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Abstract
Single-crystalline films of Lu3Al5O12:Bi, prepared by the liquid phase epitaxy method from the
melt-solution based on Bi2O3 flux, have been studied at 4.2–400 K by time-resolved
luminescence spectroscopy methods. Their emission spectra consist of two types of bands with
strongly different characteristics. The ultraviolet emission band consists of two components,
arising from the electronic transitions which correspond to the 3P1 → 1S0 and 3P0 → 1S0

transitions in a free Bi3+ ion. At low temperatures, mainly the lower-energy component of this
emission is observed, having the decay time ∼ 10−3 s at T < 100 K and arising from the
metastable 3P0 level. At T > 100 K, the higher-energy emission component appears, arising
from the thermally populated emitting 3P1 level. The visible emission spectrum consists of two
dominant strongly overlapped broad bands with large Stokes shifts. At 4.2 K, their decay times
are ∼10−5 s and decrease with increasing temperature. Both of the visible emission bands are
assumed to have an exciton origin. The lower-energy band is ascribed to an exciton, localized
near a single Bi3+ ion. The higher-energy band shows a stronger intensity dependence on the
Bi3+ content and is assumed to arise from an exciton localized near a dimer Bi3+ center. The
origin and structure of the corresponding excited states is considered and the processes, taking
place in the excited states, are discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Bi3+ centers in different materials (alkali halides, alkaline-
earth oxides, sulfates and phosphates, rare-earth oxide-based
materials, etc) have been studied for more than 45 years
(see, e.g., [1–18] and references therein). The Bi3+-doped
rare-earth aluminate and gallate garnets, where a Bi3+ ion
substitutes a trivalent rare-earth ion, can be considered as
prospective materials for scintillators due to an intense and
fast Bi3+-related luminescence [14, 16, 17]. However,
optical characteristics of Bi3+-doped garnets have been studied
only in a few papers [3, 11, 14–17]. In the emission
spectrum of Y3Ga5O12:Bi [14, 15], Gd3Ga5O12:Bi [15],
Y3Al5O12:Bi [15–17] and Lu3Al5O12:Bi [15, 17], two main

emission bands were observed, located in the ultraviolet and
visible spectral ranges. The characteristics of the ultraviolet
emission are very similar to those in CaO:Bi crystals (see,
e.g., [4, 5, 13] and references therein). This emission was
ascribed to the radiative decay of the triplet relaxed excited
state of Bi3+ centers [14, 15]. It consists of two components,
arising from the electronic transitions, corresponding to the
3P1 → 1S0 and 3P0 → 1S0 transitions in a free Bi3+ ion [14].
The origin of the visible emission is still not clear. It was
ascribed to the Bi3+-related bound exciton [11] or to pairs
and/or clusters of Bi3+ ions [15–17].

In single-crystalline films of Y3Al5O12:Bi and Lu3Al5O12:
Bi, prepared by the liquid phase epitaxy method, a large and
variable concentration of Bi3+ ions can be achieved [16, 17].
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Table 1. The maxima positions (Emax) and half-widths (FWHM) of the emission bands, excitation band maxima (Eexc) and Stokes shifts (S)
at 80 K as well as luminescence decay times (τ ) at 4.2 K obtained for the UV and vis emission bands of Bi3+-related centers in LuAG:Bi.

Emax

(eV)
FWHM
(eV) Eexc (eV) S (eV) τ

Emax (eV) in uncorrected
time-resolved spectra at 4.2 K

4.08 0.24 ∼5.95; 4.63 0.55 1100 μs 4.05
4.19 0.27 ∼5.95; 4.63 0.44 0.1–0.4 ns
2.60 0.87 ∼5.95; 4.60 2.00 26 μs; 72 μs 2.79
2.75 0.90 5.20; ∼4.40 1.60 40 μs 2.93

The aim of this work was to investigate the luminescence
characteristics of Lu3Al5O12:Bi single-crystalline films, to
obtain information on the origin and structure of the
corresponding excited states, and to clarify the processes
taking place in the excited states.

2. Experimental details

Single-crystalline films (SCF) of Lu3Al5O12:Bi (LuAG:Bi)
with a thickness, varying from 8 to 12 μm, were grown by
the liquid phase epitaxy (LPE) method from the melt solution,
based on a Bi2O3 oxide flux [17]. Single crystals of Y3Al5O12

(YAG) were used as substrates. The concentration of Bi3+ ions
in the SCF was determined with a JEOL JXA-733 electron
microprobe analyzer. Three samples with different Bi3+
concentrations (1.34, 0.183 and 0.07 at.%) were investigated.
For comparison, the luminescence characteristics of the YAG
substrate were also studied at the same conditions.

The steady-state emission and excitation spectra and
temperature dependences of the emission intensity were
measured in the 80–330 K temperature range under selective
excitation in the 2.4–6.2 eV energy range at a set-up consisting
of a deuterium DDS-400 lamp, two monochromators (SF-4
and SPM-1) and a photomultiplier (FEU-39 or FEU-79) with
an amplifier and recorder. The spectra were corrected for the
spectral distribution of the excitation light, the transmission
and dispersion of the monochromators and the spectral
sensitivity of the detectors.

Luminescence decay kinetics in the μs–ms time range
were measured at 4.2–300 K at the same set-up but under
excitation with a xenon flash lamp FX-1152 (EG&G) (a pulse
duration of about 1 μs and maximum repetition frequency
of 300 Hz). The decay curves I (t) were measured at
the same conditions for different emission and excitation
energies. This allows one to obtain time-resolved emission
and excitation spectra at any moment of time (t) after the
excitation pulse. The I (t) curves in the ns time range
were measured at 10–300 K under synchrotron excitation at
the SUPERLUMI station (HASYLAB at DESY, Hamburg,
Germany). At 80–400 K, the decay kinetics was measured with
a modified Spectrofluorometer 199S (Edinburgh Instruments)
under excitation with a nanosecond coaxial hydrogen-filled
flashlamp or microsecond Xe lamp (both IBH Scotland) and
using two single grating monochromators. The detection
was performed with a IBH-04 photomultiplier module using
the method of time-correlated single-photon counting. A
deconvolution procedure (SpectraSolve software package) was
applied to extract true decay times using the multiexponential

Figure 1. Emission spectra (normalized) of LuAG:Bi SCF measured
at 80 K under 4.6 eV (solid line), 5.3 eV (dashed line) and 4.35 eV
(dotted line) excitations.

approximation. The experiments at low temperatures were
carried out with the use of an immersion helium cryostat or
vacuum nitrogen cryostat.

3. Experimental results

The absorption spectra of the LuAG:Bi samples studied have
been reported in [17]. Their emission spectrum is similar to
that obtained for many other Bi3+-doped and Bi3+-containing
oxide compounds (see, e.g., [7–11, 14–16] and references
therein). In the emission spectrum, two types of bands with
strongly different characteristics are observed. The complex
ultraviolet (UV) band is located around 4.1 eV and the
complex visible (vis) band around 2.7 eV (figure 1). The
characteristics of separate components of the UV and vis bands
are independent of the Bi3+ content and are similar in all the
SCF studied. They are summarized in table 1. Both the UV
and vis bands surely arise from the presence of Bi3+ ions in
the SCF.

3.1. Characteristics of the UV luminescence

At T < 100 K, the main UV emission band is located at
4.08 eV (FWHM = 0.24 eV) (figure 2, solid line). In the
excitation spectrum of this emission, wide bands around 5.95
and 4.63 eV are observed (figure 3, solid line). Their shape
is distorted due to a very large optical density (OD > 4).
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Figure 2. Ultraviolet emission spectra (normalized) of LuAG:Bi
SCF measured at 80 K (solid line), 150 K (dashed line) and 300 K
(dotted line). Eexc = 4.6 eV.

Figure 3. (a) Excitation spectra (normalized) of the ultraviolet (solid
line) and visible (dotted line) emissions of LuAG:Bi SCF. (b) The
comparison of the excitation spectra of the 2.4 eV (Ce3+) emission of
LuAG:Bi SCF (solid line) and LuAG:Ce single crystal (dotted line).
T = 80 K.

The Stokes shift is 0.55 eV. Under excitation in the 5.1–
5.3 eV energy range, the intensity of the 4.08 eV emission
is negligible. As the temperature increases up to 150 K,
the maximum of the UV emission band is shifted up to
4.19 eV (FWHM = 0.27 eV) (figure 2, dashed line).
These data indicate the presence of two components in the
UV emission spectrum. The 4.19 eV emission band is the
superposition of the 4.08 eV band and the higher-energy
emission band arising from the upper energy level. The

Figure 4. Temperature dependences of the emission intensities
measured for: (a) two opposite sides of the ultraviolet emission band
at Eem = 3.95 eV (solid line) and Eem = 4.32 eV (dotted line) under
Eexc = 4.6 eV; (b) the maximum intensity of the UV emission (solid
line) and of the 2.6 eV emission (dotted line) under 4.6 eV excitation;
(c) the 2.75 eV emission under 5.1 eV excitation.

thermally stimulated redistribution of their intensities occurs
around 115 K (figure 4(a)). The activation energy Ea of this
process, calculated from the ln I (1/T ) dependences, is about
85 meV. At T > 180 K, the emission band maximum gradually
shifts back (to 4.15 eV at 300 K, figure 2, dotted line) which
explains the reverse redistribution of the emission intensities
shown in figure 4(a). In the temperature range of 4.2–150 K,
the intensity of the UV emission decreases about twice and
then remains practically constant (figure 4(b)).

In the decay kinetics of the UV emission at 4.2 K, mainly
a slow component is observed with the decay time τ = 1.1 ms
(figure 5). A very weak fast component is also present with
the decay time 0.1–0.4 ns. Its light sum is at least smaller by
two orders of magnitude as compared with the light sum of the
slow component. The time-resolved emission spectrum of the
slow component (see the inset) does not change in time. As the
temperature increases, the decay time value remains constant
up to about 100 K and then decreases with an activation energy
of 84 ± 2 meV, reaching the value of 20 μs at 200 K and
≈1 μs at 300 K. A similar temperature dependence of the slow
component decay time was observed for the triplet emission of
Bi3+ centers in some other hosts (see, e.g., [8, 13, 14, 18]).

The temperature dependences of the emission intensity
and decay time indicate that, at T > 100 K, the upper energy
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Figure 5. Temperature dependence of the decay time of ultraviolet
emission measured under Eexc = 4.6 eV. In the inset, the uncorrected
time-resolved emission spectrum is shown measured at 4.2 K at
t = 1000 μs.

level of the triplet relaxed excited state (RES) of the Bi3+ center
is thermally populated from the lower level.

Besides the 4.08 eV emission, additional weaker UV
emissions are observed at 80 K. The 3.6 eV emission is excited
around 5.3 eV (figure 1, dashed line). The 3.32 eV (FWHM =
0.80 eV) emission is excited around 3.92 and 5.25 eV. The
Gd3+-induced emission is observed at 3.95 eV. The above-
mentioned additional UV emissions are present also in the
substrate.

3.2. Characteristics of the visible luminescence

At 80 K, the main excitation bands of the vis emission
are located around 5.95, 5.2 and 4.6 eV (figure 3, dotted
line). Under excitation in the 4.4–4.9 eV range and around
5.95 eV, a strong visible emission band is peaking at 2.6 eV
(FWHM = 0.87 eV) (figure 1, solid line). Under excitation
around 5.2 eV (dashed line) and at 4.35 eV (dotted line),
the weaker emission band shifted to higher energies (up to
2.75 eV; FWHM = 0.90 eV) is observed. The temperature
dependences of the vis emission intensity measured under 4.6
and 5.2 eV excitations are different (compare dotted lines in
figures 4(b) and (c)): the intensities decrease twice around
300 K and 240 K, respectively. Both the 2.6 and 2.75 eV
emissions are surely connected with the presence of Bi3+ ions
in LuAG. However, in the YAG substrate, the 2.68 eV emission
(FWHM = 0.90 eV) is observed. This emission is excited
mainly at Eexc > 5.1 eV but also around 4.5 eV. The emission
intensity is constant up to 100 K and then decreases twice
around 160 K. Therefore, the characteristics of the LuAG:Bi
emission can be distorted due to its overlap with the above-
mentioned emission band of the substrate.

In the 4.4–4.9 eV energy range, the excitation band of
the 2.6 eV emission (figure 3, dotted line) is close to that of
the UV emission (solid line). In principle, this effect could

be explained by the reabsorption of the UV emission in the
absorption band of the vis emission center. As is evident from
figure 3 (dotted line), a visible emission of LuAG:Bi is really
excited around 3.8–4.2 eV. However, under this excitation,
the emission spectrum consists of narrower 2.4 and 2.15 eV
bands. Thus, it is strongly different from that observed under
excitation in the 4.4–4.9 eV energy range (figure 1). The
similarity of the excitation spectra of the UV and 2.6 eV
emissions can indicate that both these emissions arise from the
same Bi3+ center. This assumption is confirmed by the fact
that, under 4.6 eV excitation, the decrease of the UV emission
intensity (figure 4(b), solid line) is accompanied with the
increase of the 2.6 eV emission intensity (dotted line) which
takes place with an approximately the same activation energy
(6–9 meV). These data indicate the presence of thermally
stimulated transitions between the excited states responsible
for the UV and the 2.6 eV emission. As the decrease in the
UV emission intensity does not result in a shortening of its
decay time at T < 100 K (figure 5), one can conclude that the
excited state, responsible for the 2.6 eV emission, is thermally
populated from the nonrelaxed triplet excited of the Bi3+ ion.

However, the assumption made above seems to be
in disagreement with the conclusion of [15–17] that the
vis/UV emission intensity ratio depends on the Bi3+ content.
Therefore, the emission intensities under excitation around
4.6 eV were compared at the same experimental conditions
for three LuAG:Bi SCF samples where the Bi3+ content varies
by 19 times. It was found that the 2.6 eV emission intensity
is practically independent of the Bi3+ content. This effect is
caused by a huge optical density of the SCF studied (OD >

4 even in the LuAG:0.07 at.% Bi sample). In these SCF,
the UV emission intensity should also be independent of the
Bi3+ content. However, as the Bi3+ content increases, the
UV emission intensity decreases about 5 times. The above-
mentioned decrease can be explained by the (i) increasing
reflection of the exciting light; (ii) reabsorption of the UV
emission in the 4.63 eV absorption band, resulting in a lower-
energy shift of the UV emission band with the increasing
Bi3+ content (see also [16]) and (iii) aggregation of Bi3+
ions, resulting in the formation of Bi3+-related dimers [15–17];
concentration quenching. According to [17], the increase
of the vis/UV ratio in the cathodoluminescence spectrum
of LuAG:Bi is accompanied with a higher-energy shift of
the vis emission band. This can mean that just the higher-
energy component of the vis emission has a stronger intensity
dependence on the Bi3+ content as compared with the 2.6 eV
band. This fact allows us to assume that the 2.75 eV band can
be connected with dimer Bi3+-related centers.

In the low-temperature decay kinetics of the vis emission,
no ns component is observed under any excitation. Under
4.6 ± 0.1 eV excitation, the decay kinetics at 4.2 K is very
complicated. The decay curve consists of four components
whose decay times are about 26, 72, 228 and 822 μs (see the
inset in figure 6(a)). The uncorrected time-resolved emission
spectra of the two dominating faster components (measured at
different time moments from t = 16 to 100 μs) coincide and
are located at 2.79 eV (FWHM = 0.78 eV) (figure 7(a), solid
line). The excitation spectra of these two decay components
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Figure 6. Decay curves at 4.2 K (in the inset) and temperature
dependences of the visible emission decay times measured (a) for
Eem = 2.4 eV, Eexc = 4.7 eV and (b) Eem = 3.2 eV, Eexc = 5.3 eV.

coincide as well. This allows us to conclude that the main
26 and 72 μs components arise from the same Bi3+-related
emission band. The emission spectra measured at t > 500 μs
for the two other, much weaker slower decay components are
shifted to lower energies and peaking at 2.75 eV (FWHM =
0.74 eV). It means that these components arise from some
other emission bands. We assume that the weaker 228 and
822 μs decay components are most probably arising from the
above-mentioned 2.68 eV emission of the YAG substrate. The
decay times of the two main components start to decrease at
T < 4.2 K (figure 6(a)). In the temperature range of 4.2–15 K,
this process takes place with the activation energy of about
0.19 meV. In the temperature range 25–150 K, the activation
energy is about 4.7 ± 0.5 meV. At T > 150 K, the further
shortening of τ is caused by the thermal quenching of the vis
emission (figure 4(b)).

Under 5.3 eV excitation, the decay kinetics of the
vis emission at 4.2 K consists of the main component
with the decay time of about 40 μs and a much weaker
≈140 μs component (see the inset in figure 6(b)). The
latter component can be the superposition of the weak 72
and 228 μs components observed in the decay kinetics of the
visible emission under 4.6 eV excitation. The uncorrected

Figure 7. Uncorrected time-resolved emission ((a) and (b)) and
excitation ((c) and (d)) spectra measured at 4.2 K. The emission
spectra are measured (a) under Eexc = 4.6 eV at t = 30 μs (closed
squares) and t = 100 μs (closed circles), and under Eexc = 4.35 eV
at t = 50 μs (open triangles); (b) under Eexc = 5.2 eV at t = 50 μs
(closed squares), t = 180 μs (open circles) and t = 16 μs (open
triangles). The excitation spectra are measured for: (c) Eem = 2.4 eV
at t = 300 μs (solid line) and Eem = 3.2 eV at t = 30 μs (dashed
line); (d) Eem = 2.4 eV at t = 300 μs (solid line) and
Eem = 4.05 eV at t = 1000 μs (dashed line).

time-resolved emission spectrum of the dominating 40 μs
component (figure 7(b), solid line) is shifted to higher energies
(up to 2.93 eV) and is narrower (FWHM = 0.68 eV) as
compared with the emission spectrum of the 26 and 72 μs
components dominating under 4.6 eV excitation (figure 7(a),
solid line). Thus, one can conclude that the ≈40 μs component
arises from the higher-energy vis emission band, and the ≈26
and 72 μs components, from the lower-energy band (table 1).
The 40 μs component is excited also around 4.35 eV which
reveals itself in the high-energy shift (up to 2.865 eV) and
narrowing (FWHM = 0.72 eV) of the time-resolved emission
spectrum measured under this excitation (see figure 7(a),
dashed line). The emission spectrum of the much weaker
140 μs component as well as the emission spectrum obtained
at t = 16 μs (figure 7(b), dashed line) are close to the spectra
obtained under 4.6 eV excitation (figure 7(a), solid line). These
data indicate that the decay components, characteristic for the
lower-energy emission, appear also under 5.2 eV excitation,
but their light sums are small. It should be noted that, due to the
close values of the decay times of the dominating components,
there is a strong overlap of the two broad vis emission bands,
and their overlap with the emission bands arising from the
substrate makes it very difficult to determine the correct values
of the decay times. The presented values of τ are calculated
with an accuracy of about 10%. The τ (T ) dependence of the
fastest component (figure 6(b)) is similar to that observed in
figure 6(a). The activation energy at T < 15 K is about
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0.11 meV and in the 25–100 K range, about 2.7 meV. At
higher temperatures, the decrease of τ is caused by the thermal
quenching of the emission (figure 4(c)).

The time-resolved excitation spectra measured at 4.2 K
for the lower-energy (figure 7(c), solid line) and the higher-
energy (dashed line) vis emission are different. The ≈40 μs
component, dominating in the decay kinetics of the higher-
energy emission, is relatively more effectively excited at the
low-energy edge of the 4.6 eV absorption band (at 4.3–
4.4 eV) (dashed line). The excitation spectrum of the 72 μs
component, arising from the 2.6 eV emission (see, e.g.,
figures 7(c) and (d), solid lines), is close to that of the UV
emission (figure 7(d), dashed line). This conclusion is in
agreement with that made above from the study of the steady-
state excitation spectra.

Additional weaker visible emission bands are also
observed in all the samples studied. The excitation spectra of
relatively narrow (FWHM ≈ 0.40–0.45 eV) bands, peaking at
2.40 and 2.15 eV, contain strongly overlapped bands located at
3.9–4.0, 3.5–3.6, 3.3 and 3.05 eV (figure 3(a), dotted line). All
the above-mentioned emissions are effectively excited also in
the Bi3+-related absorption bands due to the reabsorption of the
UV emission of Bi3+ centers. However, under Eexc < 4.1 eV,
the additional emission intensities are independent of the Bi3+
content. The comparison of the luminescence characteristics
of the samples studied with those of the substrate indicates
that, besides the above-mentioned 2.68 eV emission, the 2.40
and 2.15 eV emission bands are also observed in the substrate.
The Ce3+-related emission bands located at 2.36 and 2.14 eV
are also observed in the samples studied. The corresponding
excitation bands are located at 2.69 and 3.68 eV (figure 3(b),
solid line). Thus, the positions of the Ce3+-related spectral
bands are characteristic not for LuAG:Ce (figure 3(b), dotted
line) but for YAG:Ce [19]. This indicates that they arise from
the contamination of the YAG substrate with Ce3+ ions.

4. Discussion

A trivalent Bi3+ ion replaces a trivalent Lu3+ ion in the
eight-coordinated dodecahedral site of the LuAG crystal
lattice [20]. Their ionic radii are close (1.17 Å and 0.98 Å,
respectively [21]). As, unlike Pb2+ centers [22], no charge
and volume compensation is needed in this case, a large
concentration of single Bi3+ centers was achieved in the SCF
studied.

According to [23], the energies of electronic transitions
from the ground 1S0 level to the excited 3P1, 3P2 and 1P1 levels
of a free Bi3+ ion (Efree) are 9.41 eV, 11.96 eV and 14.21 eV,
respectively. In the crystal, the absorption bands, labeled as
A, B and C, correspond to the electronic transitions to these
levels. The lowest-energy A absorption band of LuAG:Bi,
corresponding to the 1S0 → 3P1 transition, is located around
4.63 eV, i.e. the transition energy in the crystal (Ecrys) is about
twice as small as compared with that in a free Bi3+ ion. Taking
into account the fact that the Efree/Ecrys ratio increases with
the increasing Efree according to the approximate equation
Efree/Ecrys = 1 + k Efree, experimentally found in [24] and
confirmed to be valid for all the ns2-ion-doped alkali halide

crystals, the positions of the B and C bands of the Bi3+ center in
LuAG:Bi can be estimated. One can assume that the ≈5.95 eV
band arises from the 1S0 → 1P1 transitions. In that case, the B
absorption band in LuAG:Bi should be located at about 5.2 eV.

Let us consider the origin and structure of the energy levels
responsible for the UV and vis emission bands of a Bi3+-
related center in LuAG:Bi.

4.1. Ultraviolet luminescence

The data obtained in the luminescence study clearly indicate
that the UV emission of LuAG:Bi arises from the triplet RES of
the Bi3+ center. The low-temperature emission band, located
at 4.08 eV, arises from the radiative decay of the lowest-energy
excited state, related to the 3P0 level of a free Bi3+ ion. At
T > 150 K, the radiative decay of the thermally populated
higher-energy RES, related to the 3P1 level of a free Bi3+
ion, also takes place and the 4.19 eV emission appears. The
1S0 → 3P1 electronic transitions are partly allowed due to
the mixing of the triplet 3P1 state with the singlet 1P1 state
by the spin–orbit interaction. The radiative transitions from
the 3P0-related state can occur due to the mixing of the 3P1-
and 3P0-related states by the vibronic interaction with the non-
totally symmetric vibrations or by the hyperfine interaction
(see, e.g., [25] and references therein). As the only stable
Bi isotope 209Bi has a nuclear spin of I = 9/2, in Bi3+-
doped or Bi3+-containing compounds with a weak vibronic
interaction, mainly the hyperfine interaction can be expected to
be responsible for the radiative decay of the 3P0-related level.
The influence of the hyperfine interaction on the probability
of the radiative 3P0–1S0 transitions in Bi3+-doped alkali-earth
oxides was considered in [6].

Hitherto, two models have been proposed for the
description of the RES of the ns2-ion-doped ionic crystals with
strongly different electron–phonon and spin–orbit interactions.
The systems with a strong spin–orbit interaction and a very
weak electron–phonon interaction should be considered in the
RES model, proposed by Seitz [26], which takes into account
the spin–orbit interaction as the main one in the RES. In this
model, the excited states of the luminescence center originate
from the 3P0, 3P1, 3P2 and 1P1 levels of a free ns2 ion which
are split in the crystal field of the corresponding symmetry. For
the generated energy levels, the Jahn–Teller effect is taken into
account as a perturbation. The totally symmetric 3P0 state is
non-generated; therefore it cannot be active in the Jahn–Teller
effect. The configuration coordinates (q) of the 3P0 and 1S0

minima in this model should coincide.
For the systems with a strong electron–phonon interac-

tion, the RES theory was developed in [27]. In this theory, the
interaction of impurity optical electrons with non-totally sym-
metric vibrations is considered as the main one in the RES,
while the spin–orbit, hyperfine and other interactions are taken
as small perturbations. As a result, the Jahn–Teller minima
of different symmetries can be formed on the adiabatic poten-
tial energy surface of the singlet (1P) and triplet (3P) excited
states. Due to the spin–orbit interaction, each Jahn–Teller min-
imum of the triplet RES is split into an upper emitting level
and a lower metastable level. The applicability of this model
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was confirmed by the systematic experimental study of lumi-
nescence characteristics of ns2-ion-doped alkali halide crys-
tals (see, e.g., the review [25]). It was also found that in the
Tl+, Pb2+ and Bi3+ centers with a strong spin–orbit interac-
tion, each metastable minimum of the triplet RES can lie not
exactly under the corresponding emitting minimum, like in the
Ga+, In+, Ge2+ and Sn2+ centers with a weak spin–orbit in-
teraction, but it can be shifted towards smaller configuration
coordinate (q) values with respect to the emitting minimum.
Due to that, the energy barriers for the thermally stimulated
transitions between the metastable minima of various orienta-
tions can be much lower than those between various emitting
minima (see, e.g., [13, 25, 28] and the references therein).

A free Bi3+ ion is characterized by the largest spin–orbit
interaction energy (ξ ) among all ns2 ions (ξ = 1.074 eV [12]).
The luminescence characteristics of two Bi3+-doped crystals
with strongly different electron–phonon interaction (KCl:Bi
and CaO:Bi) were compared in [13]. It was concluded that
the theoretical model [27] is still valid in the case of KCl:Bi
but it is not valid in the case of CaO:Bi due to a very weak
electron–phonon interaction in the latter system. The values
of the FWHM and Stokes shift of the UV emission band
indicate that the Bi3+ center in LuAG can be characterized by
a relatively weak electron–phonon interaction and considered
as an intermediate case between Bi3+-doped CaO and KCl.
In view of these circumstances and the experimental data
obtained in this paper, a schematic configuration coordinate
diagram of the triplet excited state of LuAG:Bi is presented
in figure 8. A large spin–orbit splitting energy results in
the appearance in the steady-state emission spectra of two
separate emission components, arising from the radiative decay
of the metastable and the emitting triplet RES minima. The
excitation in the A absorption band results in the electronic
transitions into the 3P1 state. A very small light sum of
the fast component in the decay kinetics of the UV emission
of LuAG:Bi means that the initial population of the 3P1-
related relaxed excited state is comparatively small. It points
to the population of the metastable 3P0-related minimum
mainly from the nonrelaxed 3P1 state. Similar features were
observed in many other Bi3+-doped oxide-based materials
(see, e.g., [4, 5, 8, 13, 14]). The same effect was detected
also in the In+- and Sn2+-doped alkali halides and explained
by the peculiarities of vibrational relaxation processes in the
triplet excited state of the impurity ions [25]. In the systems
with a weak electron–phonon interaction, this effect can be
caused by a suitable mutual location of the corresponding
adiabatic potential energy surfaces (e.g. by the intersection of
the 3P1- and 3P0-related potential surfaces below the energy
level where the 1S0 → 3P1 transitions take place). A strong
shortening of the fast component decay time (by two orders
of magnitude as compared with that expected for the 3P1 state
of a Bi3+-type center, see, e.g., [13, 14, 25]) can be caused
by the fast non-radiative 3P1 → 3P0 transitions. As the
temperature increases, the 3P1-related level of Bi3+ centers
becomes thermally populated from the 3P0-related level with
an activation energy of 84 ± 2 meV which corresponds to the
spin–orbit splitting energy of the triplet RES of a Bi3+ ion.

Figure 8. Schematic configuration coordinate diagram of the
Bi3+-related triplet excited state in LuAG:Bi. The electronic
transitions between the ground state, corresponding to the 1S0 level,
and the excited states, corresponding to the 3P1 and 3P0 levels of a
free Bi3+ ion, as well as the state of the exciton localized near Bi3+
ion (ex0Bi3+), are indicated by arrows.

4.2. Visible luminescence

The origin of the vis emission in LuAG:Bi SCF (as well as
in many other Bi3+-doped complex oxides) is surely different
from that of the UV emission. As was mentioned above,
two explanations have been proposed for the vis emission in
garnets. In [15–17], this emission was ascribed to Bi3+ pairs or
clusters. In [11], it was ascribed to impurity trapped excitons.

The first explanation is based on the data reported
in [15–17] that the vis/UV emission intensity ratio increases
with the increasing Bi3+ content. This effect was explained
by the transformation of single Bi3+ centers into Bi3+-
related dimers and aggregates. However, unlike Pb2+-doped
perovskites and garnets where the effective formation of dimer
and aggregate impurity centers was explained by a strong need
in the Pb2+ ion charge and volume compensation [22], it
is difficult to explain the effective formation of Bi3+ dimers
and/or clusters in such a system as LuAG:Bi. Therefore, the
concentration of these centers should be much smaller than
the concentration of single Bi3+ centers. However, in some
samples, the vis emission is even more intense compared
with the UV emission. Besides, at the increasing Bi3+
content, dimer Bi3+ centers should be created first and their
number should quadratically depend on the concentration of
Bi3+. A further increase in the Bi3+ content should lead to
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the transformation of dimer Bi3+ centers into more complex
aggregates of Bi3+ ions. As the spectra of dimers and
aggregates have to be different, an increase in the Bi3+ content
should result in a gradual shift of the emission and excitation
bands and redistribution of their intensities (similar to that
observed for the LuAG:Pb ceramics in [22]). However, no
shift of both the 2.6 and the 2.75 eV emission band was
observed, despite the change in the Bi3+ content by 19 times
(see also [15]). The large difference in the values of the Stokes
shift and FWHM of the UV and vis emissions (about 3–4
times) was never observed for single and dimer centers (see,
e.g., [7, 22, 28, 29] and references therein). The close location
of the excitation spectra of the UV and 2.6 eV emissions
and the redistribution of their intensities indicate that both
these emission bands are most probably connected with the
same center. The peculiarities of the decay kinetics of the vis
emissions also indicate that the vis emission bands of LuAG:Bi
cannot arise from dimer Bi3+ centers.

We assume that the 2.6 eV emission of LuAG:Bi arises
from the radiative decay of an exciton localized near a
Bi3+ ion (see also [11]). A similar interpretation was
proposed for the well-known visible luminescence of a CsI:Tl
scintillator [30, 31] and also of some other Tl+- and Pb2+-
doped cesium halides (see, e.g., [31–34] and references
therein), as well as for Pb2+-doped CdCl2 crystals [35].
Indeed, the large values of the Stokes shifts and FWHM,
as well as the low-temperature luminescence decay kinetics,
namely relatively short (∼10−5 s) decay times at 4.2 K and
especially their temperature dependences, pointing to a very
small (∼10−4 eV) spin–orbit splitting energy of the triplet
RES as compared with that in a Bi3+ ion (∼10−1 eV), are
also characteristic for the radiative decay of the triplet exciton
state. Two decay components of this emission, 26 and 72 μs,
can arise from the radiative decay of the upper and the lower
emitting levels of the triplet relaxed excited state, respectively,
located about 0.19 meV above the metastable level of this state.
Thermally stimulated transitions between the metastable and
emitting levels explain the changes in the τ values at T < 15 K.
A faster shortening of the decay times in the temperature range
of 25–100 K can be explained by the thermal population of the
singlet state of the localized exciton from the triplet state. In
this case, the energy distance between the triplet and singlet
exciton levels is 4.7 ± 0.5 meV.

The processes of the localized exciton states creation
under excitation in the impurity-induced absorption bands have
been considered in detail for CsI:Tl [32] and CsI:Pb [33]
crystals. It was suggested that, under excitation in the impurity-
induced absorption bands, an electron transfer occurs from a
halogen ion to an impurity ion, resulting in the creation of
an electron impurity center and a self-trapped hole. A fast
tunneling recombination in the close pairs of the optically
created electron and hole centers results in the appearance of
the localized exciton emission (see also [36]). In LuAG:Bi,
the localized exciton states can also be produced as a result of
photostimulated electron transfer processes (see, e.g., [3]). As
a result, the electron Bi2+ and hole Bi4+ or O− centers can be
created. The formation of Bi2+ and Bi4+ ions is possible due to
a variable valence of a Bi ion [23]. The possibility of formation

of Bi-related hole centers was mentioned in [11]. The trapping
of holes at O2− ions in LuAG, resulting in the formation of
O− centers, was detected by the ESR method in [37]. The
subsequent immediate electron–hole recombination close to
the Bi3+ ion results in the formation of an exciton localized
near the Bi3+ ion. A small (0.03 eV, see table 1) shift of the
excitation band of the vis emissions with respect to that of the
UV emission can be explained by the mutual location of the
corresponding nonrelaxed levels and different relaxation ways
into the corresponding excited states minima (figure 8). Note
that, in CsI:Tl, the excitation band of the Tl+-related localized
exciton emission is also slightly shifted with respect to the A
band in the excitation spectra of the AT and AX emission bands
of Tl+ centers [31]. Like in CsI:Tl [31], thermally stimulated
transitions take place between the states, responsible for the
UV and 2.6 eV emission bands of LuAG:Bi, which indicate
that both these bands arise from the same Bi3+ center.

The large Stokes shift and FWHM of the 2.75 eV emission
and especially the similarity of its decay kinetics to that of
the 2.6 eV emission indicates that this emission is also of an
exciton origin. Indeed, the decay time of this emission at
4.2 K is 40 μs, the energy distance between the emitting and
the metastable minimum is 0.11 meV and between the singlet
and triplet exciton states, about 2.7 meV. The increase of the
vis/UV emission intensity ratio accompanied by the higher-
energy shift of the vis emission band observed in [17] allows
us to assume that the 2.75 eV emission arises from an exciton
localized near a dimer Bi3+ center.

5. Conclusions

The coexistence of the Bi3+-ion-related energy levels and the
levels of an exciton, localized near the Bi3+ ion, is found in
the triplet relaxed excited state of the luminescence center in
LuAG:Bi. The radiative decay of the emitting and metastable
minima, arising from the 3P1- and 3P0-related levels of a free
Bi3+ ion, results in the appearance of UV emission. The
radiative decay of an exciton, localized near the single Bi3+
ion, results in the appearance of the lower-energy vis emission
band. The weak higher-energy vis emission band, showing a
stronger intensity dependence on the Bi3+ content, is assumed
to arise from an exciton localized near a dimer Bi3+ center.
The structure and the parameters of the triplet RES of the Bi3+
center and of the state of the excitons localized near single and
dimer Bi3+ centers are determined.

A similar excited state structure can be characteristic
for Bi3+-related centers in some other rare-earth garnets and
perovskites.
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