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1. Introduction

Considerable interest in lanthanum beryllate La,Be,Os (BLO) arose after re-
vealing the bright effect of stimulated emission in BLO:Nd [1-3], and successful
using BLO:Ce in solid state dosimetry of ionizing radiation as a fast inorganic
scintillator [4]. Currently, the use of scintillation detectors operating in the spec-
trometric mode with high energy resolution is crucial for many practical applica-
tions. In many cases, these detectors are based on the use of LaBr;:Ce crystals
[5-7] or Srl,:Eu crystals [8—-10]. From [4] it follows that BLO crystal doped
with Ce** ions, is also potential candidate for such applications. High chemical
and radiation resistance, high melting point (1361°C), optical transparency in a
wide spectral range (0.24-5.8 um) [11], well reproducible technique for growing
large single crystals of high optical quality [12], allow one to consider BLO as
a promising optical material. However, experimental data on the spectroscopy
of BLO single crystals doped with lanthanide ions, are quite limited. Spectro-
scopic studies BLO:Nd** and BLO:Pr** were performed for the visible spectral
range [1, 3, 11]. In the host absorption region (E > 5.8 eV), the optical properties,
and luminescence excitation spectra for the pristine and Ce** doped BLO crys-
tals were briefly studied in [13—-15]. The pulse cathodoluminescence spectra and
kinetics for doped BLO crystals were studied in [16, 17]. Optical properties of
BLO were discussed in [3, 18]. Data on the study of the BLO electronic structure
are relatively scarce. We are aware of only one research work [19], which dealt
with the experimental (X-ray photoelectron spectroscopy) and theoretical (LCAO-
MO) study of the electronic structure of BLO single crystals. Experimental study
of low-temperature (7= 10 K) reflection spectra, calculations of the dispersions
of the optical constants, refinement of the band gap (E,=6.8¢V at 10K) were
performed for BLO single crystals in [20].

The aim of this research work is to obtain spectroscopic data on the electronic
structure properties of the cerium or europium impurity ions in the BLO host lat-
tice, in particular data on the location of 4f and 5d levels of the impurity ions
regarding the energy levels of the host lattice. The paper presents the spectro-
scopic study (optical absorption spectra; PL emission and PL excitation spectra)
of the cerium and europium impurity ions in the BLO host lattice upon excita-
tion in the energy range of the lowest-energy 4f—4f and 4f-5d transitions. On the
basis of the experimental data, we determined the locations of 4f and 5d levels
for the trivalent cerium and europium impurity ions regarding the energy levels
of the BLO host lattice. In the framework of semi-empirical model [21-23] we
calculated locations of 4f and 5d levels for all divalent and trivalent lanthanides in
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the BLO host lattice.

2. Experimental details

All the examined BLO single crystals of optical quality were grown by V. N. Ma-
trosov using Czochralski method at the Institute of Geology and Geophysics of
SB RAS (Novosibirsk, Russia) [12]. The grown BLO crystals were first in-
spected by X-ray techniques (see details in [12]). The BLO single crystals possess
monoclinic crystallographic system, space group symmetry is C2¢ (Z=4). Lat-
tice parameters are as follows: a=(7.5356 + 0.0006) A, b= (7.3476 £0.0017) A,
c=(7.4387 +0.0006) A;,B: 91.33°, V,=102.94 A3, specific weight p=6.061 g/cm?;
molar mass M=375.82. The BLO crystal structure is formed by corner-shared
distorted BeOy tetrahedra, La** ions are asymmetrically embedded into these
tetrahedra (point group is C;). Each La®* ion is coordinated by ten oxygen ions
(the distance between atoms varies from 2.415 to 2.999 A). The crystallographic
data are consistent with the earlier data [24].

We used single crystals of lanthanum beryllate: undoped (BLO), doped with
trivalent impurity ions (0.5 at %) of cerium (BLO:Ce*") and europium (BLO:Eu**).
In certain cases, spectroscopic measurements were performed for BLO:Ce (0.05 at %)
crystals. Samples for spectroscopic measurements were prepared in the form of
polished discs (@ 10—15 mm, the sample thickness of /= 1.0 mm) of optical quality.

All measurements were performed at the laboratory of Solid State Physics of
Ural Federal University (Yekaterinburg, Russia).

The DFS-13 high-resolution diffraction spectrograph with inverse linear dis-
persion of 2 A/mm was used to record the photoluminescence (PL) spectra of
the narrow spectral lines from intraconfigurational 4f—4f transitions in BLO:Eu’*.
Ultrahigh-pressure xenon lamp DKSSh-1000 was used as the excitation source.
In other cases, the PL emission spectra and PL excitation spectra in the energy
range of 1.2-6 eV, as well as the temperature dependence of the PL intensity were
recorded using a MDR-23 type monochromator with inverse linear dispersion of
13 A/mm and a R638-10 (Hamamatsu) type photoelectron multiplier tube. In this
case, a400 W deuterium discharge lamp (DDS-400) and the primary double-prism
monochromator (DMR-4) were used for luminescence excitation. PL excitation
(PLE) spectra are normalized to an equal number of photons incident on the sam-
ple, using a sodium salicylate — luminophore with a unit quantum yield in the
energy range studied.

Optical absorption spectra were recorded at room temperature by the means of
a Hedios Alpha 9423UVA1002E spectrophotometer (4 = 190-1000 nm) equipped
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with the Vision 32 software. The narrow spectral lines in the absorption spectra of
4f—4f transitions were recorded at 7= 80 K by means of a streamlined BECKMAN
UV-5270 spectrophotometer. The optical absorption coefficient @ was calculated
using the formula @ = —In (7) /I, where 7 is the optical transmittance.

3. Experimental results

3.1. Optical absorption spectra

Pristine undoped crystals. Figure 1 shows the optical absorption spectra
recorded for BLO single crystals at 7=290 K. Analyzing these spectra, the cutoff
energy (E.), where the value of the absorption coefficient @=1cm™!, was used
as the characteristic energy threshold for optical transitions. From the calculated
data for the Urbach tail of the fundamental absorption of BLO crystals, obtained
in our previous research work [20], it follows that the low-energy edge of the host
absorption of pristine undoped BLO crystals at room temperature is located at
E.=5.25¢V, Fig. 1 (curve 5). The location of the low-energy edge of the host
absorption of the optically perfect BLO single crystals at 290 K corresponds to
E.,=4.9¢eV (Fig. 1 (curve 7). This difference between the experimental (E_,) and
calculated (E.) values is due to the contribution of unidentified defects with the
optical absorption band located at E >4.9 eV near the of low-energy edge of the
host absorption.

Cerium doped crystals. Cerium impurity ions in BLO single crystals iso-
morphically substitute La** host ions at the C;-symmetry sites and can be found
in two different charge states: Ce** and Ce** [13, 14]. The concentration ratio
for Ce’+ and Ce** ions in the just-grown BLO:Ce crystals depends on various
factors including the heat treatment parameters (temperature, annealing time, at-
mosphere and so on). To obtain a preferential charge state of the cerium impurity
ions, we used the pristine BLO:Ce crystals with lowest possible cerium content
(0.05 at%), heat treatment was carried out for 15 minutes. Crystals with a dom-
inant Ce** charge state (BLO:Ce** crystals) were produced by a reducing heat
treatment at 7= 900 °C in vacuum. For preferential Ce** charge state (BLO:Ce**
crystals), the pristine BLO:Ce crystals were subjected to oxidative heat treatment
at T=600 °C in air atmosphere. An excess positive charge of the Ce** ions in this
case is compensated by a corresponding amount of negative oxygen ions.

Figure 1 (curve 2) shows the optical absorption spectrum recorded for BLO:Ce**
crystal at 290 K. Because of the low symmetry (C), all five 5d-levels are non-
degenerate and should be observed in the absorption spectrum. The experimental

4
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absorption spectrum (Fig. 1, curve 2) shows three partially overlapped broad ab-
sorption bands at 3.5-3.7, 3.8—4.1 and 4.3—4.8 eV. It is worth noting that these
bands are due to 4f-5d optical transitions in Ce** impurity ions. The threshold
energy for these transitions is Eg= 3.45eV. Further refinement of the 4f-5d ab-
sorption bands for Ce** ions in BLO crystals will be done with the following
study of PLE spectra (see section 3.2). Optical absorption in the energy range of
E >4.9¢eV is due to the contribution from unidentified defects, the host absorption
of the crystal starts at £ >5.25¢eV.

Figure 1 (curve 3) shows the optical absorption spectrum recorded for BLO:Ce**
crystal at 290 K. The broad structureless band with a maximum of about 4 eV is
responsible for the absorption of Ce** ions. The optical absorption is caused by
photoinduced optical transitions with charge transfer from the 2 p-orbitals of oxy-
gen to the unoccupied 4 f-orbital of cerium ion in compliance with the scheme [25]

Ce*" + 0¥ -5 Ce* + 0. (1)

The energy Ecri=2.45eV can be taken as the threshold energy for the charge-
transfer transitions, according to the scheme (1). From Fig. 1 (curve 3), it is seen
that the charge transfer optical transitions occur at energy £ > Ecr;. Such optical
transitions involving Ce** ion, have been previously observed in many crystals,
see e.g. [26].

Europium doped crystals. Europium impurity ions isomorphically substi-
tute La** host ions at the C;-symmetry sites in BLO single crystals. The broad
structureless optical absorption band dominates the absorption spectrum and ex-
tends from Ecr,=3.41eV to the low energy edge of the host absorption of the
BLO crystal, Fig. 1 (curve 4). It is due to charge transfer optical transitions from
the surrounding oxygen ions to Eu** impurity ion

0> + Eu’" - O™ + Eu*. (2)

The characteristic line-like spectrum of trivalent Eu** ions is recorded at ener-
gies E < Ecr,, and the absorption coefficient in this energy range is several dozen
times lower than that in the charge transfer absorption band. In this regard, the op-
tical absorption in the energy range of E < Ect, was studied using high-aperture
spectrophotometer with a spectral resolution of 0.8 nm. Figure 2 presents opti-
cal absorption spectra registered at 7= 80 K for lanthanum beryllate single crys-
tal doped with europium (0.5 at%). For convenience, the analysis of line-like
spectra (Fig. 2) was done using the wavelength coordinates at the abscissa axis.

5
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This spectrum confidently identify the optical transitions "Fp — °D; (j=1-4),
"Fo — °G,3,°Le, corresponding to the electronic transitions in the Eu** ion. In
the future, such crystals will be denoted as BLO:Eu?*. It is worth noting that in
this study we did not intend to produce and investigate divalent europium impurity
ions in BLO single crystals.

3.2. PL emission and excitation spectra

Cerium doped crystals. Photostimulation in the 4f—5d absorption band of
BLO:Ce** crystals leads to the fast intense luminescence, which is concentrated in
the complex broad band of PL emission at 2.2-2.8 eV with the observed maximum
of about 2.52 eV. PL quantum yield upon excitation is n= 0.4 relative to sodium
salicylate. PL emission band parameters (intensity and spectral shape) depend on
the temperature and excitation energy.

Figure 3 shows PL emission spectra recorded for theBLO:Ce** crystal at tem-
peratures 7= 80 and 290 K and excitation energies E., corresponding to the three
4f-5d absorption bands shown in Fig. 1 (curve 2). Each PL emission band (Fig. 3)
consists of two elementary Gaussian-shape bands, the best fit parameters are pre-
sented in Tab. 1. First dominant elementary band is located at 2.51-2.52¢eV. The
second band at 2.81-2.82 eV has lower amplitude. The ratio of their intensities is
3.2-4.9 at 80K and 4.6-6.9 at 290 K. The energy gap between the positions of the
maxima of these PL emission bands is AE,,=0.28-0.30eV at 80 K and 0.31 eV at
290 K.

It is known [27] that the luminescence spectra of Ce*" ions are caused by
radiative transitions 5d—4f, which usually appear as a doublet of the broad, par-
tially overlapped emission bands. These PL emission bands are due to radiative
transitions from the lowest relaxed 5d-excited state to the ground 4f state, split by
the spin-orbit interaction onto the two levels of 2Fs, and ?F7,. This splitting for
free Ce** ion is around 2200cm™" (0.27eV) [27]. In condensed matter its value
depends on many factors and varies from crystal to crystal, but its mean value is
again about 0.27eV [28]. This is entirely consistent with the resulting values in
our measurements 0.28-0.31eV (Tab. 1).

PL excitation spectra (Fig. 3, curves 5 and 6) comprise a complex broad band
extending from 3.2 to 5.5 eV. One can recognize two energy intervals in the PLE
spectra: (I) 3.2-4.2 eV corresponds to the most efficient excitation of this PL, (II)
4.2-5.2 eV, PL excitation efficiency in this field decreases approximately by 3-5
times. Decomposition of the PLE spectrum (Tab. 2) has revealed five elementary
partially-overlapped Gaussian-shape bands, combined into two groups. Energy
interval I contains a group of three bands G1-G3, which from a practical point

6
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of view should be considered as equidistant bands (Ee=3.51, 3.74, 4.05eV) of
equal full width (FWHM=0.26-0.32¢eV). Here, E, is the energy position of the
Gaussian-shape band maximum. In energy interval II, there are two low-intensity
bands G4 and G5 at 4.51 and 5.08 eV (FWHM=0.44 and 0.47 eV).

Analysis of the spectroscopic data (Fig. 3) indicates that the intense lumines-
cence of BLO:Ce?* crystal in the visible spectral region is due to radiative transi-
tions in Ce** impurity ion. Indeed, the free Ce®* ion has 4 f! configuration of the
ground state and lowest excited 5d! state at 5.9 eV. For Ce** ion in the crystal host,
the lowest-energy 41! — 5d' allowed electro-dipole transitions can be observed
in the energy range from 2.5 to 4.95 eV, depending on the specific properties of
the host and the symmetry of the impurity ion site [29, 30]. Interconfigurational
5d — 4f transitions in Ce** ion are dominant radiative transitions in crystals
containing Ce>" ions. The final stage of the radiative process obeys the scheme

(Ce*) — Ce® + . 3)

For intracenter photoluminescence excitation of Ce>* ions, this scheme is only one
possible. The full width of 5d band is typically about 15000 cm™" (1.86eV) [27].
It is worth noting that all five PLE bands (Fig. 3) are well within the energy range
from Ey=3.45eV to (Efy + 1.86)=5.31¢V.

Figure 4 (curves [ and 2) shows the temperature dependences of PL intensity
recorded for BLO:Ce?* single crystal monitoring emission at 2.53eV (d—f PL
emission band of Ce** in BLO) upon photoexcitation at 3.6 and 5.4¢eV. Upon
excitation to the lowest 5d states, the temperature dependence of the PL yield
(Fig. 4, curve 1) obeys the Mott law with an activation energy of E,=0.38¢eV.
This corresponds to the activation energy for the intracenter quenching of the PL
emission. However, during the excitation of the upper 5d states, the luminescence
yield drops on cooling the crystal (it’s maximum is located in the temperature
range of 300-350 K, Fig. 4 (curve 2). This can be explained by photoionization of
Ce** ions due to the partial overlapping the upper 5d states with the conduction
band. Capturing of such photoelectrons by an external trap can be a possible
reason for the decrease in the luminescence yield with decreasing temperature.

It is worth noting that the PL. decay kinetics for BLO single crystals doped
with cerium impurity ions, has been investigated previously in our work [15].
From [15] it follows that the PL decay kinetics recorded for BLO:Ce crystal at
T=300K and E..=4.7eV monitoring emissions in the energy range of the d-f
emission band of Ce’*, is single exponential with lifetime 7=29 ns, and exhibits
no inertial decay stages. In the present study, we are focusing on other issues.
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Europium doped crystals. Figure 5 shows PL emission spectrum of BLO:Eu**
single crystal recorded at 7= 80 K with a spectral resolution of 0.8 nm upon pho-
toexcitation at 3.90 eV. Analysis of spectral and luminescent properties of BLO:Eu**
allows us to draw some additional conclusions on the crystal structure of this com-
pound. Indeed, the presence of no splits in the crystal field levels for the >D, and
"F, levels, is often determine the use of Eu®* ion as a luminescent probe for the
study of crystallographic structure. Registration in the PL emission spectrum of
only one line for the radiative >D, — " F, transition indicates that all Eu** ions in
BLO are in equivalent positions. Several factors speak in favor of the low symme-
try of the luminescence center: namely, the shape of the PL emission spectrum;
magnetic dipole transition >Dy — 7F; dominates the spectrum; the number of
spectral lines is close to the limit. A characteristic feature of the Eu** lumines-
cence in BLO is a non-radiative energy relaxation from highly excited levels to
the lowest excited D, state. Radiative transitions are only observed from this
level. It is worth noting that the relatively high emission intensity exhibit radiative
transitions onto the upper (' F3 and "F,) levels of the ground term.

Figure 6 shows PLE spectrum recorded for BLO:Eu®* single crystal at 80 K
monitoring emission in the energy interval of 1.9-2.0 eV. Along with narrow lines
corresponding to excitation of °D,_3, L levels, the PLE spectrum at E > Ecry
shows a broad PLE band corresponding to electronic charge-transfer transitions
O—Eu (CT-band). Cutoff energy of CT-band recorded for the low-energy side, is
consistent with the value of the low energy threshold for CT-transitions (Ecr»),
determined from the optical absorption spectra (Fig. 1). The energy position of
the CT-band maximum in PLE spectra is about 4.1V, Fig. 3. It is worth noting
that the CT-band O—Eu is not only the dominant PLE band for excitation of Eu**
emission in BLO, but it has also an elevated thermal stability in the investigated
temperature range from 80 to 290 K. Short energy interval of PLE spectrum in
the energy region of 3.0-3.6eV, which is observed only at 7=80K, is due to
excitation of Eu** ions through 4f—4f transitions as indicated in Fig. 6.

Figure 4 (curve 3) shows the temperature dependence of the PL intensity
recorded for BLO:Eu?* single crystal monitoring emission in the energy region
of 1.9-2.0eV upon photoexcitation at 3.1 eV. From this dependence it follows
that the PL intensity has a maximum at about 160 K. At 7= 80 K, the PL intensity
decreases by 1.7 times. On heating to 7=480 K, the PL intensity decreases by the
factor of about 14 and the curve becomes saturated. Falling plot of the temperature
curve at T > 160 K can be approximated by the Mott law with an activation energy
of E,=0.17eV. However, a more detailed study of the temperature dependence for
the 4f—4f transitions in Eu** ions in BLO is a separate independent problem that

8
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are not directly related to the purpose of the present study.

4. Discussion

4.1. Location of lanthanide energy levels

Electronic energy structure of BLO. Intrinsic lowest-energy electronic ex-
citations in luminescent materials are usually due to electronic transitions from the
states of valence band (VB) top onto the states of conduction band (CB) bottom.
The probability of such transitions is determined by the origin of the initial and
final electronic states. Bandgap E,= 6.8 eV has been determined for BLO single
crystals from the low-temperature (7= 10 K) reflection spectra [20]. According
to the calculated data [19], the electronic structure of BLO single crystal in the
vicinity of the VB top is due to hybridized states including O 2p, La 5d, 6s and
Be 2p atomic orbitals. We are not aware of calculated data on electronic structure
of CB for BLO single crystals, therefore we discuss the experimental data. On
the bases of the low-temperature reflection spectra recorded at 7= 10 K) for BLO
single crystals Pustovarov et al. [20] have found that the lowest-energy electronic
transitions in BLO are caused by electron transfer from the VB top states onto
the La 3d states forming the CB bottom and La 6s states located at 3.5eV above
the CB bottom. It is worth noting that in many borate compound, the CB bottom
consists of antibonding hybridized O 2p- and B 2p-orbitals, as well as d-orbitals
of metal cations [31]. The result is a mixed p d character of the lowest-energy
electronic excitations, manifesting the absence of pronounced excitonic states in
the low energy tail of the host absorption. Owing to this, the CB bottom in the
binary oxide Sc,0; is formed by 3d-orbitals of scandium, whereas the VB top
comprises of 2p orbitals of oxygen, so this crystal, in contrast to the isostructural
compound Y,0s;, does not exhibit neither excitonic absorption nor excitonic lu-
minescence [32]. The low-energy tail of the host absorption in barium metaborate
S—BaB,0, also does not exhibit any manifestations of exciton states [33]. The
lack of manifestations of the excitonic states in the reflection and PLE spectra
of BLO in the energy range of 6.2-6.8 eV, which was found earlier in [15, 20],
can serve as an indirect indication of the significant contribution d states of metal
cations into the electronic structure of the states near the CB bottom of BLO.

Experimental data on the luminescence spectroscopy obtained in the present
work we will use to further refinement of the electronic structure and positions
of the levels of lanthanides in the BLO single crystals. Figure 7 shows the final
result of this refinement. We will consider in more detail the key stages of the
construction of this diagram.
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4f" — 4f"'54-transitions. Electronic structure of free lanthanide ions
(Ln) is well known, studied in detail and its description can be found in many pub-
lications and monographs, see. e.g. [34]. Internal 4 f orbitals of the lanthanides
are well shielded from external influences. Electronic energy structure of 4 f states
is described by the extended Dieke diagram [35]. The introduction of an ion into
the host crystal, the position of 4 f-levels changes very little, less than 100 cm™
(about 0.01 eV). In this regard, in most cases, characterization of 4 f states of the
ion only requires determining the position of its ground 4 f”-state in the crystal
host (here n is number of electrons for 4 f shell). For divalent Ln** ion this state
can be located above the CB bottom or in band gap above the Fermi level. For
trivalent Ln** ion the ground 4 f"-state can be located within the band gap below
the Fermi level or below the VB top [23].

Location of 5d excited levels of trivalent lanthanides in inorganic hosts with
respect to the location of the ground 4 f” state is strongly influenced by the crys-
talline environment and may vary from crystal to crystal to tens of thousands of
inverse centimeters (a several few eV). The threshold energy for 4" — 4f""154
transition (AEj) for the Ln*" ion in the crystal host is determined by the for-
mula [36]

AEy = AE;; — D, 4)

where AEY, is the threshold energy for 4 /" — 4 £"~'5d transition in free Ln>* ion,
Tab. 2; D is a red spectroscopic shift. From our experimental data (Fig. 1) it fol-
lows that the threshold energy for 4 f! — 5d transition for Ce** ion in BLO single
crystal is AEg (Ce*)= Efg=3.45eV (27826 cm™"). Spectroscopic shift value D is
the characteristic of the host, it is determined only by the properties of the host
and is the same for all Ln" ions in this host. Substituting the value D in the for-
mula (4), we calculated the threshold energy for 4" — 4f""!'5d transitions of
Ln** ions in the BLO host, Fig. 7.

Charge-transfer transitions. Electron transfer from the VB top (ligand, L)
to the unfilled f or d orbital of the metal (M) cation leads to the ’ligand to metal’
charge-transfer transition (LMCT). Such transitions are partially resolved and ap-
pear as a very broad band of optical absorption in the ultraviolet energy range.
Parameters of the charge transfer band dependent on optical electronegativity of
ligands, electron affinities of the cations, and a distance between these cation and
ligand. The threshold energy for the charge-transfer transition in optical absorp-
tion can be calculated by the formula [37]

Ecr = (¢(0) — x(Ln)) X 3.72 €V, (5)

10
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where y(O), y(Ln) are the optical electronegativities of the atoms of oxygen and
Ln cation. According to [38], ¥(O)=3.2 and y(Eu)= 1.75. In this case, the assess-
ment of location of CT-band O—Eu is approximately 5.3 eV. This relation is fairly
correct for many of the rare earth elements, such as Eu** ions in some compounds.
Two important facts have been established empirically for the host crystals doped
with europium. Firstly, Ecr in the host crystals corresponds to the energy position
of the 47 ground level of divalent Eu®* ion with respect to the VB top; Secondly,
the 4f7 ground level of Eu?* ion in the host crystals, is located lower in energy
than 4°5d" level of trivalent Eu** ion [23, 39, 40]. In oxide compounds, charge-
transfer transition 0>~ — Eu®* is due to electron transfer from the O 2p states of
VB top onto the 4f7 ground state of Eu?" ion [22, 41, 42].

Many compounds show a significant deviation of the experimental value (Ecr)
in comparison with the values calculated by the formula (5). It is worth noting that
the exact position of the CT-band depends not only on the parameters of the ions,
but also on the properties of the host crystal. Thus, the energy position of the CT-
band is red-shifted with increasing ion radius of occupied positions and distances
between the impurity and oxygen ions [38]. More rigorous calculation of the
energy position of CT-band for the Eu ion in eightfold coordination predicted
values from 4.5 to 5.6 eV for different host crystals [43]. Experimental data on the
energy positions of CT-band O-Eu for some host crystals: 4.6 (GdBaByO,4 [44]),
4.63 (LicGd(BO3);5 [45-47]), 4.98 eV (LigY(BO3); [45]). As a result, the charge
transfer position is sensitive to the ion environment and it can vary from host to
host over a broad range. Dorenbos [21, 22] showed that possible CT energy is in
the range from 3.3 to 6.5 eV. These data are consistent with our experimental data.
The broad optical absorption band for the charge-transfer transitions 0>~ —Eu**
in BLO crystal is observed in the energy region of 3.4-5.4eV. At 290K, the low-
energy cutoff is located at Ecrp=3.41¢eV, Fig. 1, and the CT-band maximum is
located at 4.1 eV, Fig. 6.

Locations of the 4f" and 4f"'5d energy levels in BLO single crystal.
Analysis of the experimental data on BLO:Ce and BLO:Eu (Fig. 1 —Fig. 6) allows
us to make justified conclusions about the locations of 4" and 4 f"~'5d ground
levels in BLO crystal. Let us briefly discuss the results of this analysis.

The 4! ground level of Ce*" ion in wide-gap crystals is usually located above
the VB top. In addition to Ce®* ions, BLO:Ce crystal also contains Ce*" ions
associated with the charge-balancing lattice defects. From general considerations,
it is obvious that the energy of the 4f! ground state of Ce*" ion in the complex
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defect will be slightly higher than the energy for the same ion in a regular position
in the defect-free area of a crystal. However, the energy threshold for charge-
transfer transitions was reliably determined in our experiment: Ecri=2.45¢V,
Fig. 1. In this connection, the charge-transfer transitions between the VB top
and the 4 f vacant state of Ce** ion, we used to determine the position of the 4 f!
ground state of Ce** ion in BLO crystal.

Semiempirical model [22, 23] describes the relationship between the energy
values of 4 f" ground levels for different lanthanides in the same host. If we can
determine the energy value of the 4f" ground level for one rare-earth ion, we
can calculate the energy of the 4/ ground levels for other lanthanide ions in the
same host. According to [22], the systematic energy shift between the 4 f" ground
levels of Ce** and Eu’* ions is AEF*»©*=35900cm™' (4.45¢eV). In this case, the
4% ground level of Eu** ion in BLO single crystal should be located at 2.0eV
below the VB top (2.45 —4.45~-2.0eV), Fig. 7.

The 41! ground state of Ce®* ion is split by spin-orbit interaction into two lev-
els ?Fs;, and ?F7,, Fig. 7. The results obtained in our measurements (AEso=0.28—
0.31eV, Tab. 1) are sufficiently close to the expected value of 0.27 eV.

To determine the energy location of 5d level of Ce** ion in BLO crystal host,
we used the experimental value of the threshold energy for 4f' — 5d transition
in Ce* ion, constituting Ey=3.45eV, Fig. 1. Location of 5d level in Ce** ion
must be at (2.45 +3.45eV)=5.90¢eV above the VB top in BLO. Model [22, 23]
describes the relationship between the energy values for 4 /"~!5d levels for dif-
ferent lanthanides in the same host. If we know the energy of 4f"~15d level for
one rare-earth ion, we can calculate the energy of the 4f"~'5d levels for other
lanthanides in the same host. All calculated values (Fig. 8, curve 2) were located
close to the energy of 5.90 eV, established above for 5d level of Ce** ion in BLO.
This is not surprising, since the energy location of the 4 f"~!5d level of lanthanides
in the same host is determined mainly by the crystal field and practically does not
depend on the kind of 4 f ion with the same charge state [22, 23, 39, 40].

Within the framework of semiempirical model [22, 36], the definition of the
energy locations of the ground levels for Ce** and Eu?* ions allowed us to calcu-
late the expected energy locations of the ground levels for all lanthanides in BLO
crystal. Figure 8 shows the results of calculation. The energy location of the 4 f7
ground level of Eu?* in BLO:Eu crystal is Ecr,=3.41eV, Fig. 1). On the basis of
these data, we have calculated the energy locations of the 4" and 4 f"~'5d states
in divalent lanthanides for BLO single crystal, Fig. 8 (curves 3 and 4).
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5. Conclusions

Thus, we performed a spectroscopic study of single crystals of lanthanum
beryllate doped with cerium or europium impurity ions, upon excitation in the
lowest-energy 4f—4f and 4f-5d optical transitions (Ee=3.0-6.5eV, T=80 and
290 K). The most important conclusions are as follows.

1. Along with the line-like spectra of the optical absorption induced by 4f—
4f transitions in trivalent Eu** ions, lanthanum beryllate single crystals show
intense broad absorption bands, which are caused by charge-transfer transitions
from the ligands to the metal impurity ions. Based on the analysis of optical ab-
sorption spectra of BLO single crystals doped with impurity ions of Ce**, Ce**
or Eu**, we have defined threshold energies for host absorption (E.,=4.9¢V),
4f-5d transition in Ce** ions (Eg=3.45eV), charge-transfer transitions O — Ce**
(Ecri=2.45eV) and O-Eu** (Ecry=3.41eV), as well as the spectroscopic red-
shift for trivalent Ln** ions (D=2.67eV).

2. Intense (quantum yield relative to sodium salicylate n = 0.4), fast (=29 ns)
luminescence in BLO:Ce single crystals is due to radiative Sd—4f transitions from
the lowest excited 5d state of the Ce** ion. Luminescence spectra comprise two
partially overlapped PL emission bands at 2.52 and 2.82eV. The PLE spectrum
consists of five bands, corresponding to transitions from the 4f' ground state to
the excited 5d levels in Ce** ion.

3. Low-intensity luminescence in BLO:Eu crystals is characterized by a line-
like spectrum and a slow PL decay kinetics. This emission is caused by the 4f—4f
radiative transitions from the lowest excited state (D) onto the ’F,_, ground
state of Eu*? ion. PLE spectrum is concentrated in the energy range of 3-5.5eV.
It comprises a broad band of the dominant charge-transfer transitions O —Eu (£ >
Ecry=3.41¢eV). This band overlaps partially with the energy area of 3.0-3.4¢V,
corresponding to the absorption lines for 4f—4f transitions ("Fy — °D34,°Le7,
3G,3) in ion Eu®*,

Temperature dependence of PL intensity for 5d—4f luminescence of Ce** ion is
characterized by intracenter temperature quenching at 7 > 300-320 K and obeys
the Mott law with an activation energy of £,=0.38 eV. Luminescence yield has a
maximum in the temperature range of 300-350 K, and upon cooling the crystal it
drops. The probable cause is an overlap of the upper 5d states and the CB-states
in BLO.

4. Based on the experimental data, we have established energy locations for
the 4f and 5d levels of trivalent Ce and Eu ions in the BLO single crystals. The 4 f!
ground state of Ce*" impurity ion is located at 2.45¢eV above the VB top, three
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lower excited 5d states are located in the crystal band gap at 0.5-1.5eV below the
CB bottom. Two upper excited 5d states are located in the CB of the crystal. The
41 ground level of Eu** impurity ion is located at 2.0 eV below the VB top, and
the excited >Dy_3 and °Lg states are located above the VB top. Highly-excited 4f
states overlap in energy with a broad band of charge-transfer transitions O —Eu.
The 4£°5d state is located at 6 eV above the VB top, so the hypothetical 4f-5d
transition energy will overlap with the host absorption region.

The data obtained are in demand for a reasonable interpretation of the exper-
imental data on a study of other impurity ions and recombination processes with
their participation in BLO single crystals.
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Table 1: Best fit parameters of PL emission spectra recorded for BLO:Ce* single crystals at
temperature 7 upon excitation at energy E.x: energy position of the peak maximum (Ey,, eV),
FWHM (AE, eV), amplitude (A, arb.units).

Experiment Peak fit parameters
T,K E, eV E., AE A
80 3.50 251 039  99.62

281 024 20.60
80 3.97 252 036 7496
280 023 2342
290 3.50 251 044 4783
282 033 6.91
290 4.43 251 042 19.07

282 0.30 4.13

Note. The peak amplitudes were normalized to 100 conventional units at the
observed maximum of the most intense PL emission band (Fig. 3, curve 1).

Table 2: Best fit parameters of PL excitation spectra recorded for BLO:Ce* single crystals at
temperature 7= 80 K monitoring emission at energy E,,=2.5eV: energy position of the peak max-
imum (E,, eV), FWHM (AE, eV), amplitude (A, arb.units).

Parameters Gaussian shape bands

Gl G2 G3 G4 G5
E. 351 374 405 451 5.08
AE 027 032 026 044 047
A 582 851 522 17.1 2.5

Note. The peak amplitudes were normalized to 100 conventional units at the
observed maximum (Fig. 3, curve 5).
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List of Figure Captions

Figure 1. Absorption spectra of lanthanum beryllate single crystals. Experi-
mental data recorded at 7=293 K for: (1) pristine undoped BLO; (2) BLO:Ce**;
(3) BLO:Ce**; (4) BLO:Eu?*. Dash line (5) shows the Urbach’s tail of the host
absorption in accordance with [20].

Figure 2. Absorption spectrum of BLO:Eu?** (0.5 at %) single crystals recorded
at T=80K.

Figure 3. Luminescence spectra of BLO:Ce** single crystals at 7= 80 (1, 2,
5) and 290K (3, 4, 6): PL emission spectra recorded upon excitation at E.x=3.50
(1, 3),3.97 (2) and 4.43 eV (4); PL excitation spectra recorded monitoring emis-
sion at E,=2.5eV (5, 6). The intensities of (1, 5, 6) spectra are normalized to
unity. The 1-4 spectra are comparable in intensity. The dashed lines correspond
to elementary Gaussian bands, solid smooth lines are the best fit.

Figure 4. Temperature dependence of PL intensity recorded for BLO single
crystals doped with Ce** (1, 2) and Eu** (3) ions monitoring emission at 2.53 (1,
2), and 1.9-2.0eV (3) upon excitation at 3.6 (1), 5.4 (2), and 3.1eV (3).

Figure 5. PL emission spectra of BLO:Eu®* single crystals recorded at T= 80 K
with spectral resolution of 0.8 nm upon excitation at E.,=3.90 eV. Possible assign-
ments for radiative transitions (1-5) were shown.

Figure 6. PL excitation spectra of BLO:Eu®* single crystals recorded at 7= 80
and 290 K monitoring emission in the energy range of 1.9-2.0 eV. Possible assign-
ments for 4f—4f transitions (1-3) were shown. Vertical arrow indicates the energy
threshold (Ect,) for charge-transfer transitions O-Eu.

Figure 7. Diagram of the relaxation of low-energy electronic excitations in
BLO single crystals doped with trivalent cerium or europium ions. The numbers
indicate radiative transitions: (1) °Dy — "Fy_4 in Bu®* ion; (3) 5d' — %F5)», and
(4) 5d" — *F;, in Ce** ion. Optical transitions are shown as: (2) 4f! — 4f in
Eu** and (5) 4f! — 5d in Ce**. Charge-transfer transitions are shown as Ecty
and ECTQ.

Figure 8. The calculated energy level diagram of the lanthanides in BLO
depending on the number of electrons in the ground state of the 4 f"-configuration
of the trivalent lanthanide ion. Curves 1 and 2 correspond to the lowest states
of the 4f" and 4 f"~'5d-configurations of the trivalent lanthanides. Curves 3 and
4 correspond to the lowest levels of the 4! and 4 f"5d-configurations of the
divalent lanthanides. The arrows show the experimental data used to construct the
diagram.
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Figure 1: Absorption spectra of lanthanum beryllate single crystals. Experimental data recorded
at T=290K for: (1) pristine undoped BLO; (2) BLO:Ce?*; (3) BLO:Ce**; (4) BLO:Eu**. Dash

line (5) shows the Urbach’s tail of the host absorption in accordance with [20].
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Figure 2: Absorption spectrum of BLO:Eu®* (0.5 at %) single crystals recorded at 7= 80 K.
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Figure 3: Photoluminescence spectra of BLO:Ce’* single crystals at 7= 80 (1, 2, 5) and 290K (3,
4, 6): PL emission spectra recorded upon excitation at E.x=3.50 (1, 3), 3.97 (2) and 4.43eV (4);
PL excitation spectra recorded monitoring emission at E,=2.5eV (5, 6). The intensities of (1, 5,
6) spectra are normalized to unity. The 1-4 spectra are comparable in intensity. The dashed lines
correspond to elementary Gaussian bands, solid smooth lines are the best fit.
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Figure 4: Temperature dependence of PL intensity recorded for BLO single crystals doped with
Ce’* (1,2) and Eu* (3) ions monitoring emission at 2.53 (1, 2), and 1.9-2.0eV (3) upon excitation
at3.6(1),5.4 (2),and 3.1eV (3).
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Figure 5: PL emission spectra of BLO:Eu®* single crystals recorded at T=80K with spectral

resolution of 0.8 nm upon excitation at Ec,= 3.90eV. Possible assignments for radiative transitions

(1-5) were shown.
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Figure 6: PL excitation spectra of BLO:Eu** single crystals recorded at T= 80 and 290 K moni-
toring emission in the energy range of 1.9-2.0eV. Possible assignments for 4f—4f transitions (1-3)
were shown. Vertical arrow indicates the energy threshold (Ect;) for charge-transfer transitions
O-Eu.
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Figure 7: Diagram of the relaxation of low-energy electronic excitations in BLO single crystals
doped with trivalent cerium or europium ions. The numbers indicate radiative transitions: (1)
3Dy — "Fo—4 in Eu?* ion; (3) 5d' — %Fs)y, and (4) 5d' — 2F7), in Ce®* ion. Optical transitions
are shown as: (2) 4f' — 4f in Eu** and (5) 4f' — 5d in Ce**. Charge-transfer transitions are
shown as Ect; and EcTs.
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Figure 8: The calculated energy level diagram of the lanthanides in BLO depending on the number
of electrons in the ground state of the 4 f"-configuration of the trivalent lanthanide ion. Curves
1 and 2 correspond to the lowest states of the 4f" and 4 f"~!5d-configurations of the trivalent
lanthanides. Curves 3 and 4 correspond to the lowest levels of the 4 f"*! and 4 f"5d-configurations
of the divalent lanthanides. The arrows show the experimental data used to construct the diagram.





