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A B S T R A C T

X-ray induced effects in LuPO4:Eu3+ sintered thermoluminescent material were investigated by absorption and
photoluminescence measurements between 20 and 300 K. Evidence for Eu3+→Eu2+ conversion upon exposure
to X-rays was obtained as narrow band blue Eu2+ photoluminescence was observed. The low temperature lu-
minescence of Eu2+ ions in X-rayed LuPO4:Eu ceramics showed a unique fine structure with a sharp zero-phonon
line at 425.8 nm and well-resolved vibronic structure. Excitation spectra of the Eu2+ luminescence revealed a
rich structure in which individual 4f7→ 4f6(7FJ)5d1 zero-phonon lines accompanied by vibronic transitions were
identified. A detailed analysis allowed an accurate calculation of the Eu3+-like 4 f6(7FJ) core levels in the 4 f65d1

excited configuration. The 4f6 core splitting is different from that of the 7FJ states for Eu3+ in LuPO4, providing
evidence for the role of 4f6–5d interaction on the splitting of the 4f6 configuration. The unique luminescence of
Eu2+ with a small Stokes shift and well-determined energies of 4f6(7FJ)5d1 excited states make LuPO4:Eu a
model system for testing theoretical models which are presently developed to calculate and predict the energy
level structure and Stokes shift of 4fn–4fn−15d1 transitions of lanthanides.

1. Introduction

Orthophosphates activated with lanthanide ions have been well-
known for years as efficient luminescent materials and e.g. micro-
crystalline LaPO4:Ce,Tb is a widely applied lamp phosphor [1–6]. Yet,
classic techniques of making large singly crystals could not be applied
for these compositions as they melt incongruently and/or decompose
upon liquefying. Only needle shaped crystals of several mm long have
been reported. This restricts possible areas of their applications [7].

These problems encouraged us to fabricate rare earths doped LuPO4

ceramic bodies by high-temperature sintering to remove porosity and
achieve an effective density and transparency close to that of single
crystals. Ceramics were obtained upon classic vacuum sintering and
some properties of these sintered materials were published previously
[8–10]. After irradiation with X-rays, the high-temperature processed
LuPO4:Eu sintered ceramics showed an efficient thermoluminescence
(TL) with maximum intensity about 200 °C [8–11]. The 3D temperature
and wavelength resolved thermoluminescence of X-rayed LuPO4:0.1%
Eu together with main part of its EPR spectrum is presented in Fig. 1
[10].

The TL emission shown in Fig. 1 is typical for Eu3+ luminescence in
LuPO4 and results from transitions from 5D0 excited state to the 7F1

(∼593 nm), 7F2 (∼620 nm), 7F3 (∼650 nm) and 7F4 (∼700 nm) levels
of Eu3+. The TL spectra indicate that the trapped charge carriers -
electrons and holes - recombine during the TL process at the Eu dopant
[12,13]. The strong EPR signal at g= 2.023 is characteristic for a ra-
dical. Some weak, elusive EPR lines obtained at lower magnetic field
[10] (not shown here) could not be unambiguously assigned to Eu2+

though its presence in the X-ray irradiated ceramics is expected as Eu3+

can act as electron trap.
The previous research suggested that holes generated upon ionizing

radiation in the host lattice valence band are immobilized at O2- ions
(OO

X) [14] giving rise to Oo
• traps of slightly different energies (dis-

tribution of trap depths) [15,16]. Trapping of an electron excited to the
conduction band was then postulated to occur directly at the Eu3+

dopant, which would thus be converted into Eu2+ ion forming a ′EuLu
defect site [10]. This is in agreement with the Dorenbos model
[12,13,17–20] that predicts the ground state of Eu2+ in LuPO4 to be
positioned ∼3.3 eV below the bottom of the host conduction band
[13,21,22]. This makes the Eu3+ dopant a deep electron trap. The same
model predicted that 5d excited state of Eu2+ is situated ~0.4 eV below
conduction band. All these data are summarized in the energy level
diagram presented in Fig. 2 [21,22].

However, convincing evidence that Eu2+ ( ′EuLu) is generated upon
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X-ray irradiation of LuPO4:Eu, was still missing. We considered pho-
toluminescence (PL) spectroscopy a good tool to trace Eu2+ in the ir-
radiated materials. However, as seen in Fig. 2 and given the ~0.5 eV
uncertainty in the location of energy levels based on the Dorenbos
model it was not clear if the 4f65d1 excited state is indeed located below
the LuPO4 conduction band – a necessary condition for the 5d→4f lu-
minescence of Eu2+ to be observed. On the other hand, Poolton et al.
have already reported on low-temperature Sm2+ luminescence in
doubly doped LuPO4:Ce,Sm thermoluminescent material after its ex-
posure to ionizing radiation [23]. This triggered our search for Eu2+ by
luminescence spectroscopy.

Photoluminescence properties of Eu2+ are well known as they have
been thoroughly investigated, also for practical applications. There is a
vast number of materials in which the 4f65d1→4f7 radiative relaxation
of Eu2+ was reported both in photoluminescence and in scintillation
[24–27]. The very important, widely applied storage phosphors, BaF-
Br:Eu and CsBr:Eu, are also activated with Eu2+ ions [28–37]. In ad-
dition many fluorescent lamp phosphors and white LED phosphors rely
on 4f65d-4f7 (d-f) emission from Eu2+. However, emission from Eu2+

ions substituting a + 3 metal site in a host lattice is not very common
[38,39].

The typical luminescence and excitation spectra of Eu2+ are com-
posed of broad bands resulting from the interconfigurational 4f65d1↔

4f7 transitions. The luminescence in oxides is usually located in the
visible part of spectrum, mostly blue and green, occasionally yellow
[24,40–42] and in composition with more covalent bonds (sulfide, ni-
trides) it tends to shift to red and even infrared [43–46]. A unique
characteristic of Eu2+ spectroscopy was reported for MgF2[24], CaF2,
SrF2, and BaF2 [47]. Namely, in low-temperature excitation spectra of
these materials a set of narrow zero-phonon lines (ZPLs) related to
transitions from the 8S7/2 Eu2+ ground state to the 7FJ Stark levels of
the 4f6(7FJ)5d1 excited state were observed. The ZPLs were accom-
panied by vibronic components.

In this paper we investigate the Eu2+ generated in LuPO4:Eu upon
exposure to X-rays by photoluminescence measurements in the
20–300 K range. At low temperatures well-resolved fine structure in
excitation and emission spectra is observed with sharp ZPLs and vi-
bronic structure that reveals unprecedented detail in the electronic
structure of the 4f6(7FJ)5d1 excited states of Eu2+ in LuPO4. Room
temperature (RT) infrared (IR) and electronic absorption spectra in
UV–Vis region will also be exploited in analysis of these data and aid to
assign specific lines to vibronic replicas.

2. Materials

The LuPO4:x%Eu sintered materials (x= 0.1–2) were prepared
using nanopowders precipitated from a water solution. In typical pro-
cedure the Lu(NO3)3·6H2O and Eu(NO3)3·6H2O were dissolved in water
at 70–90 °C and then (NH4)2HPO4 was added to precipitate the
LuPO4:Eu powders. The detailed procedure is described in [10]. Dried
powders of LuPO4:Eu were cold-pressed and sintered for 5 h at 1700 °C
in vacuum. A representative pellet, before and after exposure to X-rays,
is presented in the inset of Fig. 3. The sintered samples were slightly
translucent which allowed to measure their absorption spectra, as de-
scribed below.

3. Methods

Powder X-ray diffraction (XRD) patterns of sintered materials were
recorded using a D8 Advance diffractometer from Bruker with Ni-fil-
tered Cu radiation in the range of 2ϴ=10–70° and with a step of 2ϴ
=0.008°. Photoluminescence emission (PL) and excitation (PLE)
spectra and luminescence decay traces (DEC), were recorded in the
range of 20–300 K with an FLS 980-sm Fluorescence Spectrometer from
Edinburgh Instruments Ltd. using 450W continuous Xenon arc lamp
(PL and PLE) and EPLED-360 360 nm picosecond pulsed light emitting

Fig. 1. The temperature- and wavelength-resolved TL of X-rayed LuPO4:0.1%
Eu ceramics. In the upper right corner EPR spectra before and after exposure of
the material to X-rays is inserted [10].

Fig. 2. Schematic depiction of the position of electronic levels of Eu2+ ground
state together with estimated position of the 4f65d1 excited state,[13] and the
position of the distribution of hole trap depths estimated from previously
published TL measurements [8,10].

Fig. 3. Absorption spectra of a non-irradiated (black line) and an X-ray irra-
diated (blue line) LuPO4:2%Eu pellet. Note, that scattering background at
800 nm was arbitrary subtracted for both spectra. The inset presents a picture of
the non-irradiated (a), and irradiated (b) material (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article).
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diode (DEC) as the excitation sources. TMS302-X Single Grating ex-
citation and emission monochromators of 30 cm focal lengths were used
and the luminescence light was recorded by Hamamatsu R928P high-
gain photomultiplier (PM) detector. The luminescence decay traces
were registered by means of F-G05PM featuring a Hamamatsu H5773-
04 detector. Emission spectra were corrected for the spectral response
of the emission detection system and excitation spectra were corrected
for the variation in incident light intensity. The sample was mounted on
a Lake Shore Cryotronics closed-cycle helium cryostat holder using
Silver Adhesive 503 supplied by Electron Microscopy Sciences. Prior to
measurements the specimens were irradiated at room temperature with
white X-rays taken from a Cu X-ray tube working under the voltage of
40 kV and 5mA current. The generated radiation was not filtered in any
way. Absorption UV–Vis spectra were taken with a Cary 5000 SCAN
UV–VIS–NIR spectrophotometer on a∼0.2 mm thick sample before and
after exposure to X-rays from the same Cu tube. IR spectra were re-
corded with an IFS 66/s Bruker spectrometer in the range of
50–4000 cm−1 at room temperature (RT). Suspensions in nujol of
spectral purity were used.

4. Results and discussion

The X-ray diffraction patterns of all obtained pellets with different
Eu concentrations were presented in previous publications [8–10].
They are in excellent agreement with the data expected for tetragonal
structure of LuPO4 (ICSD #2025) [48].

4.1. Absorption spectra

Fig. 3 shows changes in UV–Vis absorption of the LuPO4:2%Eu in-
duced by irradiation with X-rays. For clarity, a background signal
(samples were opaque) taken at 800 nm was subtracted from the re-
spective spectra. The absorption spectrum of freshly sintered (not ir-
radiated) material shows a number of sharp absorption lines in the
visible and UV part of the spectrum that are assigned to the typical lines
resulting from 4f6→4f6 parity-forbidden transitions of Eu3+ in LuPO4

host [9,49]. Below about ∼240 nm a strong broad band arises and this
is assigned to the O2-→Eu3+ charge transfer (CT) transition. Since the
sintered pellet was not transparent an underlying background resulting
from increasing scattering towards shorter wavelengths is observed.
The irradiation of the material with X-rays caused significant graying of
the pellet (see inset in Fig. 3) which was reflected by a new, very broad
absorption band in the 400–750 nm range covering the full visible part
of spectrum. Also in the UV region additional X-ray induced absorption
bands are noticeable. This is the region where in many compositions
Eu2+ absorbs due to 4f7→4f65d1 parity-allowed transitions. Also from
Dorenbos model [13,21,22] absorption of Eu2+ in LuPO4 is expected in
UV. All the absorption bands induced by X-rays disappeared after a
short heating of the pellets to about 300 °C, as in TL experiments, and
the white color of the sample was then restored. Such behavior in-
dicates that the UV–Vis absorption features generated by the ionizing
radiation are directly connected with charge carrier trapping (forma-
tion of color centers) in LuPO4:Eu and its subsequent thermo-
luminescence releases the trapped charge carriers and the new bands
vanish.

4.2. Photoluminescence spectroscopy

The energy level diagram in Fig. 2 shows that the 8S7/2 ground state
of Eu2+ in LuPO4 is expected to be located 3.3 eV below the host
conduction band [13]. Room temperature PL measurements on the X-
ray irradiated LuPO4:Eu pellet revealed the presence of a blue emission
with two overlapping components peaking around 430 nm and 460 nm,
see Fig. 4a. Neither of them was observed before exposure to X-rays. As
observed in Fig. 4b, the intensity of both these PL bands systematically
increased with the irradiation time with X-rays (ionizing radiation

dose). The relative intensity of the broader band around 460 nm in-
creased with the X-rays dose and reached the same peak height after
30min of X-ray irradiation. Even higher doses hardly affected the in-
tensities of both emissions, which indicates saturation.

The RT excitation spectrum of the 430 nm emission (Fig. 4a) was
composed of two bands in UV part of spectrum and coinciding with the
UV absorption induced by X-rays presented in Fig. 3. The longer-wa-
velength excitation band was clearly structured (black line in Fig. 4a).
The PLE spectrum of the long-wavelength luminescence band
(∼460 nm) appeared in the same range of wavelengths but neither of
its two components showed additional structure (red line in Fig. 4a). It
is clear that both luminescent centers were generated upon the impact
of the ionizing radiation.

Measurements at cryogenic temperatures were performed to pro-
vide more insight. Upon cooling clear changes are observed in the
emission spectra (Fig. 4c). The 430 nm starts to show structure and the
relative intensity increases. At 20 K the emission spectrum shows a
sharp line at 425.8 nm and various lines at longer wavelengths. The
sharp line at 425.8 nm is assigned to a zero-phonon transition from the
lowest energy 4f6(7F0)5d1 state to the 8S7/2 ground state, in good
agreement with the position predicted by Dorenbos [13]. The weaker
lines at longer wavelengths are assigned to vibronic transitions. The low
relative intensity in comparison to the ZPL indicates that the vibronic
coupling is weak (small Huang-Rhys parameter, S) for the 4f-5d tran-
sition of Eu2+ in LuPO4. Note that also for trivalent lanthanides in
LuPO4 (and YPO4) the small relaxation in the 4fn−15d1 excited state
allows for the observation of ZPLs and vibronic structure. At 20 K the
460 nm luminescence was no longer observed as a separate band. This
is an interesting observation and requires further research that is out of
the scope of this paper. We do not exclude that it is the so-called
anomalous Eu2+ luminescence resulting from an impurity (Eu)-trapped
exciton state. This hypothesis is supported by the fact that the 4f65d1

excited level is positioned very close to conduction band. At elevated
temperatures, this state may be thermally populated and give rise to
trapped exciton emission Table 1.

To support the assignment of the vibronic emission lines observed in
the PL spectrum at 20 K it is shown combined with the infrared spec-
trum in Fig. 4d. Most of the vibronic lines correspond with the host
lattice vibrations. The strongest coupling was seen to the Lu-O modes
(50–800 cm−1), while coupling to the −PO4

3 vibrations were observed in
the range of 800–1200 cm−1 [50]. A weaker coupling with −PO4

3 group
vibrations is expected given the larger distance in comparison to vi-
brations involving interaction with the neighboring O2- ions.

The Huang-Rhys parameter, S, characterizes the electron-phonon
coupling for an electronic transition may be derived using the intensity
of the ZPL, IZPL, and the total emission intensity I0, according to Eq. (1).
[51]

= ⋅ −I I Sexp( ).ZPL 0 (1)

From the low-temperature emission spectrum S=1.42 was found,
which indicates a weak electron-phonon coupling [24,51]. Based on the
Huang-Rhys parameter S and the dominant vibrational mode
(∼315 cm−1, see Fig. 4d) in the low-temperature emission spectrum
the Stokes shift SS=2S×315 cm−1 =∼900 cm−1 was calculated
[52]. Given the small Stokes shift and the variation in coupling strength
for different vibrational modes it is not possible to give an accurate
number for the Stokes shift. Theoretical calculations that are presently
conducted explain 4f-5d spectra of Eu2+ and other lanthanide ions
should aim to understand the details of the vibronic spectrum. At this
point we conclude that the PL ∼430 nm shows characteristics con-
nected with Eu2+ luminescence with weak electron-phonon coupling
and a remarkably small Stokes shift [53].

Strong changes were also observed in excitation spectra of the
∼430 nm luminescence upon cooling the sample to 20 K, see Fig. 5a,b
(compared to Fig. 4a). In the range of ∼340–430 nm (Fig. 5a), a fine
structure with sharp lines and many slightly broader features was
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observed. Taking into account the FWHM of the observed lines and
their relative intensities they might be divided into two categories: (i)
very narrow, mostly strong lines (probably ZPLs) and (ii) noticeably
broader and less intense components at specific energies from ZPLs
(identified as vibronic lines). The overall fine structure covered a region
of about 6500 cm−1 (see Fig. 5b), which is close to the energy spanned
by the levels of the 7F0–6 multiplet of Eu3+ [54,55].

The fine structure in the low-temperature PLE spectrum reflects
transitions to the 4f6(7FJ) electronic origins of the 4f65d1 excited con-
figuration of Eu2+, as previously reported for some fluorides, though
those spectra were less resolved and showed a much smaller number of

4f6(7FJ)5d1 lines [24,47]. In Fig. 5a the lines identified as ZPLs are
indicated with letters (starting with a) for each of the 7FJ multiplets. It
is interesting to compare the splitting of the 4f6 core in the 4f65d1 ex-
cited state with that of the 4f6 core of Eu3+ in LuPO4. The two spectra
drawn on an energy scales are presented in Fig. 5b. The overall corre-
spondence of both spectra is evident but upon a detailed comparison it
becomes clear that the 7FJ splitting is different for the 4f6 configuration
in the 4f65d1 state of Eu2+ compared to that for the 4f6 configuration of
Eu3+. In the case of the 8S7/2→4f6(7FJ)5d1 transitions the splitting of
the components of different J is slightly larger (see Fig. 5b), which is
due to an influence of the 5d-configuration on f-electrons in the Eu2+

4f65d1 excited state. The shielding by and interaction with the 5d
electronic wavefunctions also causes a different crystal field splitting
within the 7FJ terms.

The present observations present an ideal model system for testing
energy level calculations for the 4f65d1 states of Eu2+. Presently a
variety of theoretical approaches is developed to calculate the energy
level structure and relaxation in 4fn−15d1 states of lanthanide ions. The
clear observation of ZPLs for individual 4f6(7FJ)5d levels make
LuPO4:Eu2+ an excellent system to validate the various theoretical
approaches that will be more conclusive than comparison with struc-
tureless broad bands that are usually observed in Eu2+ excitation
spectra. In the literature there are a few examples where similar ob-
servations were reported in other compositions (mostly fluorides),
though the previously published spectra with 4f6(7FJ)5d1 ZPLs only
included a small number of lines for the lower 7FJ multiplets [24,47].

A detailed overview of the assignment of the sharp lines observed in
the excitation spectrum in Fig. 5 is provided in the Supporting Info
(Table S1). To assign lines to ZPLs we selected excitation lines that are

Fig. 4. Room temperature photoluminescence and excitation spectra of an X-ray irradiated LuPO4:0.1% Eu pellet (a), dependence of the emission on the X-rays dose
(irradiation time) (b), emission spectra upon 350 nm excitation at different temperatures (c) and 20 K PL spectrum upon 350 nm excitation combined with RT IR
spectrum for vibronic progression analysis (d). See also Table 1.

Table 1
Positions of the zero-phonon and vibronic lines observed in the 20 K emission
spectrum of the Eu2+ in X-ray irradiated LuPO4:Eu. The vibronic lines are la-
beled 1, 2, 3, 4, 5, 6, 7, 8, 9 according to increasing energy of the vibration.

Transition Emission spectral position Energy difference with
respect to ZPL (cm−1)

λ (nm) E (cm−1)

4f6(7F0)5d1→8S7/2 425.80 23,486.55 0
ν1 427.90 23,370.90 115.60
ν2 429.70 23,272.80 213.70
ν3 431.55 23,171.90 314.65
ν5 433.60 23,061.70 424.85
ν6 435.30 22,971.50 515.05
ν7 437.80 22,840.30 646.25
ν9a 441.35 22,656.75 829.80
ν9b 444.80 22,480.75 1005.80
ν9c 447.90 22,325.10 1161.45
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clearly narrower than others. They are labeled with letters a-f for each
7FJ multiplet of the 4f6(7FJ)5d1 excited state of Eu2+ in Fig. 5a. In
addition we associated many of the vibronic transitions to the elec-
tronic origins. In Fig. 6a,b,c examples of this analysis based on the
energy vibrations found in the infrared spectrum are presented for the
8S7/2→4f6(7F0)5d1, 8S7/2→4f6(7F1)5d1 and 8S7/2→4f6(7F2)5d1 transi-
tions. Analogous procedures were used for the 8S7/2→4f6(7F3–6)5d1

transitions and these are presented in the Supporting information in
Figs. S1-S4.

With increasing J-number vibronic transitions connected with dif-
ferent Stark levels of various 7FJ states overlap and mix. Consequently,
an unambiguous assignment of the vibronic lines becomes difficult.
Therefore, in Table S1 where we summarize the results of the analysis
described above some of the assignments are still ambiguous. The re-
sulting energies for the ZPLs of 4f6(7FJ)5d states and vibronic replicas
given in Table S1 can serve as input and reference data for detailed
theoretical calculations of the 4f65d1 energy level calculations.

4.3. Temperature dependence of the Eu2+ PL kinetics

The temperature dependent emission spectra revealed a clear in-
crease of the 430 nm Eu2+ emission band upon cooling from RT to 20 K.
This indicates that the emission is partly quenched at RT. To gain in-
sight in the quenching behavior, luminescence decay measurements are
a powerful tool.52 In Fig. 7a the Eu2+ emission decay curves of the X-
rayed LuPO4:0.1%Eu sintered material in the 20–300 K temperature
range are presented for pulsed ps excitation at 360 nm.

Between 20 K and ∼175 K the decays are very similar, nearly single
exponential. At higher temperatures a shortening of emission decays is
observed and fitting required a two-exponential function to reproduce
the faster initial decay. The shortening of the life time can be explained
by thermal quenching in the range of ∼175–300 K. Dependence of the
derived decay times (averaged, where needed) on temperature is pre-
sented in Fig. 7b. The experimental points could be fitted (black line in
Fig. 7b) by Eq. (2) [56,57]:

⎜ ⎟= = + ⎛
⎝

− ⎞
⎠

p
τ τ τ

ΔE kT1 1 1 exp /
r nr

a
(2)

where p is the transition rate, τ is its decay time at temperature T, τ1/ r is
the probability of radiative transition in the absence of thermal
quenching, τ1/ nr is the probability of non-radiative decay, k is the
Boltzmann constant, and ΔEa is the activation energy of thermal
quenching. ΔEa =0.25 ± 0.01 eV was found from the fit.

The radiative decay time below 175 K is τ ∼220–230 ns, which is
rather short for Eu2+ 4f65d1 luminescence. Typically the Eu2+ emission
radiative decay varies between 700 ns and 2000 ns with longer life
times for longer emission wavelengths [58,59]. Shorter radiative life
times have also been reported, e.g. in the case of X-rayed YAG:Eu, the
decay time of the Eu2+ emission was ∼450 ns [38] and in a series of
ALnS2:Eu (A=Na, K, Rb and Ln˭La, Gd, Lu, Y) sulfides it was within
∼400–700 ns range [39]. It is not clear why the lifetime of the Eu2+

emission is almost a factor 2 shorter than expected in the present case.
The temperature dependent lifetime measurements do show a clear
quenching of the Eu2+ emission above 170 K. The mechanism for
quenching is probably thermally activated photoionization. The posi-
tion of the 4f65d1 excited state of Eu2+ is estimated to be ~0.4 eV
below the conduction band in LuPO4. The activation energy for thermal
quenching from the 4f65d1 state of 0.25 eV is in excellent agreement
with this value, also because the thermal energy barrier is always
smaller than the barrier determined from optical data in which re-
laxation effects that lower the barrier are not taken into account. The
mechanism for quenching is thermal release of the electron from the
4f65d1 excited state after photoexcitation.

5. Conclusions

LuPO4:Eu sintered at high temperatures is an efficient storage
phosphor with a single thermoluminescence band peaking around
200 °C. Electrons are trapped at Eu3+ site converting it to Eu2+. Holes
are immobilized around O2- ions. Heating the material to ~200 °C

Fig. 5. The 20 K temperature PLE spectrum of Eu2+ emission of LuPO4:0.1%Eu material irradiated with X-rays (a), and the same spectrum drawn on an energy scale
with overlayed 20 K PL emission of Eu3+ in the same material under 395 nm excitation (blue line) (b). The a,b,c,d,e,f in (a) depict lines that are assigned to zero-
phonon excitation lines related to the Stark level of the 7F0–6 electronic configuration of the 4f6(7F0–6)5d1 excited state. Positions e and f ZPLs are dubious. The
assignment is based on the sharpness of the lines and the observation of vibronic lines at specific distances from these ZPLs.
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releases trapped holes and recombination at Eu-sites results in orange-
red luminescence from Eu3+ ions.

New evidence for the formation of Eu2+ is obtained from optical
measurements. The X-ray irradiated sample showed a set of new broad-
band absorptions covering the visible and UV part of the spectrum.

Under UV excitation of LuPO4:Eu blue band emission is observed at
300 K. The excitation spectrum of the emission shows features char-
acteristic of Eu2+. Upon cooling, fine structure appears in the emission
spectrum with a sharp and intense zero-phonon line peaking at
425.8 nm and vibronic lines at lower energies, coinciding with

Fig. 6. The 20 K excitation spectra of LuPO4:0.1% Eu irradiated with X-rays for the 8S7/2→7F0 (a), 8S7/2→7F1 (b), and 8S7/2→7F2 (c) transitions together with RT IR
spectrum (color lines). The a, b, c, d letters in the c) spectra indicate four crystal field components (zero-phonon transitions) within the 8S7/2→7F2 range. Position of
vibronic lines in the excitation spectra are also indicated as ν# (see Table 1 for details).

Fig. 7. The decay traces of 430 nm emission under 360 nm excitation of X-rayed LuPO4:0.1%Eu material in the temperature range of 20–300 K (a). The temperature
dependence of the decay times with Arrhenius-type fit (black line) (b).
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vibrational energies observed in the IR-spectrum of the LuPO4 host. The
20 K excitation spectrum of the Eu2+ luminescence in X-ray irradiated
LuPO4:Eu reveals remarkably rich fine structure with many sharp lines.
The spectrum was analyzed by assigning the narrow excitation lines to
transitions to 4f6(7FJ)5d1 states. Spin-orbit and crystal field splitting of
the 4f6(7FJ) core explains the large number of zero-phonon lines. On the
higher energy side of the electronic origins slightly broader spectral
features could be assigned to vibronic side bands.

The analysis shows that the splitting of the 7FJ levels in the 4f65d1

excited state is different from the splitting of the 7FJ levels of the 4f6

core of Eu3+. This observation provides direct evidence for the role of
4f6-5d interaction on the 7FJ splitting. With the present analysis the
energy level structure of the full 4f6(7FJ)5d1 excited state of Eu2+ is
resolved in detail and can serve as input for comparison with results
from theoretical calculations of 4fn−15d1 states of lanthanide ions to
test the various models that are presently applied and developed.
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Supplemental material description

The Supporting information file contains four figures presenting
excitation spectra of Eu2+ luminescence in the region of 8S7/2→4f6(7F3)
5d1 (Fig. S1), 8S7/2→4f6(7F4)5d1 (Fig. S2), 8S7/2→4f6(7F5)5d1 (Fig. S3),
8S7/2→4f6(7F6)5d1 (Fig. S4) in LuPO4:Eu irradiated with X-rays taken at
20 K. IR spectra are enclosed to show the host vibrations and their use
in analysis of vibronic progression in the excitation spectrum. Table S1
lists positions of identified zero-phonon and vibronic lines.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at https://doi.org/10.1016/j.jlumin.2018.11.050.
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