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Luminescence-kinetic properties of Lal;—Ce microcrystals of 1-10 pm size in Nal-Lal;—Ce
system are studied upon 2.5-12 eV excitation using synchrotron radiation. The lumines-
cent properties of cerium centers in the embedded Lal;—Ce microcrystals are revealed to be
similar to those for the bulk Lal;—Ce crystals. The mechanisms of cerium centers lumines-
cence excitation in the Nal-Lal;—Ce crystalline system upon excitation in the transparency
and fundamental absorption range of Nal and Lal; matrixes and mechanisms of thermal
quenching of cerium ions luminescence in the Lal; microcrystals are discussed.
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HccneoBanbl CIEKTPANIBLHO-TIOMUHECIIEHTHEIE U JTIOMUHECIIEHTHO-KUHEeTUUeCKe CBOMCTRA
mukpokpucranios Lal,—Ce pasmepom 1-10 MM, gmcmeprupoBanuble B Matpure Nal mpwm
CUHXPOTPOHHOM BO3OGY:KIeHUU B Ananasone sHepruit 2.5—12 »B. JlroMuHeCIIeHTHEIE CBOHCTBA
IepueBbIX eHTPOB B MuKpokpucrannax Lal,—Ce mogobusr ux obmeMHBIM aHanoram. O6cyx-
[JAIOTCSA MEeXaHWU3MbI BO3OYIKIEHUA JIOMUHECHEHI[UN [[ePUEBbIX LEHTPOB B KPUCTALINYECKON
cucreme Nal-Laly(1 %)—Cel;(0.05 %) mpu BosGy:xjeHnn B oGIacTH IIPO3PAYHOCTH M (QyHAA-
MeHTaJNbHOTO Horjomennsa martpur Nal n Lal;, a Takxe MexaHMSMBI TeMIIEPAaTYPHOTO TyIIe-
HUSA JTIOMUHECIeHI[UN MOHOB IepHA B MUKPOKpucTasiax Lals.

Jliominecuentni Bracrupocti mikporpucraxis Lal,—Ce, Bkpanmnenux y marpumio Nal.
A.CITywar, B.B.Bicmoscvruii, T.M Jemxis, K.PHauywrx, I.M.Kpasuyr, J.T.Kapnawok,
O.B.'ekmin, A.C.Boaouwuno8coKUil.

HocnigkeHo CIeKTPaJbHO-JIIOMiHECHeHTHI 1 JIoMiHeCIeHTHO-KiHeTHUHI BJIACTHBOCTI
mikporpucranis Lal;—Ce posmipom 1-10 mrm, Bkpamneni B marpuni Nal mpm cmmaxpoTpon-
HOMYy B30yaskeHHi B miamasoni emepriit 2.5-12 eB. JliomimecnieHTHI BiacTUBOCTI IepieBUX
nenTpis y mikporxpucranax Lal;—Ce e mogi6mi g0 ix o6’emmux amanoris. O6rosopmomoThca
MexaHisMu 30ysKeHHA JoMiHecleHIil IepieBux ueHTpiB B Kpucraniumiin cucremi Nal-
Lalz(1 %)—Cel;(0.05 %) npu sbynsxenni B o6nacri mposopocti i QyHIaMEHTANBHOTO IOTIHHAH-
ua marpuns Nal i Lal;, Ta mexamismm TemmeparypHoro racimma rominecnenmii ionis mepiro
y mikporpucrarax Lals.
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1. Introduction

LaX; (X =Cl, Br, I) single crystals doped
with Ce3* ions attract the attention of re-
searchers due to good scintillation proper-
ties: high density, significant light yield
and energy resolution [1-5]. The scintilla-
tion properties of LaXz—Ce crystals are
known to be improved at changing the hal-
ide in the Cl — Br — | row [3, 6], however,
for Lal;—Ce crystal the luminescence of ce-
rium centers occurs only at low tempera-
tures [4] therefore it may be considered as
potential cryogenic scintillator. From per-
spective of practical use of LaX;—Ce crystals
there are difficulties associated with their
hygroscopicity and low symmetry of the
crystalline lattice. Latter complicates the
growth of large size crystals. Therefore the
perspective way for studying and practical
use of the highly hygroscopic LaX;—Ce crys-
tals is fabrication of embedded LaX;—Ce mi-
crocrystals in a non-hygroscopic or less hy-
groscopic matrix of high crystalline symme-
try [7-9]. One of the possible matrices is
Nal crystal which is characterized by less
hygroscopicity than Lalj.

The micro- or nanocrystals embedded in
dielectric matrix can be formed by aggrega-
tion processes of impurity ions. Such the
impurity aggregation is already studied for
a significant quantity of halide compound
[7—13]. The after-growth temperature an-
nealing of the doped crystal affects on effi-
ciency of embedded micro- or nanocrystals
formation. Chemical composition of the ob-
tained embedded microcrystals can corre-
spond either to the impurity molecule or to
the complex compound in the case if impu-
rity forms a compound with the matrix ma-
terial. For example, activation of KCI crys-
tal by LaCl; leads to formation of K,LaClg
microcrystals in the KCl matrix [14]. At the
same time, the adding of LaX; impurities
into the NaX crystal leads to effective for-
mation of LaX; (X = Cl, Br) microcrystals [9,
15]. In this case, one can obtain the embed-
ded La-containing microcrystals protected
from atmospheric influences, which possess
the scintillation properties corresponding to
their bulk analogs. To obtain the Ce3* ions
doped microcrystals the CeX; impurities are
added to the initial mixture. Prevailing in-
troducing of the impurity cerium ions in
the embedded microcrystals instead of Nal
matrix is due to the same valency and close
ionic radii of cerium and lanthanum [9].

Fabrication of the high hygroscopic of
Lal;—Ce crystals embedded in Nal matrix al-
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lows to prevent the influence of atmos-
pheric moisture, to study more exactly lu-
minescent parameters of Lal;—Ce and
mechanisms of excitation energy transfer
from the Nal matrix to the dispersed
Lal;—Ce microcrystals. Hence, the spectral-
kinetic luminescent properties of
Nal-Lal3(1 mol.%)—Cel;(0.05 mol.%) system
was studied in this work. Some results of
this study are also reported in [16].

2. Experimental details

Nal—-Lalz(1 mol.%)-Cel3(0.05 mol.%), Nal-
Lal3(1 mol.%) and Nal-Cel;(0.1 mol.%) crys-
tals were grown in evacuated quartz am-
poules by the Bridgman-Stockbarger tech-
nique using a moving vertical ampoule.
As-grown Nal-Lal;—Ce crystals were an-
nealed at 200°C during 100 h for an activa-
tion of the impurity ions aggregation.

Measurements of the emission, lumines-
cence excitation spectra and luminescence
decay kinetics of the Nal-Lal;—Ce crystals
were performed using the facility of SU-
PERLUMI station at HASYLAB (DESY,
Hamburg) [17]. A cryostat with flowing he-
lium was used to carry out low-temperature
(T =10 K) measurements. The emission
spectra were studied within the range of
200-800 nm with the spectral resolution of
1 nm using Action Research Corporation
(ARC) "Spectra Pro 308" 30 c¢m monochro-
mator-spectrograph equipped with Princeton
Instruments CCD detector and
HAMAMATSU R6358P photomultiplier.
The luminescence excitation spect;ra were
measured with the resolution of 4 A within
2.5-12 eV by the means of primary 2 m
monochromator in 15° McPearson mounting
and secondary ARC monochromator.

Investigation of the crystal microstruc-
ture was carried out using a scanning elec-
tron microscope (SEM JEOL JSM-T220A)
with an X-ray analyzer (dispersion Si(Li) de-
tector). Micrographs were obtained using
secondary electrons and cathodolumines-
cence registration modes.

3. Results and discussion

3.1. Scanning electron microscopy

Microcrystalline aggregates with the size
in range from 1 to 10 pum on the freshly
cleaved surface of Nal-Lal;—Ce crystalline
system are observed on SEM micrographs
(Fig. 1). Electron beam analysis has re-
vealed the microcrystalline inclusion con-
taining lanthanum and iodine ions in the
ratio of 1:3, that corresponds to Lal; com-
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Fig. 1. Micrograph of Nal-Lal,—Ce freshly
cleaved surface obtained by SEM in secondary
electrons registration mode (a) and cathodolu-
minescence mode (b) at T = 295 K.

pound. In cathodoluminescence registration
mode of cleaved surface of Nal-Lal;—Ce
crystal the Lal; microinclusions observed as
bright spots (see Fig. 1b). Since the intrin-
sic luminescence of Lal; and Nal matrixes at
the room temperature is weak the observed
emission shoud be ascribed to luminescence
of cerium ions only. The obtained mi-
crograph indicates that the microinclusions
contain majority of impurity Ce3* ions.
Otherwise the luminescence of cerium ions
in cathodoluminescence mode should be ob-
served from the whole cleaved surface of
the Nal-Lal;—Ce crystal. Using the electron
beam analysis the presence of cerium ions
of low concentration in the microinclusions
was also found. Thus, based on the SEM
studies of the cleaved surface of Nal-Lal;—
Ce crystalline system it is possible to con-
clude that the Ce3*-doped Lal; microcrystals
of 1-10 um size is formed in the Nal-Lal;—
Ce crystalline system and most of cerium
ions are located within the microcrystals.
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Fig. 2. Luminescence spectra of (a) —

Nal-Lal,—Ce crystal at different temperatures a:
1 — 77,2 — 102, 3 — 120, 4 — 130, 56 —
149 K; (b) — Nal-Ce (curve 6) at T=77 K
(Apye = 411 nm); (c) — Nal-Lal;—Ce (curve 7,
Apxe = 328 nm) and Nal-Lal;(1 mol.%) (curve 8,
Apye = 800 nm) crystals at T = 77 K.

3.2. Emission and excitation spectra

Luminescence spectrum of the Nal-Lal;—Ce
crystalline system upon excitation in the
range of intracenter absorption of cerium
ions (412 nm) measured at T =77 K con-
sists of two bands peaked at 453 (2.74 eV)
and 504 nm (2.46 eV) (Fig. 2a). Energy
separation between these bands is 0.24 eV.
The structure of the luminescence spectrum
is characteristic for 5d — 4f luminescence
of impurity Ce3* ions. Similar luminescence
spectrum observed in [4] for the bulk
Lal;—Ce crystal, where luminescence max-
ima of cerium ions are at 452 and 502 nm.
Since 5d — 4f luminescence bands of cerium
ions is very sensitive to the matrix crystal
field, the spectral correlation of the lumi-
nescence bands for the Nal-Lal;—Ce crystal
and bulk Lal;—Ce crystal indicates that 453
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and 504 nm luminescence bands corresponds
to emission of cerium ions in the Laly micro-
crystals embedded in the Nal matrix. The
absence in the luminescence spectra of the
Nal-Lal;—Ce crystalline system of lumines-
cence bands peaked at 476 and 531 nm re-
sponsible for the emission of cerium ions in
the Nal matrix (Fig. 2b, curve 6) indicates
the efficient entry of cerium ions in the
Lal; microcrystals.

As temperature increases the intensity of
the cerium ions luminescence in the Lalj
microcrystals sharply decreases (Fig. 2a)
and at temperature of 150 K is more than
ten times less than the intensity of cerium
luminescence at 77 K. The same tempera-
ture behavior of the luminescence spectra of
the Lal;—Ce crystals is explained in [4] by
the close location of excited cerium 5d-state
to the bottom of the conduction band of the
Lal; crystal. In the case of excitation of the
Nal-Lal;—Ce crystalline system in the fun-
damental absorption range of the Lal; crys-
tal (A, = 325 nm (3.82 eV)) in addition to
cerium luminescence bands the broad band
peaked at 564 nm (2.2 eV) is observed (Fig.
2¢, curve 7). This luminescence band is pre-
sent also in the emission spectrum of the
Nal-Lalz(1 mol.%) system obtained without
doping by cerium ions (Fig. 2¢, curve 8). In
the bulk crystals of Lal;—Ce [4] and other
lanthanum halides the similar luminescence
band is also observed [15, 18]. Since 564 nm
luminescence band is observed in the case of
excitation in the fundamental absorption
range of the Lal; microcrystals, one can
suppose that it corresponds to the intrinsic
luminescence of Lalj.

Structure of the luminescence excitation
spectrum of cerium centers for the
Nal-Lal;—Ce crystal is complicated (Fig. 38).
In the energy range of 2.6-3.4 eV the in-
tracenter absorption bands of cerium ions
are observed. These bands reflect the struc-
ture of the lowest excited 5d-level of cerium
ions split by the crystal field of Lal; matrix.
It is possible to clearly separate the in-
tracenter absorption bands at 427 (2.90),
397 (3.12) and 377 (3.28 eV) nm. Other
missing 4f-5d electronic transitions possi-
bly can be masked by the band-to-band tran-
sitions. At higher excitation energies (3.6—
5.0 eV) (Fig. 8, curve 1) the structure of
cerium luminescence excitation spectrum is
identical to that for intrinsic luminescence
band of the Lal; microcrystals (564 nm) (see
Fig. 8, curve 3). This means that in the Lal;
microcrystals there is effective energy
transfer from the matrix to cerium lumines-
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Fig. 3. Luminescence excitation spectra of
Agm =508 nm band (curve 1) and A, =
564 nm (curve 2) of Nal-Lal;—Ce crystalline
system at 77 K. Curve 3 — reflection spec-
trum of Nal.

cence centers. From these excitation spectra
(Fig. 3, curves 1, 2) the fundamental ab-
sorption edge of the Lal; microcrystals can
be estimated as 3.6 eV. When luminescence
of the Nal-Lal;—Ce crystal is excited by
light quanta with energy more than
~5.0 eV, which match with the region of the
fundamental absorption of the Nal matrix
the structure of cerium luminescence excita-
tion spectrum coincides with that for self-
trapped exciton (STE) luminescence band of
the Nal crystal (A,,, =300 nm) [19]. Since
the STE luminescence of the Nal matrix
overlaps with absorption of the Lal;—Ce mi-
crocrystals one can assume that excitation
energy transfer from the Nal matrix to em-
bedded Lal;—Ce microcrystals occurs
through the reabsorption of the Nal STE
emission by Lal; matrix.

3.3. Temperature dependence of ce-

rium luminescence parameters

To elucidate the type of temperature
quenching of cerium luminescence centers
in Lal;—Ce microcrystals embedded in the
Nal matrix the luminescence decay kinetics
studies is of important. If the luminescence
quenching occurs when the luminescent cen-
ters do not become excited, the lumines-
cence intensity will decrease with increasing
of temperature and luminescence decay ki-
netics will remain unchangeable. If the lu-
minescence quenching is due to non-radia-
tive decay of cerium ions from the excited
state, in addition to decrease of lumines-
cence intensity the shortening of lumines-
cence decay kinetics constant should be ob-
served. Temperature dependence of the ce-
rium luminescence decay kinetics for the
Lal;—Ce microcrystals dispersed in the Nal
matrix is shown in Fig. 4. The temperature
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Fig. 4. Luminescence decay kinetics curves
for cerium emission in Nal-lLal,—Ce crystal-
line system upon excitation in the range of
intracenter absorption (E . =2.91 eV, E, =
2.48 eV) for different temperatures: 77; 81;
94; 116; 150; 177; 201; 260 and 301 K [16].

dependence of the luminescence intensity
and decay time constants is compared in
Fig. 5. The luminescence intensity decrease
starts at the lower temperatures than the
shortening of decay time constants. This in-
dicates the existence of two mechanisms of
luminescence quenching with different acti-
vation energies.

To find the activation energies for men-
tioned luminescence quenching mechanisms
the experimental dependences of the inten-
sity and decay time were approximated
using the Mott formula:

I Lo
" 1+ Aexp(-€/kT)’

where I — luminescence intensity at tem-
perature T, I, — luminescence intensity at
T =0 K, ¢ — activation energy of nonradia-
tive transitions, # — the Boltzmann con-
stant, A — the ratio of the radiative to
nonradiative transitions rate at T = . The
similar formula was used for analysis of
decay curves, only decay time constants 1
and 1y (t — decay time constant at tempera-
ture T, 1, — decay time constant when
quenching is absent) substitute I and I,
Determined values of activation energy of
the nonradiative transitions are 59 and
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Fig. 5. Temperature dependences of cerium
luminescence (circles) intensity and its decay
time (rectangles) and fitting curves by the
Mott formula (solid curves) [16].

70 meV for the temperature dependence of
the intensity and decay time, respectively.
The similar difference for activation ener-
gies also was reported in [4]. The difference
in quenching activation energies determined
from the temperature dependence of the lu-
minescence intensity and decay time con-
stants indicates that there are two ways for
luminescence quenching. One of these
mechanisms may be associated with transi-
tion of electrons from the excited 5d-state
of Ce3* ion to the conduction band. Tem-
perature activation of such transitions leads
to reducing of luminescence intensity and
the shortening of the decay time constant.
However, in our case the temperature
quenching of the luminescence intensity be-
gins at ~18 K lower than shortening of lu-
minescence decay time constant (Fig. 5). To
explain this fact one can assume that there
is also another quenching mechanism associ-
ated with the electronic transitions from
the ground 4f-state of the cerium ion to the
conduction band of Lal;. In this case the
absorption of excitation quanta does not
lead to the excitation of cerium ions and
therefore there is the decrease of lumines-
cence intensity without shortening of the
decay time constant.

4. Conclusions

Lal;—Ce microcrystals of 1-10 pm size
embedded in Nal matrix are revealed in
Nal-Lal;—Ce crystalline system by means
SEM and luminescence studies. Emission
spectra upon the intracenter excitation
show that most of cerium ions centers enter
into the embedded microcrystals. The spec-
tral positions of Ce3* emission bands of the
Lal;—Ce microcrystals embedded in the Nal
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matrix coincide with that for the bulk
Lal;—Ce crystals. The cerium luminescence
excitation spectrum of the Nal-Lal;—Ce
crystalline system reveals efficient excita-
tion in the range of: (i) intracenter absorp-
tion of Ce3" ion in 2.6-3.4 eV energy
range; (ii) fundamental absorption of Lals
(3.6-5.0 eV) that indicates the energy
transfer from STE of Lal; to Ce3* ions; (iii)
fundamental absorption of Nal (kv > 5 eV).
In the last case the energy transfer from
the Nal matrix to embedded Lal;—Ce micro-
crystals is due to the overlapping of STE
emission of Nal with the fundamental ab-
sorption band of Lalj.

The cerium emission in the embedded
Lal;—Ce microcrystals undergoes the strong
temperature quenching as well as in the
bulk Lal;—Ce crystals. Two mechanisms of
cerium emission quenching associated with
the temperature stimulated electronic tran-
sitions into conduction band from ground 4f
and excited 5d-levels are proposed.

The intrinsic luminescence band of the
Lal; microcrystals is revealed at 564 nm.
The fundamental absorption edge of the
Lal;—Ce microcrystals is estimated as
3.6 eV.

The formation of the embedded micro-
crystals in low hygroscopic matrixes simpli-
fies the investigation of strongly hygro-
scopic luminescence materials and allows
the obtaining of composite materials with
the new properties.
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