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Abstract

The paper presents the results of the study on luminescence and electronic excitations in Li6Gd(BO3)3 single crys-
tals. The optical and luminescence spectroscopy with a subnanosecond time resolution upon selective photoexcitation
in the energy range from 3.0 to 650 eV was used to investigate in detail the luminescence of both the Gd3+ host ions
and Ce3+ impurity ions as well as the processes of energy transfer between them. The intrinsic ultraviolet emission
at 3.95–3.97 eV due to 6P j → 8S 7/2 transitions in the Gd3+ host ion and the fast luminescence at 2.8–3.0 eV due to
5d → 4 f 1 dipole-allowed transitions in the Ce3+ impurity ion were studied upon excitations through the intracenter,
charge transfer, band-to-band, and inner-shell transitions. The specificity of the energy transfer upon excitation of
photoluminescence in the energy range of absorption of the inner shells of different atoms of the crystal, as well as in
the energy region of the giant resonance of 4d–4 f transitions were revealed. On the basis of the experimental data,
the bandgap Eg=9.3 eV, the minimum energy of the 5d → 4 f 1 and charge transfer transitions were determined. The
expected positions of the ground states of the 4 f n and 4 f n−15d levels of trivalent lanthanide ions as well as the 4 f n+1

and 4 f n5d levels of divalent ions were calculated for all the lanthanide ions in Li6Gd(BO3)3 host crystal.
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1. Introduction

Lithium-gadolinium orthoborate Li6Gd(BO3)3

(LGBO) crystals are promising transparent insulators
in the vacuum ultraviolet (VUV) region due to their
large bandgap (ca.9 eV [1]). LGBO has the follow-
ing unique advantages: its intrinsic ultraviolet (UV)
luminescence occurs due to the f–f transitions in Gd3+

host ions and the emission intensity is not subject to
a concentration quenching; LGBO lattice provides
a large isomorphous capacity for trivalent rare-earth
impurities, which substitute gadolinium host ion in a
regular position; one-dimensional chains of gadolinium
ions are an efficient channel of energy transfer from
the host lattice to the impurity ions [2, 3]. Both the
intrinsic emission and luminescence of Ce3+ and Eu3+

impurity ions in LGBO were previously studied at
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various temperatures ranged from 1.5 to 500 K upon
excitation with UV-photons [2–4], VUV-radiation [1],
and X-rays [5]. Several research works were devoted
to study of LGBO crystals in respect of macro- and
microdefects in as-grown crystals [6], radiation induced
defects [7], and short-living defects that are responsible
for transient optical absorption [8].

LGBO chemical composition comprises elements
that have stable isotopes with large thermal neutron cap-
ture cross-sections. 10B and 6Li are the most important
isotopes that provide ca.2.8 MeV energy at neutron cap-
ture. Because of this, LGBO has a great potential in
neutron imaging. Czirr et al. reported on the devel-
opment of a promising thermal neutron scintillator on
the basis of LGBO:Ce that can be optimized for specific
purposes, in particular, for the exothermic neutron de-
tection [9]. The Ce3+ rare-earth ions are widely used as
an optically active dopant in modern scintillation detec-
tors and converters of ionizing radiation based on inor-
ganic optical crystals. The impurity Ce3+ ion in optical
crystals is known as a very efficient recombination cen-
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ter. The final stage of the electron-hole recombination
is a dipole-allowed d–f radiative transition in Ce3+ ion,
registered usually as a fast-decaying (17–60 ns) scintil-
lation signal [10].

In this paper we focus our attention on LGBO crystals
doped with Ce3+ impurity ions (LGBO:Ce). The main
goal of this work is to analyze the relaxation of electron-
ic excitations in LGBO:Ce crystals using optical and lu-
minescence spectroscopy with subnanosecond time res-
olution upon selective photoexcitation in the wide en-
ergy range from UV to extreme UV (XUV) energy re-
gions in order to characterize the excitation mechanisms
and the energy transfer processes. The main idea of
this research work is to obtain the most comprehensive
set of spectroscopic data on LGBO and on the basis of
these data to determine the electronic structure parame-
ters, such as the bandgap, minimal energy of the d–f and
charge transfer transitions, the ground state locations of
the 4 f and 5d energy levels of divalent and trivalent lan-
thanide ions in the LGBO host lattice.

2. Experimental details

The examined LGBO crystals doped with the 0.5 and
4.5 mol.% Ce3+ ions were grown at the STC Institute
for Single Crystals NAS of Ukraine (Kharkov, Ukraine)
utilizing the Czochralski technique. The growth pro-
cess and the lattice parameters of crystals were de-
scribed in [11]. The sizes of the investigated crys-
tals were 10×5×2 mm3; the largest surfaces studied
were polished and parallel. In all cases, the designation
LGBO:Ce means the concentration of 4.5 mol.% Ce3+.
In certain cases, the impurity concentration of Ce3+

ions was explicitly specified in parentheses: LGBO:Ce
(0.5%) or LGBO:Ce (4.5%).

The present study was carried out by the means of the
low-temperature luminescence VUV and XUV spec-
troscopy with the time resolution. Photoluminescence
(PL) spectra in the energy range of 1.2–6.2 eV, PL ex-
citation (PLE) spectra in the energy range 3.7–24 eV
(0.32 nm resolution) were measured at 8 and 293 K
at the SUPERLUMI experimental station of HASY-
LAB [12] using synchrotron radiation (SR). Samples
were mounted in a sample holder attached to a He-flow
cryostat with vacuum not less than 7×10−10 Torr. At
the storage ring DORIS the full width at half maxi-
mum (FWHM) of SR pulses was 130 ps with the rep-
etition period of 192 ns. Such pulses excitation en-
ables the recording of spectra within a time-window
correlated with the arrival of SR pulses. In the present
experiments we recorded time-resolved spectra within
two independent time-windows (TWs) set for detection

of luminescence signal within 0.8–18.1 ns (TW1) and
126.8–189.4 ns (TW2) relative to the beginning of the
SR pulse. Time-integrated (TI) spectra were recorded
within the full time range available between two sequen-
tial excitation pulses, viz. 192 ns. The PLE spectra were
corrected to an equal number of photons incident on the
sample using sodium salicylate. Simultaneously with
the excitation, the reflection spectra were recorded at
an angle of incidence 17.5◦. The 0.3 m ARC Spectra
Pro-308i spectrometer equipped either with an R6358P
(Hamamatsu) photomultiplier or a CCD camera, which
were used as detectors. The PL emission spectra were
not corrected to the spectral sensitivity of the recording
system.

The time-integrated and time-resolved spectra of PL
emission (2.5–8.0 eV) and PL excitation (50–220 eV,
500–650 eV) as well as the PL decay kinetics have been
measured at 6 K using SR from the BW3 beamline. The
SR from the undulator was further monochromatized
by a Zeiss SX700 monochromator. The typical spectral
resolution of this monochromator was 50 and 900 meV
in the energy regions around K-edges of absorption of
lithium and oxygen, respectively. The PL emission
spectra were measured by a 0.4 m vacuum monochro-
mator (Seya-Namioka scheme) equipped with an mi-
crochannel plate-photomultiplier (MCP 1645, Hama-
matsu). The PLE spectra were corrected using a pho-
todiode AXUV-100 (International Radiation Detector
Inc). The time-resolved measurements were performed
in the same manner as described above, except for
the time-window parameters. Two independent time-
windows set for detection of luminescence signal within
0.8–6.3 ns (TW1) and 38.4–178.7 ns (TW2) were used.
The PL emission spectra were not corrected to the trans-
mission of the luminescence detection system.

The PL characteristics upon excitation in the UV
spectral region from 3.0 to 6.0 eV were measured at
90 and 293 K at the laboratory of Solid State Physics
of Ural Federal University. The 400 W deuterium dis-
charge lamp with a continuous UV emission spectrum
and the primary DMR-4 monochromator were used as
an excitation source. The secondary DMR-4 monochro-
mator and the R6328-10 (Hamamatsu) photomultipli-
er were used as registration system in the energy range
of 1.5–5.0 eV. The PLE spectra were normalized to an
equal number of photons incident on the sample using
yellow lumogen with the energy-independent quantum
yield over the studied spectral range. The PL emis-
sion spectra are shown without correction. Differences
in the transmission spectra of registration systems for
synchrotron spectroscopy, and for laboratory measure-
ments, caused a small systematic shift between the max-
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ima of PL emission bands recorded at different experi-
mental setups. This shift is taken into account when
discussing the results.

3. Experimental results

The goal of this section is to provide the most com-
prehensive set of spectroscopic data on LGBO:Ce for
further discussion in the next section. The section
presents the results of luminescence spectroscopy upon
selective photoexcitation in the energy range from 3 to
650 eV. The lowest energy for intracenter excitation of
Ce3+ ion determines the lower limit of the energy range,
and the upper limit was chosen above the K-absorption
edge of an oxygen atom, which is a host element of
LGBO crystal. To cover the broad range of excitation
energies we used different experimental setups. Spec-
troscopic results are presented in ascending order of ex-
citation energy in this range. Identification of optical
transitions in Ce3+ and Gd3+ ions has been carried out
on the basis of the extended Dieke’s diagram [13].

3.1. UV spectroscopy with a discharge lamp excitation

The excitation energy down to 3 eV is required to
excite the lowest energy 4 f –5d transitions in Ce3+ ion,
however the SR excitation system does not cover the
low-energy range. Because of this, in the energy range
of 3.0–5.0 eV a discharge lamp was used as a UV light
source for selective excitation of the lowest energy op-
tical transitions that lead to luminescence of Ce3+ and
Gd3+ ions in LGBO:Ce crystals. The normalized PL
and PLE spectra recorded at 90 and 293 K for various
excitation energies Eex are presented in Fig. 1. A broad
(FWHM=0.55 eV) complex band with maximum at
3.0 eV dominates in the PL emission spectrum at 90 K.
More than 98.2% of the PL emission spectrum is caused
by the partially overlapped doublet PL emission bands,
which are observed in the energy range of 2.5–3.5 eV,
Tab. 1. PLE spectrum of this doublet is composed of a
dominant peak at 3.56 eV (FWHM=0.19 eV) and two
low-intensity peaks at 4.05 eV (FWHM=0.19 eV) and
4.52 eV (FWHM=0.10 eV) with peaks amplitudes of
10 and 7% of the dominant peak intensity. In addi-
tion there are two very low intensity peaks at 4.9 and
5.05 eV, Fig. 1. The minimum Stokes shift for the PL
bands of this doublet is 0.4 eV, the point of intersec-
tion of the normalized PL and PLE spectra is located at
3.4 eV, Fig. 1.

The doublet PL bands completely determine the lu-
minescence spectrum of LGBO:Ce in the energy range
of 2.6–3.6 eV. Besides, a weak luminescence occurs in

Figure 1: The normalized PL and PLE spectra of LGBO:Ce crystals
at 90 – (a) and 293 K – (b). The PLE spectra were recorded mon-
itoring emission at 3.0 eV – (1) and the PL emission spectra were
recorded upon excitation at 3.55 – (2), 4.0 – (3) and 4.5 eV – (4).
The elementary Gaussian bands are shown by dashed lines. Roman
numerals indicate the optical transitions in Gd3+ ion from the ground
level 8S 7/2 to the excited states of 6P j – (I), 6I j – (II), 6D9/2 – (III),
and 6D1/2, 7/2, 3/2, 5/2 – (IV).

the low-energy region of the spectrum at 1.3–2.6 eV. At
Eex=3.56 eV its contribution to the PL emission spec-
trum is less than 2%. The relative contribution of the
additional emission increases with increasing the exci-
tation energy Eex, which indicate dissimilarity in PLE-
spectra of the doublet and the low-energy PL emission.
The low-energy PL has been investigated earlier in [4].
In this research work we will focus on studying the
properties of the dominant PL doublet.

Upon heating LGBO:Ce crystal from 90 to 293 K the
PL intensity at 3.0 eV decreased by 55%. At room tem-
perature, the elementary doublet bands are broadened,
and the distance ΔE between their maxima decreases
from 0.25 eV at 90 K to 0.21 eV at 293 K, Tab. 1. In
this case the observed PL emission band at 3.0 eV is nar-
rowed to FWHM=0.51 eV, and the PLE peak at 3.56 eV
is broadened to FWHM=0.31 eV, Fig. 1.

3.2. UV/VUV synchrotron spectroscopy

In the UV/VUV spectral range of 3.7–24 eV the PL
excitation of LGBO:Ce at 8 and 293 K was performed

3



Table 1: Parameters of the PL emission spectra in the energy range of
2.0–3.5 eV: the energy positions of the doublet band maxima (Em1,
Em2), the FWHMs of these bands, the intensity of the dominant band
in the doublet normalized to 100 arbitrary units at the observed PL
emission maximum (A), temperature (T ), and distance between the
doublet band maxima ΔE= Em2 − Em1.

Parameter
Excitation energy, eV

3.55 3.55 5.65 7.00 7.00 7.75
T , K 90 293 9 9 293 9
Em1, eV 2.90 a 2.90 a 2.61 2.96 2.97 2.96
FWHM1, eV 0.28 0.38 0.24 0.27 0.29 0.27
Em2, eV 3.15 a 3.11 a 2.87 3.21 3.20 3.20
FWHM2, eV 0.40 0.42 0.36 0.16 0.25 0.23
A, arb.units 100 100 100 1.5 30 7
ΔE, eV 0.25 0.21 0.26 0.25 0.23 0.24

a Laboratory UV-source was used for this measurement. The energy

position of the PL emission band maximum in this case is subject to a

systematic shift with respect to synchrotron spectroscopy data because

of differences in the transmission spectra of registration systems at

different experimental setups.

at SUPERLUMI using synchrotron radiation.

3.2.1. PL emission spectra
Figure 2 shows the PL emission spectra in the energy

range of 2.0–5.0 eV recorded with a CCD-camera upon
excitation of LGBO:Ce crystal at Eex=6.9 eV. All the
PL emission spectra are normalized to unit of intensity
at the maximum.

The narrow (FWHM=0.020 eV) peak at 3.95 eV
dominates in the PL emission spectrum of LGBO:Ce
at 9 K, Fig. 2. This peak is due to the 6P j →
8S 7/2 transitions in the Gd3+ host ion. Another nar-
row (FWHM=0.024) low-intensity peak of 3.79 eV is
directly adjacent to the main PL peak at 3.95 eV. The
doublet PL emission bands are observed in the energy
range of 2.5–3.5 eV. Spectroscopic parameters of the
doublet bands are shown in Tab. 1. The intensity of the
additional luminescence bands is less than 1.5% of the
main peak intensity at 3.95 eV. Flat background is ob-
served at energies above 4.0 eV, and its intensity does
not exceed 0.1% of intensity for the main PL peak. It is
important to emphasize that this weak emission can not
be explained as the CCD background.

At 293 K the main peak of the Gd3+ PL is observed at
3.97 eV (FWHM=0.023 eV). Upon heating the relative
intensity of the PL doublet bands (Tab. 1) increases up
to 20 times and amounts to 30% of the amplitude of the
main PL peak, Fig. 2.

Fragments of the PL emission spectra for the region
of 2.25–3.60 eV, recorded for various excitation ener-
gies are shown in Fig. 3. The parameters of the elemen-

Figure 2: The normalized PL emission spectra recorded for LGBO:Ce
crystal at 9 – (a) and 293 K – (b) upon excitation at 6.9 eV. The el-
ementary Gaussian bands are shown by dashed lines. Insets show a
larger scale fragments of the spectra in at 3.9–4.0 eV. The spectra are
normalized to unit intensity at the maximum at 3.95–3.97 eV.

tary Gaussian-shaped bands are shown in Tab. 1. Most
of the PL light sum in this spectral region is concentrat-
ed in the doublet of the Gaussian-shape elementary sub-
bands with the inter peaks distances ΔE ranging from
0.21 to 0.23 eV at 293 K and from 0.24 to 0.26 eV at
9 K, Tab. 1.

The PL emission spectrum recorded at Eex=5.64 eV
and T=9 K, differs substantially from the previous-
ly discussed low-temperature PL spectra. The Gd3+

PL emission band in this spectrum is not detected,
but there is only one broad complex PL band at
2.86 eV (FWHM=0.38 eV), Fig. 3. Decomposition
revealed two elementary Gaussian-shaped sub-bands
(Tab. 1), which accounted for 92.3 (Em=2.87 eV) and
6.2%(Em=2.62 eV) of the light sum, respectively. The
total contribution of all the other luminescence bands is
less than 1.5%.

At higher excitation energies in the PL spectrum of
LGBO:Ce, there is also the peak of Gd3+ luminescence
at 3.95–3.97 eV, which complements the discussed dou-
blet of the PL emission bands in Fig. 2. In this case
the PL spectrum profile in the 2.25–3.60 eV region de-
pends weakly on the excitation energy and temperature,
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Figure 3: The normalized PL emission spectra recorded for LGBO:Ce
crystal at 9 – (1,3,4) and 293 K – (2) monitoring emission at 5.65 –
(1), 6.98 – (2), 7.75 –(3) and 6.98 eV – (4). The elementary Gaussian
bands are shown by dashed lines. The spectra are normalized to unit
intensity at the maximum at 2–5 eV.

but there is only a change in its intensity, Fig. 3. From
Tab. 1 it follows however that a slight narrowing of the
high-energy PL band in the doublet occurs at the lowest
levels of PL intensity.

3.2.2. PL excitation spectra
The PLE spectra TW1, TW2 and TI for the crystal

LGBO:Ce at 9 and 293 K were recorded in the excita-
tion energy range of 3.7–24 eV monitoring emissions at
3.0 and 3.95–3.97 eV. All PLE spectra for intrinsic Gd3+

emission at 3.95–3.97 eV are normalized to unity in the
observed excitation maximum at Eex=6.6–6.9 eV. The
normalized PLE spectra TW1, TW2 and TI for the emis-
sion band in each case completely coincide to each other
in profile. In this regard, only the time-integrated (TI)
PLE spectra for the PL band at 3.95–3.97 eV are pre-
sented in Figs. 4–6. Time-resolved PLE spectra TW1
and TW2 of the 3.0 eV emission band are normalized
for better visibility to coincidence their intensities with
the PLE spectra of the Gd3+ luminescence in the energy
range of 9–21 eV.

The overview PLE spectra recorded for LGBO:Ce at
9 K monitoring emission at 3.0 and 3.95 eV are pre-

Figure 4: The normalized PLE spectra recorded for LGBO:Ce crystal
at 9 K monitoring emission at Em in time-windows TW1 – (2) and
TW2 – (1). The reflection spectrum at 9 K – (3). The notation Eg
corresponds to the estimate value of the bandgap of LGBO crystal at
9 K.

sented in Fig. 4. It is possible to allocate three charac-
teristic, partially overlapped areas on the PLE spectra
that roughly correspond to the excitation energy ranges
of 3.7–6.4 eV, 6.4–9.0 eV and 9–24 eV. Let us consider
each area in more detail.

Energy range of the f–f transitions in Gd3+. Fragments
of the PLE spectra for the first energy range of 3.7–
6.4 eV are shown in Fig. 5. This energy region cor-
responds to the f–f transitions in Gd3+ host ion. Roman
numerals in Fig. 5 denote optical transitions in Gd3+ ion.

PLE spectrum of the 3.95 eV emission band at 9 K
contains only a group of lines due to transitions from the
ground 8S 7/2 level to excited states of 6I j – (II), 6D9/2 –
(III), 6D1/2, 7/2, 3/2, 5/2 – (IV), 6G7/2 – (V) and 6G3/2, 13/2

– (VI). Only in the vicinity of the V and VI PLE bands
there is a small contribution from the continuous spec-
trum. When heated to 293 K the qualitative picture is
preserved, but there is a redistribution of intensity be-
tween the two groups of lines: bands II–IV are reduced
in intensity by several times, whereas the intensities of
the V and VI bands accordingly increased. In the ener-
gy region above 6 eV the continuous spectrum contribu-
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Figure 5: Fragments of the normalized PLE spectra recorded for
LGBO:Ce crystal at 9 – (a, c) and 293 K – (b, d) monitoring emis-
sion at Em in time-windows TW1 – (2) and TW2 – (1). Roman nu-
merals indicate the optical transitions in Gd3+ ion from the ground
level 8S 7/2 to the excited states of 6P j – (I), 6I j – (II), 6D9/2 – (III),
6D1/2, 7/2, 3/2, 5/2 – (IV), 6G7/2 – (V), and 6G3/2, 13/2 – (VI).

tion increases monotonically with increasing excitation
energy, Fig. 5.

PLE spectrum TW2 recorded at 9 K monitoring emis-
sion at 3.0 eV is a weakly-structured: it contains sev-
eral groups of low-intensity lines in the area of the I–
IV bands and insignificant ’hump’ in the area of the V
band. A continuous PLE spectrum has a low intensity at
3.7–5.0 eV, increases monotonically at 5.0–6.0 eV, and
increased sharply at energies above 6.0 eV, Fig. 5. PLE
spectrum TW2 recorded at 293 K monitoring emission
at 3.0 eV comprises several groups of intense lines lo-
cated in the vicinity of I–VI bands. In the energy range
of 4.2–6.4 eV the PLE spectrum coincides in profile
with the PLE spectrum recorded at 293 K monitoring
intrinsic PL emission at 3.97 eV, Fig. 5.

PLE spectrum TW1 recorded monitoring emission at
3.0 eV is markedly different from the previous case.
At 9 K the spectrum does not contain specific groups
of narrow lines, but instead there are a relatively broad
PLE-band at 4.1 eV (FWHM=0.20 eV) and continuous
spectrum, which coincides with a continuous spectrum
TW2 at 4.2–5.0 eV, and follows its profile with less in-

Figure 6: Fragments of the normalized PLE spectra recorded for
LGBO:Ce crystal at 9 – (a, c) and 293 K – (b, d) monitoring emis-
sion at Em in time-windows TW1 – (2) and TW2 – (1). The differen-
tial spectra were obtained as the absolute value of a difference for the
curves (a) and (b) in the energy range from 6 to 7 eV – (3) and from
7 to 10 eV – (4). Roman numerals indicate the optical transitions in
Gd3+ ion from the ground level 8S 7/2 to the excited states of 6G7/2 –
(V) and 6G3/2, 13/2 – (VI). The notation Eg corresponds to the estimate
value of the bandgap of LGBO crystal at 9 K.

tensity at 5.0–6.4 eV. At 293 K the spectrum consists
of intense broad band at 4.1 eV (FWHM=0.26 eV) and
broad partially overlapping bands at 4.5–6.0 eV. Super-
imposed on this continuous spectrum are groups of nar-
row lines being similar to lines in the spectrum TW2.
At energies above 6.0 eV the TW1 and TW2 spectra co-
incide in profile with each other, Fig. 5.

Energy range of charge transfer transitions. Fragments
of PLE spectra for the energy range of 6.0–12.2 eV are
shown in Fig. 6. The PLE spectrum recorded at 9 K
monitoring emission at 3.95 eV comprises a dominant
broad asymmetric band in the energy range from 6.0 to
8.5 eV with a maximum at 6.88 eV. The emission in-
tensity increases dramatically at the low-energy slope
of this PLE-band (6.5–6.8 eV) and gradually decreases
at its high-energy slope (6.9–8.5 eV). At 293 K a high-
energy slope of this band terminates already at 7.2 eV,
and superimposed on the low-energy slope there is a
new intense narrow band with a maximum at 6.6 eV,
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Figure 7: Fragments of the normalized PLE spectra recorded for
LGBO:Ce (0.5%) – (a) and LGBO:Ce (4.5%) – (b) crystals at 9 –
(1) and 293 K – (2) monitoring emission at 3.95 – (1) and 3.97 eV
– (2). The differential spectra were obtained as the absolute value
of a difference for the curves (1) and (2) in the energy range from 6
to 7 eV – (3) and from 7 to 10 eV – (4). Roman numerals indicate
the optical transitions in Gd3+ ion from the ground level 8S 7/2 to the
excited states of 6G7/2 – (V) and 6G3/2, 13/2 – (VI). The notation Eg
corresponds to the estimate value of the bandgap of LGBO crystal at
9 K.

Fig. 6.

The narrow band at 6.6 eV (FWHM=0.49 eV) domi-
nates in the PLE spectra recorded monitoring emission
at 3.0 eV. At 293 K, only this band appears in the PLE
spectra TW1 and TW2 over the energy range of 6.4–
12.2 eV. At 9 K, the 6.6 eV band also dominates. In the
PLE spectrum TW1, this band is unique, but in the spec-
trum TW2, superimposed on this band the less intense
broad band at 6.5–8.5 eV is observed being comparable
in the energy position with the 6.88 eV band in the PLE
spectrum of intrinsic luminescence.

Fragments of the normalized PLE spectra recorded
for the crystals LGBO:Ce (0.5%) and LGBO:Ce (4.5%)
at 9 and 293 K monitoring emission at 3.95–3.97 eV
are shown in Fig. 7. The spectra are normalized to unit
of intensity at 6.88 eV. Differential spectra obtained by
subtracting the PLE spectra recorded at 9 and 293 K, are
presented for each crystal. From the differential spectra
(Fig. 7) it follows that the heating from 9 to 293 K leads

to the appearance of the 6.6 eV band (FWHM=0.25 eV)
in the PLE spectra. Simultaneously, the broad asymmet-
ric low-temperature band at 7–10 eV undergoes to the
thermal quenching. Comparison of the differential spec-
tra, obtained for crystals with different concentrations of
the cerium impurity indicates that with increasing the
impurity concentration increases the amplitude of the
high-temperature band at 6.6 eV, whereas its energy po-
sition and FWHM remained unchanged. With an in-
crease in the cerium impurity concentration from 0.5 to
4.5% of the maximum position of the low-temperature
band shifts from 8.0 to 7.4 eV, and the FWHM decreases
from 1.8 to 1.1 eV, Fig. 7.

Energy range of interband transitions. PL intensity is
low when excited in the energy range of 9–24 eV. The
most pronounced structure is shown in the PLE spec-
tra recorded at 9 K monitoring emission at 3.95 eV: at
9–11 eV the intensity remains constant at about 6% of
the maximum at 6.88 eV; at 11–11.5 eV the intensity
gradually decreases to 2% and then remains at this lev-
el up to 20 eV; at 20–22 eV the intensity decreases to
undetectable level, Fig. 4. PLE spectrum recorded at
9 K monitoring emission at 3.0 eV also matches this
description, only transitions between the levels of inten-
sity are less pronounced. At 293 K, the PLE spectra of
both bands have negligible intensity over all the energy
range from 7.5 to 24 eV, Figs. 4, 6.

3.3. XUV synchrotron spectroscopy

Figures 8–10 show the results of the study of ultravi-
olet luminescence of LGBO:Ce crystals recorded mon-
itoring in the range of 2.5–6.8 eV upon selective excita-
tion by XUV-photons in the region of ultrasoft x-ray 50–
220 eV and 500–650 eV, corresponding to the K-edges
of absorption for lithium, boron and oxygen. Measure-
ments were carried out at two fixed temperatures of 6
and 293 K. By studying the spectra, we have recorded
in each case the time-resolved spectra in the time win-
dows TW1, and TW2, and the time-integrated spectrum
TI. We found that spectra TW1, TW2 and TI in all cases
coincide with each other in profile, in this regard, only
the TI spectra are shown in Figs. 8–10.

From Fig. 8 it is seen that the emission spectrum
at XUV excitation consists of narrow intensive line at
3.95 eV, which belongs

to the radiative transitions in the Gd3+ (6P j → 8S 7/2),
and wide band at 3.0–3.2 eV, which has ∼100 times
smaller intensity and is due to 5d → 4 f transitions in
Ce3+.

The PLE spectra recorded for the crystal LGBO:Ce at
6 K monitoring emission at 3.0 and 3.95 eV are shown
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Figure 8: The PL emission spectra recorded for LGBO:Ce crystal at
6 K upon excitation at 135 and 550 eV.

in Figs. 9 and 10. The PLE spectra of these two bands
are similar. By varying the energy of exciting photons
from Eex=50 eV, a small decrease in intensity is ob-
served at 57–59 eV. This shallow dip is comparable to
the 1s fundamental absorption edge of Li atoms. It is
not intensive, and no fine structure was resolved in this
experiment.

When the energy increases further, the PL intensity
increases monotonically and reaches a smooth maxi-
mum at 137 eV. Two narrow dips at 139.2 and 142.8 eV
are associated with the 4d5/2 and 4d3/2 absorption lines
of gadolinium. A significant decrease in intensity oc-
curs in 145–160 eV with a minimum at 148–150 eV. It
is comparable to the 4d → 4 f transitions of gadolinium.

In the region 165–194 eV there is a smooth increase
in the PL intensity, ending with an intense narrow dip
at 194.5 eV. This dip is comparable to 1s edge of boron
and associated with electronic transitions from a core 1s
level of the boron atom to the conduction band (CB) of
a crystal. Such transitions were observed earlier in the
PLE spectra of intrinsic luminescence in lithium borate
crystals LiB3O5 [14, 15] and Li2B4O7 [16]. The main
difference in the profiles of the observed spectra in Fig.9
is the ratio of luminescence intensities at the boundaries
of a broad dip at 137–149 eV and 160–170 eV. Upon
excitation at specified intervals the Ce3+ emission in-
tensity is much higher than that for Gd3+ ion, Fig. 9.

The PLE spectra recorded upon excitation over the
energy range of the 1s fundamental absorption edge of
oxygen atoms monitoring emissions at 3.0 and 3.95 eV
demonstrate a sharp decrease by 25% of intensity at
544 eV, Fig. 10.

3.4. PL decay kinetics

The normalized PL decay kinetics curves recorded
for LGBO:Ce crystal at T=9 and 293 K upon selec-

Figure 9: The normalized PLE spectra at 50–210 eV recorded for
LGBO:Ce crystal at 6 K monitoring emission at 3.0 – (1) and 3.95 eV
– (2).

Figure 10: The normalized PLE spectra at 500–630 eV recorded for
LGBO:Ce crystal at 6 K monitoring emission at 3.0 – (1) and 3.95 eV
– (2). Curve (1) for better visibility was shifted down to 0.23 on the
ordinate.

tive excitation at various energies ranging from Eex=4
to 550 eV monitoring emission at 3.0 eV are shown
in Fig. 11. Lifetime is short, but decay kinetics curves
could not be approximated by a single exponential law
and have slow components. The formal decomposition
of these curves revealed two fast exponential compo-
nents with time constants of 3 and 27 ns, and a constant
level – a pedestal summarizing the contribution of the
inertial decay components of the micro- and millisec-
ond time-range. The lifetime of τ=27 ns was observed
only at 293 K, in the other cases the lifetime was ca.3 ns.
The contribution of the pedestal is maximal at the exci-
tation energy of 6.2–8.6 eV.
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Figure 11: The PL decay kinetics recorded for LGBO:Ce crystal at 9
– (1–3, 6, 7) and 293 K – (4, 5) monitoring emission at 3.0 eV upon
excitation by UV photons – (a) at 6.2–8.6 – (1), 5.23 – (2), 4.0–4.2 –
(3, 4) and VUV/XUV-photons – (b) at 15 – (5), 550 – (6) and 135 eV
– (7).

4. Discussion

The purpose of this section is to determine the elec-
tronic structure parameters, such as the bandgap, min-
imal energy of the d–f and charge transfer transitions,
the ground state locations of the 4 f and 5d energy lev-
els of divalent and trivalent lanthanide ions in the LGBO
host lattice, using all available spectroscopic data on
LGBO:Ce obtained in previous section as well as the
known literature data.

4.1. Electronic structure of LGBO and 4 f n → 4 f n−15d-
transitions

In this paper, the bandgap of LGBO crystal has been
determined from the spectrum of low-temperature re-
flection recorded at 9 K for the polished surface of the
crystal LGBO:Ce, Fig. 4. The spectrum has a maxi-
mum at 8 eV and a sharp decline, ending in a local
minimum at 9 eV. Comparison of the reflection spec-
trum with those of other borates, such as LiB3O5 and
Li2B4O7 [17], gives an approximate estimate of the low-
temperature band gap of LGBO:Ce as Eg=9.3 eV.

The intrinsic lowest energy electronic excitations in
luminescent materials are usually due to electronic tran-
sitions from the valence band (VB) states onto the CB
bottom. The probability of such transitions is deter-
mined by the nature of the initial and final electronic
states. According to various sources, the low-energy
tail of the fundamental host absorption of borates crys-
tals of the alkali and alkaline-earth metals occurs at 6.7
(β-BaB2O4 [18]), 7.75 ((Gd,Y)BO3 [19]), 8.0 (LiB3O5

and Li2B4O7 [17]), and 8.4 eV (SrZr(BO3)2:Eu [20]).
As for LGBO crystals, we are not aware of publications
on the VUV-absorption in the expected energy region of
the host absorption edge of this crystal. The PLE spectra
of intrinsic emission in LGBO crystal (Fig. 4) also can
not help to reveal the host absorption edge, as it can be
done in many other crystals, for example, LiB3O5 and
Li2B4O7 [17]. In this connection, the position of the
low-energy tail of the fundamental absorption Ea was
estimated by the empirical formula [21]

Eg ≈ 1.08 × (Ea + 0.2 eV) . (1)

Assuming that Eg=9.3 eV, from (1) it should be
Ea ≈8.4 eV, which agrees well with the above data for
other borates. In many orthoborate crystals, the dom-
inant contribution to the VB top is due to hybridized
O 2p-, and B 2p-orbitals with prevailing the oxygen
states [22]. Electronic structure of LGBO crystal in the
vicinity of the VB top is also due to hybridized O 2p-,
and B 2p-orbitals dominated by the oxygen states [23].

We are not aware research works on the electronic
structure of the LGBO conduction band, so we have to
discuss the comparative data for other borates. The CB
bottom in many borate compounds consists of antibond-
ing hybridized O 2p-, and B 2p-orbitals, and d-orbitals
of the metal cations [22]. The result is a mixed pd-
character of the lowest-energy electronic excitations,
which is manifested in the absence of pronounced ex-
citonic states in the energy range of the low-energy tail
of the fundamental absorption of a crystal. For exam-
ple, the CB bottom in Sc2O3 is formed by 3d-orbitals of
scandium, and the VB top resulted from 2p-orbitals of
oxygen, so in this crystal, in contrast to the isostructural
compound Y2O3, no excitonic absorption or exciton lu-
minescence is observed [24, 25]. Barium metaborate
β−BaB2O4 also exhibits no excitonic states in the ener-
gy range of the low-energy tail of the fundamental ab-
sorption [18, 26]. Indirect indications of the significant
contributions of d-states of the metal cations to electron-
ic structure of the CB bottom can be no manifestation of
excitonic states in both the reflection and PLE spectra
of LGBO over the energy range of 8.4–9.3 eV, Figs. 4
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Figure 12: Diagram of the relaxation of low-energy electronic exci-
tations in the crystal LGBO: Ce. The numbers indicate the radiative
transitions of 6P j → 8S 7/2 – (1), 4 f 65d1 → 8S 7/2 – (4) for Gd3+

ions, and 5d1 → 2F5/2 – (2), 5d1 → 2F7/2 – (3) for Ce3+ ion.

and 6, as well as the calculations [27] and the experi-
mental data [28] on the electronic structure of similar
compound Ca4GdO(BO3)3.

The energy transfer processes in many borates of al-
kali metals are mainly determined, by the excitation of
anion excitons and their migration along the continu-
ous boron-oxygen framework, which is the principal
element of the crystallographic structure in the com-
pounds, such as LiB3O5 and Li2B4O7 [17]. Features
of the LGBO crystallographic structure cause specific
electronic structure and transport mechanisms for the
lowest-energy electronic excitations. Energy transfer
in the LGBO crystal occurs through the migration of
cation excitons along continuous chains of the Gd3+

host ions [2, 3, 23]. To further refine the LGBO elec-
tronic structure and to determine the ground state posi-
tions of the lanthanide ions in the LGBO we will use the
experimental data on luminescence spectroscopy, ob-
tained in this work. The final result of this refinement is
shown in Fig. 12. Let us consider in more detail the key
stages in the construction of this diagram.

Electronic structure of free lanthanide ions (Ln) is
well known, studied in detail and its description can
be found in various publications and monographs, see
e.g. [29]. Inner 4 f -shells of the lanthanides are well
shielded from external influences. Electronic ener-
gy structure of 4 f -states is described by the extended
Dieke’s diagram [13]. When placing the Ln-ion into a
host lattice, the positions of the 4 f -levels vary only in
the range up to 100 cm−1 (ca.0.01 eV). In this connec-
tion to characterize the 4 f -states of the Ln ion in most
cases it is sufficient to determine only the position of its

4 f n ground state in the crystal (where n – the number
of electrons in 4 f -shell). The 4 f ground state of diva-
lent Ln2+ ions can be located in the CB or the band gap
above the Fermi level. The ground 4 f -state of trivalent
Ln3+ ions can be located in the band gap below the Fer-
mi level or in VB. For example, in SrAl2O4:Gd3+ crystal
the 4 f 7 ground state of Gd3+ ion is located at 3.0 eV be-
low the VB top [30]. The position of the 5d excited lev-
el of trivalent lanthanide with respect to its 4 f ground
state in inorganic materials are strongly influenced by
the crystalline environment and may vary from crystal
to crystal in the tens of thousands of cm−1 (ca. several
few eV). The minimum energy of the 4 f n → 4 f n−15d-
transition (ΔEfd) for the Ln3+ ion in the crystal can be
determined by the formula [31]

ΔEfd = ΔE a
fd − D, (2)

where ΔE a
fd is a minimal energy for the 4 f n → 4 f n−15d

transition in a free Ln3+ ion, Tab. 2; D is spectroscopic
red shift. According to our experimental data, the mini-
mum energy of 4 f 1 → 5d transition for Ce3+ ion in the
LGBO crystal is ΔEfd= 3.56 eV (28 713 cm−1), Fig. 1.
Substituting this value in (2), we define the red spec-
troscopic shift for LGBO crystal as D=20.6×103 cm−1.
The value of the red spectroscopic shift D is a character-
istic parameter of the host crystal, D is determined only
by the crystal properties and remains the same for any
Ln3+ ions in this crystal. From the known value of D we
have calculated by the formula (2) the minimal energies
of 4 f n → 4 f n−15d-transitions for Eu3+ and Gd3+ ions in
the LGBO crystal, Tab. 2. The calculated energy values
fall into the energy region of fundamental absorption of
LGBO crystal and therefore could not be measured ex-
perimentally.

4.2. Charge transfer transitions

The electron transfer from the valence band states of
a crystal onto the unfilled f or d-orbital of the metal
cation leads to the charge transfer (CT) electronic tran-
sition. Such transitions are partially allowed and appear
in the UV and VUV spectral region as a broad band of
optical absorption. The CT band parameters depend on
the electronegativity of the ligands, the electron affinity
of the cations and the distance between the cation and
the ligand. The minimum energy of CT-transition dur-
ing optical absorption is determined by formula [32]

ECT = (χ(O) − χ(Ln)) × 3.72 eV, (3)

where χ(O), χ(Ln) are the optical electronegativities
of oxygen atom and Ln-cation. This relation is well
satisfied for many rare-earth elements, such as Eu3+
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Table 2: Energy parameters (eV) for Ln3+ (Ln = Ce, Eu, Gd) ions,
calculated in this work for LGBO crystal (unlabeled data), and the
available experimental data on these ions (labeled data) relating to
the minimum energy of the 4 f n → 4 f n−15d transitions (ΔEfd), the
charge-transfer energy for O2− →Ln3+ transitions (ECT), the energy
position of the low-energy edge of H-band (EH), the energy positions
of the 4 f n ground states relative to the valence band top of LGBO
crystal (Ef ).

Parameter
Rare-earth ions

Ce3+ Eu3+ Gd3+

ΔEfd
a 6.12 a 10.57 a 11.80 a

ΔEfd 3.56 b 8.00 9.25
ECT 8.50 4.63 c 8.95
EH — — 6.55 b

Ef 3.00 −1.47 −2.70

a The data for free Ln3+ ions were taken from [13] and are presented
for comparison.
b The experimental data obtained in this work for LGBO:Ce.
c This value was taken from our previous work [1].

ion. Two important facts have been empirically es-
tablished for the crystalline hosts doped with europi-
um ions. First, ECT in these crystals corresponds to the
energy position of the 4 f 7 ground level of the divalent
Eu2+ ion relative to the VB top of the crystal; second,
the 4 f 7 ground state of Eu2+ ion in these crystals is lo-
cated at lower energy than the 4 f 55d1 ground level of
the trivalent Eu3+ ion [30, 33]. In oxides, the CT tran-
sition O2− →Eu3+ is due to electron transfer from the
O 2p states of VB onto the 4 f 7 ground state of Eu2+

ion [21, 34–36].
The broad optical absorption band at 4.5–7.0 eV

in LGBO crystal is associated with CT-transition
O2− →Eu3+, and the low-energy edge of this band at
10 K is located at ECT=4.63 eV [1, 37]. In the frame-
work of the model [21], for a ECT known value for Eu3+

ion, we can calculate the ECT values for all other Ln3+

ions in the same host lattice.

ECT = ECT(Eu) + ΔEvf(Ln), (4)

where ΔEvf(Ln) is a correction constant, which is main-
ly determined by the properties of the Ln3+ ion and only
slightly depends on the crystal specificity. The values of
the ΔEvf constants for Ce3+ and Gd3+ ions are 3.87 and
4.32 eV, respectively [21]. The appropriate ECT values
for Ce3+ and Gd3+ ions in LGBO crystal were calculat-
ed and presented in Tab. 2.

The expected value of the minimum energy for CT-
transition O2− →Gd3+ in LGBO crystal is ECT=8.95 eV,
Tab. 2. Assessment by formula (3) with χ(O)=3.2 and
χ(Gd)=0.91 [32] yields for Gd3+ ion a bit lower val-
ue of ECT=8.52 eV. In any case, the energy of 8.95–

8.52 eV corresponds to the low-energy tail of the fun-
damental absorption of LGBO, where the PLE spectra
exhibit no peculiarities, which are usually typical for the
excitation at the CT absorption band, Figs. 4–6. At the
same time, a low-temperature broad PLE band with a
maximum at 7.5–8.0 eV was presented in the differen-
tial spectra, Fig. 7. For comparison we present the ex-
perimental data for the (Gd,Y)BO3 crystal, where the
CT absorption band O2− →Gd3+ was identified the PLE
spectra at 7.47 eV [19].

The dominant band at 6.88 eV in the PLE spectra
of LGBO (Fig. 6) exhibits all the properties, which are
usually specific to excitation at the CT absorption band.
However, in the light of the above analysis, its interpre-
tation does not seem a simple and straightforward. In
our opinion, the 6.88 eV band in LGBO crystal is due
to an energy transfer from the boron-oxygen ligands to
Gd3+ ion with participation of intrinsic lattice defects in
the form of the hole radical BO2−

3 . The basic properties
of complex oxyanions BO2−

3 have been previously stud-
ied in detail by many researchers using the methods of
electronic paramagnetic resonance and optical absorp-
tion spectroscopy, see e.g. [38]. The BO2−

3 oxyanion in
borate crystals is in some senses similar to self-trapped
hole. However, its formation requires the prior exis-
tence of a small lattice distortion that can occur near
the rare-earth ions.

Optical absorption and PLE spectra of many com-
plex borate crystals exhibit the so-called H-band, which
is located in the energy range slightly lower than the
low-energy tail of the host absorption and exhibit all
the properties typical for CT-band. The H-band concept
was first introduced by P. Dorenbos et al. for the host
PLE band in Ba3Gd(BO3)3:Ce3+, they pointed to the
possible connection of this band with a complex oxyan-
ion, but the true origin for this band in Ba3Gd(BO3)3

has not been fully resolved [39]. Table 3 contains the
available data on the H and CT bands observed in PLE
spectra of certain complex compounds. Let us discuss
the properties of the H-band in more detail.

First, from Tab. 3 it follows that the energy position of
the 6.88 eV band in LGBO (Fig. 6) is well comparable
to that for the H-band in the other crystals.

Second, the H-band is observed not only in crys-
tals containing Gd3+ ions, but also in crystals without
gadolinium ions. This is consistent with assumption that
the H-band is due to optical transitions in the BO2−

3 hole
center. Indeed, the VB top states can be represented as
a continuous network of the anionic BO3−

3 groups. Pho-
toinduced electron transfer from VB onto a local level
in the band gap occurs during excitation by VUV pho-
tons with energies less than Eg. A hole in the VB re-
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Table 3: The energy positions (Em) of the absorption bands detected
in PLE spectra in the energy range of the expected charge-transfer
transitions.

Crystal Em, eV Transition a Reference
BaZr(BO3)2 6.20 BO2−

3 [53]
LaCa4O(BO3)3 6.63 BO2−

3 [54]
YCa4O(BO3)3 6.59 BO2−

3 [54]
SrAl2B2O7 6.78 BO2−

3 [53]
SrZr(BO3)2 7.13 BO2−

3 [20]
YAl3(BO3)5 7.25 BO2−

3 [53]
Ba3Gd(BO3)3:Ce 6.36 BO2−

3 [39]
GdCa4O(BO3)3 6.74 BO2−

3 [54]
Y0.65Gd0.35BO3 7.05 BO2−

3 [53]
La2O2CO3 6.36 CO2−

3 [55]
Gd2O2CO3 6.70 CO2−

3 [55]
Gd2SiO5 6.97 O–Gd [19]
GdAlO3 7.29 O–Gd [19]
Gd2O2CO3 7.29 O–Gd [55]
GdBO3 7.47 O–Gd [56]
(Gd,La)Al3(BO3)4 7.90 O–Gd [57]

aInterpretation of each transition follows corresponding reference.

mains localized in the potential field of the localized
electron and this hole can be represented as the BO2−

3
radical. Note incidentally that a similar scenario is re-
alized in the electronic transitions with charge transfer
O2− →Ln3+.

Third, the H-band intensity in the PLE spectra in-
creases by several times when Gd3+ ions are present in
the crystal. This indicates the presence of efficient chan-
nel for energy transfer from BO2−

3 radical to Gd3+ ion.
Two conditions are necessary for a high probability of
the energy transfer: overlapping of wave function of the
radical and Gd3+ ion, and the coincidence of the transi-
tion energies. These conditions are well satisfied for a
number of the yttrium and gadolinium orthoborate crys-
tals, where the energy of the charge-transfer transitions
O2− →Gd3+ overlaps with the energy of optical tran-
sitions in the BO2−

3 radical, see e.g. (Gd,Y)BO3 crys-
tal [19]. The carbonate crystals exhibit, apparently, a
similar scenario involving a complex oxyanion CO2−

3 ,
Tab. 3.

In our opinion, a broad band with a maximum at
7.5–8.0 eV in the differential PLE spectra (Fig. 7) can
be interpreted as the CT absorption band O2− →Gd3+,
whereas the 6.88 eV dominant band in the PLE spec-
trum of LGBO:Ce should be interpreted as the H-band.
In this work, we did not plan to develop a detailed mod-
el to explain the high efficiency of the PL excitation in
LGBO:Ce through the H-band. Let us only mention that
the probable reason for this is that the 4 f 65d-level of the
trivalent Gd3+ ion in wide bandgap crystals are usually

located in energy below the ground 4 f 8 level of the di-
valent Gd2+ ion, which is located in the same crystal
either in the CB, or slightly below the CB bottom. For
example, 4 f -level of Gd2+ ion in the SrAl2O4 crystal is
located at 2.4 eV above the 4 f 65d-level of Gd3+ ion in
the same crystal [30].

We can assume that in this case, the minimum en-
ergy of the CT transition O2− →Gd3+ will correspond
to the transfer of O 2p electron from the valence band
states onto the 4 f 65d-level of the trivalent Gd3+ ion.
The results of quantum chemical calculations of elec-
tron transfer from the KZnF3 ligand onto the 5d level of
the Yb3+ ion testify in favor of such a possibility [40].

4.3. Absolute location of 4 f n and 4 f n−15d ground
states in LGBO crystal

From the PLE spectra of intrinsic luminescence at
3.95–3.97 eV (Fig. 7) it follows that the low-energy cut-
off for the H-absorption band is located at EH=6.55 eV.
In light of the discussion above, this value corresponds
to the position of 4 f 65d energy level of Gd3+ ion rel-
ative to the VB top in LGBO crystal. Therefore, the
position of the 4 f 7 ground level of the Gd3+ ion rel-
ative to the VB top of LGBO crystal is EH − ΔEfd=

6.55−9.25 = −2.7 eV, Tab. 2. This is consistent with
the known data on the location of the 4 f 7 ground level
of Gd3+ ion in various oxide, sulfide and fluoride mate-
rials [30, 39, 41]. Location of the 4 f 8 ground level of
Gd2+ ion in LGBO crystal is ECT=8.95 eV (see Tab. 2),
that exceeds the energy location of 4 f 65d-level by the
value of ECT − EH=2.4 eV. This indirectly indicates the
possible contribution of 5d-orbitals of the Gd2+ ion to
the the states of the CB bottom. In addition, the sharp
drop in intensity is observed in the low-temperature re-
flection spectrum of LGBO at 8–9 eV, Fig. 4. A value of
8.95 eV is located in the energy interval corresponding
to the low-energy tail of the fundamental absorption of
LGBO crystal. The difference Eg − 8.95 = 0.35 eV is
comparable in magnitude to the expected binding ener-
gy for the formation of excitons or electron-hole pairs
upon excitation in the energy range of the low-energy
tail of the fundamental absorption of a crystal. Such a
correspondence was found previously for several other
optical materials [21].

The 4 f 1 ground level of Ce3+ ion in wide bandgap
crystals are usually located above the VB top. The mod-
el [21, 30] describes the relationship between the energy
values of the 4 f n ground states for different lanthanides
situated in the same host lattice. If we know the energy
of the 4 f n ground state for one rare-earth ion, the mod-
el can calculate the energies of the 4 f n ground state for
other lanthanides in the same crystal. The 4 f 7 ground
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state of Gd3+ ion in LGBO crystal is located on 2.7 eV
below the VB top, and the systematic shift between
the 4 f n ground levels of Ce3+ and Gd3+ ions accord-
ing to [21] is ΔEGd,Ce = 45 800 cm−1 (5.69 eV). In this
case, the 4 f 1 ground state of Ce3+ ion in LGBO crystal
should be located at (5.69−2.7)≈3.0 eV above the VB
top, Tab. 2, Fig. 12. The 4 f 1 ground state of Ce3+ ion is
split by spin-orbit interaction on the two levels of 2F5/2

and 2F7/2, Fig. 12. The splitting depends on many fac-
tors, and within a small range the splitting width varies
depending on the temperature and excitation conditions.
Table 1 shows that the values of splitting obtained in our
measurements are quite close to the expected value of
0.25 eV [42].

In addition to the Ce3+ ions, the LGBO:Ce crys-
tal also contains the Ce4+ ions associated with charge-
compensating lattice defects. The possible charge-
transfer transitions between the states of the VB top and
a 4 f vacant state of Ce4+ ion can also be used to deter-
mine the location of the 4 f 1 ground state of Ce3+ ion
in the crystal. However, from general considerations it
is obvious that the energy of the 4 f 1 ground state of
Ce3+ ion in the defect complex, will be somewhat high-
er than the energy of the same ion in a regular position
in the defect-free region of the crystal. Indeed, the broad
optical absorption band for the tetravalent Ce4+ ions in
LGBO:Ce crystal starts at an energy of 3.2 eV and has
a flat maximum at ca.4 eV [43].

To determine the position of 5d-level of Ce3+ ion
in LGBO crystal we use the experimental value of the
minimum energy of the 4 f 1 → 5d transition for Ce3+

ion, which is equal to 3.56 eV, Fig. 1. Location of 5d-
levels of Ce3+ ion in LGBO crystal should be at (3.0 +
3.56 eV) = 6.56 eV above the VB top. The resulting val-
ue is close to the energy of 6.55 eV, established above
for the 4 f 65d-level of Gd3+ ion in LGBO. This is not
surprising because the location of the 4 f n−15d-level of
lanthanides in the same host lattice is determined mainly
by the crystal field and does not depend on the specifici-
ty of 4 f -ion of the same charge state [21, 30, 33]. Once
we have determined the energy positions of the ground
levels of the Ce3+ and Gd3+ ions in LGBO, we can cal-
culate using the model [21, 31] the expected positions
of the ground levels for all lanthanides in LGBO crys-
tal. The results of calculation are shown in Fig. 13.

Absolute location of 4 f ground states of the Gd3+

host ion can also be determined experimentally using
photoelectron spectroscopy. We are not aware of the
published photoelectron spectroscopy data for LGBO,
however, such data are available for certain complicat-
ed oxides. Thiel et al. have measured resonant pho-
toemission of rare earth ions in aluminum garnets and

Figure 13: The calculated energy level diagram of the lanthanides in
LGBO depending on the number of electrons in the ground state of the
4 f n-configuration of the trivalent lanthanide ion. Curves 1 and 2 cor-
respond to the lowest states of the 4 f n and 4 f n−15d-configurations of
the trivalent lanthanides. Curves 3 and 4 correspond to the lowest lev-
els of the 4 f n+1 and 4 f n5d-configurations of the divalent lanthanides.
The arrows show the experimental data used to construct the diagram.

found the absolute locations of 4 f ground states of the
ions relative to the VB top [44, 45]. Aluminum gar-
nets and LGBO have different bandgaps, so the val-
ues of Ref. [44, 45] can not be directly compared with
our data on LGBO. The midway between the VB top
and the CB bottom can be chosen as the reference level
for such comparison because in perfect dielectric crys-
tals the Fermi level is located here. For YAG crys-
tals Eg= 8 eV [46], and from the data of Ref. [45] we
can obtain the positions of certain 4 f elements below
the bandgap midway level: 1.3–1.9 eV (Ce3+) and 7.3–
8.7 eV (Gd3+). For LGBO crystal Eg= 9.3 eV, and from
Tab. 2 we can get the appropriate values of 1.65 eV
(Ce3+) and 7.35 eV (Gd3+). It should be noted that the
photoelectron spectroscopy data for YAG and the lumi-
nescence spectroscopy data for LGBO are quite consis-
tent.

4.4. Luminescence of LGBO:Ce upon UV/VUV excita-
tion

Intrinsic luminescence of LGBO crystal at 3.95–
3.97 eV is due to the 6P j → 8S 7/2 radiative transi-
tions in the Gd3+ host ions. At 4.4 K the complex PL
emission band consists of 10 lines of varying intensity,
which are separated by a distance less than 0.1 nm [2].
It is obvious that the structure of these lines is beyond
the spectral resolution of our optical equipment, but the
observed shift of the energy position of the PL peak
from 3.95 to 3.97 eV upon heating from 10 to 293 K
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in our measurements is due to different temperature de-
pendence of these lines. We have detected no radiative
transitions from the excited high-energy states of 6I j,
6D j and 6G j of Gd3+ ions in LGBO crystals. Two pro-
cesses are responsible for the lack of the concentration
quenching of the photoluminescence of the host Gd3+

ions in LGBO crystal. Fist, a fast diffusion of electron-
ic excitation energy along the chains of Gd3+ ions oc-
curs in LGBO crystal at temperatures above 40 K. The
experimental data [2], and electronic structure calcula-
tions [23] showed essentially one-dimensional charac-
ter of energy transport along the chains of Gd3+ ions.
Second, a high probability of the transfer of electronic
excitation energy to a neighboring Gd3+ ion in compari-
son with the process of radiative relaxation of energy on
the initially excited Gd3+ ion [2, 3]. Owing to the high
degree of shielding of 4 f -shell by the outer electronic
shells, the PL decay kinetics in Gd3+ ion is rather slow,
and at 293 K the lifetime can be up to 360 μs [2]. In our
measurements such slow PL decay kinetics appears in
the form of a pedestal.

In the energy region above 6.2 eV the luminescence
excitation in LGBO crystal occurs through the CT tran-
sitions. In this case, the electron transfer from the VB
top occurs either onto the 4 f 65d level of Gd3+ ion (EH),
or the 4 f 8 level of Gd2+ ion (ECT). The hole that re-
mains in VB, is localized in the neighborhood of the ion.
De-excitation occurs through non-radiative recombina-
tion of an electron with the localized hole. The charge
transfer luminescence in LGBO crystal is not realized
because the charge-transfer state is located at the ener-
gy higher than that for the lowest excited 4 f n−15d state
of Gd3+ ion. Instead, the recombination energy is trans-
ferred to the Gd3+ ion, leading to its excitation. At a
later stage there is either the excitation energy transfer
along the chains of Gd3+ ions, or the rapid nonradiative
relaxation to the lowest excited state of the ion, resulting
in the 6P j → 8S 7/2 radiative transition in Gd3+ ion.

The 4 f 65d → 4 f 7 radiative transitions in the Gd3+

ion has not been experimentally observed, since the ex-
pected transition energy is 9.25 eV (see Tab. 2), which
corresponds to the fundamental absorption region of the
LGBO crystal.

Interconfigurational 5d1 → 4 f 1 radiative transition in
Ce3+ ion is predominantly electric dipole transition and
it appears as an intense doublet of broad overlapping
emission bands with a short lifetime. The final stage of
the radiative process is described by the scheme
(
Ce3+
)∗
→ Ce3+ + hν. (5)

For the intracenter excitation of PL of Ce3+ ions, this
scheme is the only possible one. In the low-symmetry

crystal field, 5d states of Ce3+ ion are split, in addition
to the lowest energy excited 5d1 state, there have also
been highly excited states. In addition to the 3.56 eV
band, corresponding to the 4 f → 5d1 optical transi-
tion, the PLE spectra of LGBO:Ce also show excita-
tion bands at 4.1, 4.5, 5.2 and 5.6 eV, Figs. 1 and 5.
Fast (τ <1 ns) nonradiative relaxation of an electron
from any of a highly excited level to the lowest excited
5d1 state with the further realization of the scheme (5)
is characteristic of the electronic structure of Ce3+ ion.
Therefore, the emission spectrum of Ce3+ ion in LGBO
crystal is determined only by the radiative transitions of
5d → 4 f 1 from the lowest energy excited state [5].

The excitation of the impurity luminescence in
LGBO crystal occurs through the transfer of electron-
ic excitation energy along the chains of Gd3+ ions. This
scheme results in efficient transfer of electronic excita-
tion energy from the Gd3+ host ions to the Ce3+ impu-
rity ions, since the PL emission spectrum of Gd3+ ion
at 3.95–3.97 eV coincides well with the optical absorp-
tion band of the Ce3+ ion. In addition, the energy of
the lowest excited state of Gd3+ ion (3.95–3.97 eV) is
higher than that for the lowest excited 5d state of Ce3+

ion (3.56 eV), so the energy transfer in LGBO crystal
occurs only in one direction Gd3+ →Ce3+ [2].

The impurity centers Ce1 and Ce2, which are the
Ce3+ ion, replacing the Gd3+ host ion have previous-
ly been found in the crystal LGBO:Ce [4]. In the first
case the Ce3+ ion is associated with a defect in the first
coordination sphere, while in the latter case, the Ce3+

ion is located in the regular gadolinium site in a defect-
free region of the crystal. These impurity related centers
are slightly different in their spectral characteristics, so
the observed spectrum of the impurity luminescence is
due to the superposition of the PL emission spectra of
the Ce1 and Ce2 centers [4]. The ratio of their contri-
butions is determined by the degree of defectiveness of
the crystal. Figure 1 shows that the main contribution
to the impurity luminescence is due to the Ce2 center,
whereas the contribution of the Ce1 center, expected in
the low-energy part of the spectrum is negligible. This
demonstrates the high quality of the crystals studied.

The PL decay kinetics of LGBO:Ce upon selective
excitation by UV and VUV photons is single exponen-
tial [1]. When excited by XUV photons the PL decay
kinetics differs significantly from the single exponential
decay law. A formal deconvolution revealed two com-
ponents of the decay kinetics with lifetimes of 3 and
27 ns, which should be attributed to the 5d → 4 f tran-
sitions transitions in Ce3+ ion. The component of the
decay kinetics with the lifetime of ca.27 ns is due to the
5d → 4 f radiative transitions in the Ce3+ ion, which
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is located in a defect-free area of a crystal, and corre-
sponds to the Ce2 impurity center. The decay kinetics
with the lifetime of ca.3 ns refers to the same transitions
in the Ce3+ ion associated with a defect, which corre-
sponds to the Ce1 impurity center.

Only Ce2 centers can be excited during the energy
transfer through the chains of Gd3+ ions, since at these
centers the Ce3+ ion is situated in the regular gadolinium
site in the defect-free region of the crystal. The PL emis-
sion spectrum under these conditions remains almost
unchanged at varying the excitation energy and temper-
ature, Fig. 3, Tab. 1. The direct photoexcitation leads
to excitation of all Ce3+ ions contained in LGBO:Ce
crystal. As a result, the PL emission spectrum is an in-
tractable superposition of the emission spectra of differ-
ent centers, which are composed of Ce3+ ions, Fig. 3.

In the direct photoexcitation of the Ce3+ impurity
center in a crystal, the energy of exciting photons is
limited to the interval from the minimum energy of
4 f 1 → 5d transition to a transition of an electron on-
to the autoionization states located just below the CB
bottom. At the autoionization of an electron from the
5d excited state of the Ce3+ impurity ion onto the CB
bottom, the electron remains localized in the potential
field of the hole, located on the initial cerium ion. This
is a geminate electron-hole pair, which is available for a
direct radiative recombination by the scheme

Ce4+ + e− → Ce3+ + hν. (6)

The emission arising by the scheme (6), is due to dipole-
allowed transitions, and should have a fast decay ki-
netics. Its spectral composition should differ from the
emission spectrum that arises during 5d1 → 4 f transi-
tions in Ce3+ ion. This emission sometimes referred to
’anomalous luminescence’ and interpreted as excitation
of impurity bound exciton [36, 47], because it can be ex-
cited only in a very narrow range of energies of exciting
photons: at lower energies, the transition of an electron
from the impurity center state onto the CB bottom can
not occur, and at higher energies, the electron at CB gets
a large enough kinetic energy to overcome the potential
barrier of the impurity center. Fast anomalous lumines-
cence (τ <10 ns) with similar properties has been previ-
ously revealed experimentally in Cs3LuCl6:Ce3+ crys-
tals (PL emission band at 4.41 eV, FWHM=0.46 eV,
narrow PLE band at 5.8–6.2 eV) [48].

However, we observed no such emission in LGBO:Ce
crystals upon excitation with UV and VUV photons.
The probable reason for this is the 4.5 and 6.2 eV optical
absorption bands due to optical transitions of 8S 7/2 →
6I j and 8S 7/2 → 6G j in the Gd3+ host ions, which co-
incide with the expected energy positions of the PL and

PLE bands for proposed anomalous luminescence. At
the same time, some indirect evidence indicates the ex-
istence of such a PLE mechanism in LGBO:Ce crystals.
In our opinion, the dominant narrow band at 6.6 eV
(FWHM=0.49 eV) in the PLE spectrum at 3.0 eV is
due to electron transfer from the 4 f 1 ground state of the
Ce3+ ion onto the autoionization states near the CB bot-
tom. High efficiency is due to the direct recombination
according to the scheme (6) However, the anomalous lu-
minescence is not observed, since there is an excitation
energy transfer onto the 6P j and 6I j levels of Gd3+ ions.
The usual scheme of excitation of Ce3+ ions through the
energy transfer along the chains of Gd3+ ions is real-
ized in the next stage. This is indicated by the presence
of a pedestal in the decay kinetics of the Ce3+ lumines-
cence upon excitation at 6.6 eV. Further confirmation of
the possibility of such a scheme is the presence of high-
temperature band at 6.6 eV (FWHM=0.25 eV) in the
differential PLE spectra of the Gd3+ emission, Fig. 7.
The bandwidth is comparable to the magnitude of the
spin-orbit splitting of the 4 f 1 ground states of Ce3+ ion,
Tab. 1. At low temperatures, there is no energy migra-
tion along the chains of Gd3+ ions and the probability
of energy transfer back to Ce3+ ion is sufficiently high.
The migration of electronic excitations in the chain of
Gd3+ ions occurs at temperatures above 40 K, it increas-
es the probability of radiative relaxation on Gd3+ ions.
The PL intensity at 3.0 eV upon excitation at 6.6 eV can
be increased by heating because of the potential barri-
er for transition between the CB bottom and the excited
5d states of Ce3+ ion, as it take place in Cs3LuCl6:Ce3+

crystals [48]. Note that the flat background at energies
above 4 eV in Fig. 2 may be just a manifestation of the
expected anomalous luminescence.

In the energy region above 6.6 eV, the luminescence
of the Ce3+ impurity ion can be excited only by the ener-
gy transfer along the chains of Gd3+ ions. In the funda-
mental absorption region of a crystal, the PLE spectrum
shows no features that could be attributed to excitonic
states or processes of electron-hole recombination.

From the energy diagram (Fig. 12) it follows also that
the activation energy for thermal quenching of lumines-
cence of the Ce3+ impurity center, which is equal to
0.32 eV [4], is due to the nonradiative relaxation from
the 5d excited state to the 4 f 1 ground state of Ce3+ ion.
In other words, there is realized the intracenter thermal
quenching of luminescence of Ce3+ ions in LGBO:Ce
crystals.

15



4.5. Luminescence of LGBO:Ce upon inner-shell exci-
tation

The luminescence spectra of the crystal LGBO:Ce
upon excitation in the energy range of the core transi-
tions consist mainly of the PL emission bands of Gd3+

and Ce3+ ions. Additional broad luminescence band in
the energy range of 3–6 eV is observed in the PL emis-
sion spectrum upon excitation by XUV photons. In the
low-energy region, this band is adjacent to the doublet
of the Ce3+ PL bands, which are due to 5d → 4 f 1 tran-
sitions from the lowest excited state of the Ce3+ ion, and
with increasing excitation energy the luminescence in-
tensity gradually decreases to a minimum value at 6 eV.
This luminescence can be interpreted as the 5d → 4 f 1

radiative transitions from the highly excited 5d states of
Ce3+ ion. Such transitions were previously observed in
YPO4:Ce3+ crystals [49].

The XUV photon absorption in a crystal leads to ex-
citation of one electron onto the CB bottom, and to for-
mation of a hole in the core shell. Core hole relaxes
by Auger mechanism, which is realized within the same
ion. The Auger cascade process results also in creation
of secondary electrons. The absorption coefficient in-
creases significantly in the vicinity of the fundamental
absorption edges, which reduces the thickness of the
layer in which the radiation is absorbed, and thus in-
creases the surface energy losses. This is also known
as the ’giant resonance’ [50]. The excitation spectrum
in these regions is similar to ’inverted’ absorption spec-
trum. Efficient excitation of intrinsic and extrinsic lumi-
nescence bands in the LGBO crystal occurs above the
1s Li absorption edge at ca.60 eV. The luminescence in-
tensity increases by approximately 4 times with increas-
ing energy from 60 to 135 eV. Fine structures at Gd 4d
fundamental absorption edge (ca.149 eV) refer to tran-
sitions from 4d atomic orbital to the free states in 4 f
shell. As the 4d orbital is split to 4d5/2 and 4d3/2 states
by spin-orbital coupling, we can see the same group
of lines twice. This behavior is common for all rare
earth, the same picture was observed in metals and free
ions [51]. A broad dip with a minimum at 148–150 eV
is due to the fact that all atoms with a configuration sim-
ilar to Xe atom exhibit an intense broad peak, the so-
called ’giant resonance’ in the absorption spectrum, the
overall behavior of which depends only slightly on the
environment of the absorbing atom [50]. In the ener-
gy range of 160–194 eV the PLE spectra are less struc-
tured. The total luminescence intensity increases slowly
and monotonically with increasing the excitation ener-
gy from 160 to 194 eV. The narrow line due to elec-
tron transitions from the 1s B level to the CB bottom
of LGBO:Ce crystal is observed at 194.5 eV. A similar

picture is observed in the energy range of 1s oxygen ab-
sorption edge, Fig. 10. Note that upon excitation in the
energy ranges of 60–135 eV and 145–170 eV the Ce3+

emission intensity is much higher than that for Gd3+ ion,
Fig. 9. Proposed reason for this, in our opinion, is the
excitation of core transitions in the Ce3+ ions. Indeed,
the peak of the giant resonance of cerium is located at
ca.120 eV [50], but the concentration of the cerium im-
purity in a crystal is much lower than that for the Gd3+

host ions. Additional channel of excitation leads to a
somewhat higher efficiency of excitation for the Ce3+

emission in comparison with that for the intrinsic lumi-
nescence of Gd3+ ions.

All these features in the PLE spectra are due to an
electron transfer from the core level to the CB bottom
states. For example, 1s B line was observed in the
PLE spectra at 194.5 eV, Fig. 9. At the same time, the
binding energies Eb, determined by an X-ray photoelec-
tron spectroscopy (XPS), are usually presented relative
to the Fermi level EF. From XPS data it follows that
the binding energies are 55.6 eV (1s Li), 189.4 eV (1s
B), 191.4 eV (1s B in B2O3) [52], 192.0 eV (1s B in
LiB3O5 crystal) [14, 15]. Applying data for boron ox-
ide and lithium triborate crystal, we find that the Fer-
mi level in LGBO:Ce crystal should be located within
the bandgap at 2.5–3.1 eV below the CB bottom. With
regard to the VB top this amounts 6.2–6.8 eV, and the
mean value of EF= 6.5 eV corresponds well with the po-
sition of the 4 f n−15d levels of the trivalent ions of Ce3+

and Gd3+ in LGBO:Ce crystal. Refinement of the Fermi
level position in LGBO:Ce crystal allows us to compare
the calculated values of absolute location of 4 f n energy
levels Ef in LGBO:Ce (Fig. 13) with the available XPS
data because Eb= EF − Ef . Unfortunately, until today
the XPS data on LGBO are unavailable.

5. Conclusion

Thus, for the first time we have investigated the UV
luminescence of LGBO:Ce crystals with subnanosec-
ond time resolution upon selective excitation in the
broad energy range from 3.0 to 650 eV at 6–9 and
293 K. The most important results of this work, which
were discussed in the light of the available data from
literature, are as follows.

1. Intrinsic luminescence of LGBO:Ce crystal, which
is manifested as a narrow peak at 3.95–3.97 eV, is due
to the 6P j → 8S 7/2 radiative transitions in Gd3+ host
ions. The luminescence appears at various kinds of ex-
citations: direct photoexcitation of the f–f transitions in
Gd3+ ion, excitation through the charge-transfer transi-
tions (H-band, the CT absorption band O–Gd). The PL
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intensity is negligible upon excitation at the low-energy
tail of the fundamental absorption of a crystal as well as
at energies of (1–3)×Eg. Distinguishing features of the
luminescence: a remarkably efficient transport of elec-
tronic excitation energy along the chains of Gd3+ ions
at temperatures above 40 K; a weak temperature depen-
dence and the slow decay kinetics due to the weak inter-
action of 4 f -electrons with the external environment.

2. The intrinsic luminescence at 3.95–3.97 eV can be
efficiently excited by XUV-photons in the energy ranges
of the core transitions in the Li, Gd, B, O host ions. In
the energy regions near the 1s fundamental absorption
edge of the lithium, boron, and oxygen atoms as well
as in the energy interval of the ’giant resonance’ of the
4d → 4 f gadolinium photoionization, the PLE spec-
trum crucially determined by the absorption spectrum
of LGBO crystal.

3. The cerium impurity in LGBO crystal can substi-
tute the Gd3+ host ions, which leads to the formation of
two types of the luminescence centers Ce1 and Ce2 in
the form of a Ce3+ ion, which is either associated with
a lattice defect, or is located in the defect-free region of
the crystal. The broad complex luminescence band in
the energy range of 2.0–3.5 eV is a superposition of the
PL emission spectra of the Ce1 and Ce2 centers. This
PL emission band can be excited both through the direct
photoexcitation of the 4 f → 5d transitions in the Ce3+

ion, and the transfer of energy from the excited states of
Gd3+ ions.

4. The impurity related luminescence at 2.0–3.5 eV
can be efficiently excited by XUV-photons in the ener-
gy ranges of the core transitions in the Li, Gd, B, O
host ions. The PL decay kinetics of the impurity related
emission of LGBO:Ce crystal exhibits an intensive fast
component with the subnanosecond lifetime. In addi-
tion, there is a new broad band of PL emission, which
extends from 3 to 6 eV and caused by the 5d → 4 f 1

radiative transitions from the highly excited 5d states of
the Ce3+ ion.

5. On the basis of the experimental data for
LGBO:Ce crystal at 10 K, we have determined the
the bandgap Eg=9.3 eV, the minimum energy of the
5d → 4 f 1 transitions in the Ce3+ impurity ion, the min-
imum energy for the O–Gd charge-transfer transitions,
the Fermi level position in LGBO:Ce crystal. The ex-
pected energy positions of the 4 f and 5d ground states
of the divalent and trivalent lanthanide ions in LGBO:Ce
crystal were calculated in the model [21, 31].
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