eV calculated by the
ascribed to a radiative recombination of thermally releasegUPercell and cluster methods, respectively, correspond to

Vi hole centers with-electron centers. Furthermore, underOnly about 50% of the experimentally observed vz_:llue. As the
x-tay and VUV synchrotron excitations, the cross- most favorable charge compensation of thé @a ion, the

luminescence peaking around 220 nm and self-trapped excli'—i ea r?m_t?site defect in théop 1] dire_ction was propos_ed. This
ossibility was also considered in the aforementioned EPR

ton emission peaking around 290-300 nm were briefI)P

. . .~ Pstudy4
reported? Ce"-doped LiBak became of interest for solid- | o
- L . n the present study we complete the emission and deca
state lasers, scintillatos and other applicatidfisThe scin- b y b y

fillat licati allv intended for th | kinetics characteristics of the €& center in LiBak at low
mator application was especially Intended Tor Inerma’ NeU~e yheratyres. Below 100 K the excitation in the lowest 4
tron detection due to the expectation of efficient

L . . s —5d absorption band of CGé around 244 nm results in a
discrimination against an unavoidabjeray background?®  characteristic double-peak emission at 279/296 nm and a

Several laboratories reported both the luminescence angiokes shift of 0.65 eV is obtained. Under the same excita-
scintillation characteristics of Ce-doped LiBaksee Refs. {jon above 130 K, this emission band is transformed into the

7—-10 mostly at RT. Induced absorption phenoméradia- 325 nm pand, which is well known from RT measurements.
tion damagg and related color center creation were also

studied'! "3 Ce’* emission centers show a dominant emis-

sion band at about 325 nm at RT and a characteristic fast

decay time of about 25-27 ns. However, at least two other Emission and excitation spectra were measured by a
Ce**-related weaker emissions at 280 nm and 340 nm werSpectrofluorometer 199&dinburgh Instrumentusing a hy-
resolved at RT(Ref. 10. Even more centers were seen in drogen steady-state lamp. All spectra were corrected for ex-
electron paramagnetic resonan@&PR studies:* Evidence  perimental distortions. The decay kinetics was measured un-
was found for four different perturbed €e centers at tem-  der excitation by a hydrogen-filled coaxial ns flashlajfuyl
peratures below 20 Kiwo tetragonal and two orthorhombic width at half maximum (FWHM) 1.5 ns] using a single-
distortiong. The dominant emission around 360 nm in thephoton-counting detection method. All the characteristics
powder form of LiBak:Ce observed in Ref. 9 is most prob- were measured in the 80—-300 K range using a DN754 Ox-
ably due to significant oxygen contamination as a result oford Instrument cryostaffor further experimental details see
preparation proceduréénal annealing in air at 600°C); i.e., Ref. 17). A deconvolution procedure was usgpectraSolve
oxygen-perturbed Gé centers could be responsible. The program package, Lasteto extract true decay time param-
plausible presence of a perturbing defect close to th&' Ce eters from the measured decay curves. Wavelength-resolved
ion follows from the fact that incorporation of €& at the ~ TSL measurements were performed following x-ray irradia-
Ba" site requires charge compensation. Even if LiBaF tion (Philips 2274 x-ray tube operated at 20 k¥t 100 K.
melts incongruently, single crystals of good quality can beThe TSL apparatus was a spectrometer measuring the TSL
grown from a nonstoichiometric melt provided high-purity intensity both as a function of temperature and wavelength:

II. EXPERIMENTAL METHODS
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FIG. 2. Temperature dependence of the dominarit"Gamis-
sion spectrum under excitation at 244 nfa) T=80K, (b) T
=130 K, (c) T=150 K, and(d) T=190 K. In the inset integral
intensities of the (279 nmM296 nm) and 325 nm bands are given.

olid lines are calculated from the model described in the text. The
ameter values of the model are as follows=3.7x10’, k,
A4X10, ki =TX 10", E;p=130 meV, kp =1x10", and
%Szﬁ 120 meV.

FIG. 1. Emission(a), (b) and excitation(c), (d) spectra at 80 K
related to C&"-based centers in LiBaFCE". (@) \o=240 nm,
(b) Nex=260 Nm, (C) Agy=290 nm, andd) A¢pm=340 nm.

the detector was a double-stage microchannel plate followe
by a diode array. The detection range was 200—800 nm an@aé
the spectral resolution was about 5 nm. The detector operat
between 10 and 320 K. A 0.1 K$ heating rate has been
adopted.

The crystals were grown in a vacuum-tight Czochralskil€.g., 2100 cm® in CaR,:Ce (Ref. 18]. The excitation
system equipped with a high-purity graphite heater and aground 260 nm at the low-energy side of the dominant exci-
automatic diameter control system. The starting material wattion peaks yields a low-energy-shifted and rather compli-
prepared from commercially available LiF and Bapow- cated emission spectrum of much lower intensity—Fig. 1,
ders of high purity £99.99%, rare metalsand melted in a curve(b). Taking into account the emission splitting of about
platinum crucible 60 mm in diameter. The pulling rate was 10.255 eV, which is well resolved under 240 nm excitation
mm/h and the rotation rate was 10 rpm. Growth orientatiod curve (8], another double-peak emission around 304/333
was controlled using BLOOJ-oriented LiBak seed. The con- hm can be extracted, while such splitting is not present in the
centration of C&" in the crystal is estimated to be about case of the emission peak around 410 nm. The mentioned

several tens of ppm. three emissions are related to three different and stable Ce-
Chemical analysis was performed to obtain true stoichibased emission centers in LiBake. _ _
ometry between the Li and Ba ions. A sample of LiBafas The temperature dependence of the dominarit Genis-

dissolved in hydrochloric acid with the addition of boric Sion in the range 80—300 K under 244 nm excitation is dis-
acid. The Li and Ba content was determinated by the flam®layed in Fig. 2. Interestingly, this leading 279/296 nm emis-
atomic absorption Spectroscopy using a Spectr AA-30§|On becomes weaker above 100 K, while another emission
Varian apparatus. The stoichiometrical ratio of Li/Ba wasat 325 nm appears. Above 180 K the former emission is
found to be 1.16/1. The error of determination was 2—4completely suppressed, but it again increases slightly above

relativ. %. 250 K. The inset of Fig. 2 reports the temperature depen-
dence of the integral intensities of both bands. The total
. EXPERIMENTAL RESULTS AND DISCUSSION emission intensity becomes partly quenched above 180-200

K. The 325 nm emission is of different origin with respect to

The emission and excitation spectra ofCeaelated cen- that of 304/333 nm. It follows from their different band
ters at 80 K are given in Fig. 1. The dominant double-peakshapegcompare Fig. 1, curvéb), and Fig. 2, curvesc) and
emission band at 279/296 nm is most efficiently excited(d)] and from the fact that the 325 nm band is not related to
within the 237 nm and 244 nm bands, which coincide wellthe permanentstatio emission center configuration, which
with the reported leading Gé absorption at RTRef. 10.  is the case of the 304/333 nm emission. Furthermore, the
The small high-energy shift of excitation spectral peaks isntensity of the 304/333 nm emission is much weaker with
most probably related to a different temperature. The obrespect to that of the 325 nm at 180 K, which points to very
served emission splitting of about 0.255 eV (2050 ¢jn  different concentration of related emission centers. The de-
due to the split 4 ground state of C& corresponds well to cay kinetics of both emissions shows typical features of a
the values observed for the ecenter in fluoride matrices thermally stimulated transition and energy transfer between
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104 T T — metry distortiong®'*1®The energy transfer of any kind be-
= g 7 at 335 nm | tween two centeréi.e., differently perturbed CGé) also can-
= X ° not play an important role: in such a situation the donor
g 1000 + %10'31284,, ; decay becomes strongly nonexponential due to the distance
8, - 3 dependence of the energy transfer process. Also, it would be
> L ] difficult to imagine that all C& ions are organized in such
g 10¢ 0002 0006 001 couples in the LiBagFmatrix despite their low concentration,
@ 3 1T [1/K] . . . . . .
< which is below 100 ppm. Following the situation discussed

in Refs. 14 and 16 for possible charge compensation, a dif-
ferent solution could be proposed. Both theoretical
calculation$® and measured crystal composittf®evidence a
Mig, i strong tendency in LiBaFCe for a L, antisite defect that
0 50 100 150 200 250 300 350 400 is close to the C¥ ion. The existence of such a defect is
time [ns] further supported by a chemical analysis of this crystal per-
FIG. 3. Decay curves of Gé emission at 140 K(a Instrumen- formed by us, which also evidences the Li-rich composition

tal response to the excitaion pulséb) Decay curve, Aq, of LiBaFg; see Sep. Il. Two configurations of thegLiion
=244 nM,\ =289 nm. The solid line is a convolution of instru- Wereé mentioned with respect to Te namely, in the[001]
mental response with the two-exponential function(ty ~ @nd[011] directions. While the former was considered in
=5062 exp—t/8.2 ng+ 150exp—t/27.7 n§+3; (c) Decay curve, Refs. 14 and 16 as responsible for the 325 nm band, the latter
Nex= 244 N, \ ;=340 nm. The solid line is a convolution of in- was ascribed to the weak 280 nm emission at(Re&fs. 10
strumental response with a two-exponential functidt)  and 14. Theoretical calculatiort8 show that the C¥ ion in
= —4750 exp—t/7.6 ng+5990 exp—t/27.2 ng+2.2. Curve (c) the ground state moves strongly towardgLalong [001],
is horizontally and vertically shifted for better display. In the inset, and the Li, is moved out from its position as well in the
the temperature dependences of the decay times related to the @ame direction. After the Gé excitation, this motion and
diative transitions at the 296 nm and 325 nm bands are given. Soligistortion is further strengthened. If the conclusion of Refs.
lines are calculated from the model described in the text; the pajg and 14 is correct, the major part of the3Ceemission
rameter values are the same as those given in the caption of Fig. dyserved below 100 K279/296 nm bandcomes from the
centers perturbed by k4 in the[011] direction. Excitation of
two-excited-state minima and emission centers often labele@€*", however, induces another force in {f@1] direction,
as the donor and acceptor levels and centers; see Fig. 3. Which tends to move the next nearest cation farther away
Under the 244 nm excitation the decay time of the 279/along[001]. Below 100 K there should be a regularBa
296 nm emissiofidonor center, curvéb)] starts to decrease Which will be pushed out from its regular site alof@01]
simultaneously with its intensity above 100 K and the 325and one could imagine site exchange with the mentioned
nm emission banfacceptor center, curve)] shows biexpo-  (smallej Lig,[011] antisite ion and this Ba [001] cation to
nential decay curves with a well-expressed rising edge. Thbetter accommodate the situation induced by th&"Gexci-
decay time in the rising edge of the 325 nm band decayation. Such ion exchange, however, induces in turn a deeper
curve included in the negative component of the approximarelaxation of the C& excited-state potential surface itself
tion function(see the caption of Fig.)&pproximately agrees and as a result the emission transition is shifted to 325 nm.
with the leading decay time observed at 290 nm throughouhfter the C€* deexcitation both Lg, [001] and Ba, [011]
all temperatures. At temperatures above 200-220 K, the seswitch back to their original sites and the initial conditions of
ond (slowep exponential component in the 296 nm decaythe lattice(before the C&" excitation are fully restored. Itis
increases rapidly in intensity and has a decay time equal teorth noting that the calculations performeihdicated an-
the leading one in the 325 nm emission decay. The decagther Li" irregular position of similar energy with respect to
times are extracted in the inset of Fig. 3. The appearance dhat along th¢001] direction: namely, along thgl11] direc-
a second, slower decay component in the 296 nm decayon. This result indicates that the mentioned exchange of
above 220 K and the observed increase of the intensity dfig,[011] and Ba, [001] cations should not be governed by
this band above 250 K give evidence of a backward transian unreasonably high-energy barrier.
tion. To obtain an estimate of such an energy barrier we con-
The observed features in the temperature dependence sidered a simple model of “two minima,” similar to the situ-
intensities and related decay curves match the situation ofation found in KBr:TI", mentioned abov&’ A higher-energy
served, for example, in thermally stimulated transitions beminimum thus corresponds to a situation in which*Cés
tween Jahn-Teller minima of the excited state of thé ibin accompanied by kg, in the[011] direction, while the lower-
in a KBr host’ or in similar systems. However, the Jahn- energy minimum matches the situation withy)in the[001]
Teller effect is not significant in this case due to the fact thadirection, see Fig. 4. The excited state of each minimum
the lowest component of the split £&d state is based on (which can be referred to as level 1 related to the 325 nm
the 2E term in cubic symmetry, which is rather weakly band and level 2 related to the 279/296 nm hasdharac-
coupled to lattice vibrations, and the degeneracy of theerized by a transition rate to the ground stadte,k»), which
Ce’*5d excited state is removed by strong static site sym-corresponds to a reciprocal value of the low-temperature de-
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cay time (ry,7,). The energy exchange between the excited LN
states of the minima occurs by thermally stimulated transi- o beaae t \ .
tions, possibly in both directions. The transition rate in the 50 100 150 200 250 300

direction 1-2 would be Temperature (K)

FIG. 5. Thermoluminescence glow curve of undoped and Ce-
Kio= klgeXF(—Elzlka), ) doped LiBak samples a_fter x-ray irradiat_ion at 10 K. The TSL
glow curves were obtained by integration of the wavelength-

with k12/ and E,,, k, being the frequency factor, energy resolved measurements in the 280—400 nm range.

zigrlggsi)nnd Ea?]ltzbrgavr\'/?itfg:Sfﬁn:h;ez?)%(g's\i/gya?gcf}g2'Ogv(i)t';']ﬁ/ithin the glow pea}ks obtained is rather cpmplex, showing
arameterk.. andE.. The two-level svstem introducéd in se_veral bands within the 280—-400 nm region, and can con-
P _ 2L, 21 y ) tain both the C&'-related andautolocalized exciton emis-
this way can be described by a couple of rate equations fogions of LiBaR reported in the literature. The temperature of
the level populations); andn,: the dominant glow peak exactly matches that of the observed
emission band transformation described above. Despite the
oo _ S _ apparently different quality of the crystals, very similar glow
M1 ki ~kiy+hanz, N KaMo—kaalo + k12n1(-2) curves were reported by other authors as Welhd ascribed
to tunneling recombination between the relea¥gdcenters
Based on these equations one can calculate the decay tira@d theF centers. It is reasonable to consider the localization
and the emission intensity of the light emitted from bothof the Vi center close to the kj antisite defect, since the
minima (for details see Ref. 27Then, fitting the experimen- localization of Vi centers close to an Naimpurity was
tal data, one can extract the parameters used in the modelpserved in CafiNa crystal$® and similar centers were
particularly the energy barriers for nonradiative energy transnoted also in KMgFk.?! Such crystal-origin-independent TSL
fer. The results of numerical simulations are given by thefeatures and the €& emission transformation within the
solid lines in the insets of Figs. 2 and 3 for transitions in both130—140 K interval may indicate some local instabilities of
directions x-2. The calculated forward transition barrier the LiBaF; lattice related to the Ig, antisite defects. Even if
Eq, is within 130—-150 meV, while the backward transition is it is not straightforward, the tunneling character of these TSL
governed by a somewhat lower barrier around 120 me\phenomen® may provide a reason for the observed discrep-
However, satisfactory agreement with experimental datancy between numerical simulations and experimental data
could not be obtained simultaneously for both intensities andelated to the C&¥ emission center above, when only a
decay times. Consideration of the backward transitjosti-  simple thermal barrier governed process is considered for the
fied by the observed decay course and emission intensitidgttice ion exchange.
above 220-250 Kapparently improves the agreement with
the experimental datéwith respect to the forward channe_l IV. CONCLUSION
only), but does not solve the problem completely. The exis-
tence of the backward transition supports the dynamical Three perturbed Ceé, stable centers were resolved in the
character of the Li and Ba ion interchange and a full restoemission spectra at 80 K. These give rise to the 279/296 nm,
ration of the lattice arrangement after the’Celeexcitation.  304/333 nm, and 410 nm bands. At temperatures below 100
Moreover, there is a strong experimentally observed intensitiK the excitation within the leading €& absorption and ex-
reduction of the 325 nm bandevel 1) above 180 K, possi- citation bands around 244 nm yields dominant characteristic
bly by nonradiative quenching to the ground state, but thisd—4f Ce* double-peak emission at 279 nm and 296 nm,
additional channel was not considered in our numerical modwhich shows a decay time of 18 ns. A Stokes shift of about
eling. 0.65 eV is obtained, which is in a good agreement with the
It is worth mentioning another interesting coincidencecalculated value¥® This emission band is around 130-140
within the 130—140 K temperature interval. Namely, there isK transformed into another broadband peaking at 325 nm,
a leading TSL glow peak both in the undoped and Ce-dopedhich is well known from RT measurements. We propose
LiBaF; in this region,(see Fig. 5 which becomes even more that exchange of a bj [011] antisite defect and regular Ba
intense in the Ce-doped sample. The TSL emission spectrufi®01] cations due to the nearby Eeion excitation is re-
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sponsible for this band transformation. The energy barrier fonescence glow peak occurring within exactly the same tem-
such a process is calculated to be about 130—150 meV. Thgerature interval.

observed Stokes shift at RT is thus the result of a two-step
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