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A series of Ba2-xEuxMgSi2O7 phosphors was prepared by a solid-state reaction method at high tem-
perature. The theoretical density of the optimal Ba1.93Eu0.07MgSi2O7 material was calculated from the
Rietveld refinement result. Eu L3-edge X-ray absorption near edge structure (XANES) spectrum was
measured to confirm the valence of Eu ions in Ba2MgSi2O7. The X-ray excited radioluminescence and the
thermoluminescence after β-ray irradiation were investigated based on the VUV-vis photoluminescence.
The light yield of the optimal Ba1.93Eu0.07MgSi2O7 sample under X-ray excitation was estimated to be
�29,00076000 photons/M eV. So the temperature-dependent luminescence properties of this sample
under X-ray and 344 nm excitation were further studied, and the charge traps in the scintillation process
were discussed through thermoluminescence spectra. The high scintillation intensity together with an
appropriate intrinsic decay time and its non-hygroscopicity endow the further optimized phosphor
Ba1.93Eu0.07MgSi2O7 a promising scintillation material for X-ray detection.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, much attention is being addressed to f-d transitions
of lanthanide ions in different hosts for applications in lighting and
displays [1–3]. As important host compounds of luminescence of
lanthanide or transition metal ions, silicates have attracted much
attention due to their good chemical and thermal stabilities [4–8].
Eu2þ ions have 4f7 ground and 4f65d excited states, the parity
allowed 4f65d-4f7 transitions exhibit broad emission bands with
decay times typically about 500 ns to 1 μs [9]. Thus Eu2þ doped
materials may also have potential applications as scintillators [9–
11]. Although Ce3þ doped luminescent materials are applied as
scintillators to detect X/γ rays or thermal neutrons due to the fast
Ce3þ decay characteristic, Eu2þ doped luminescent materials are
less frequently reported for scintillators application [9,10].

The synthesis and characterization of Eu2þ doped Ba2MgSi2O7

phosphors have been reported, but most of the work just focused
on the photoluminescence properties [4–7]. In this article, the
luminescence properties of Eu2þ doped Ba2MgSi2O7 under VUV –

UV (vacuum ultraviolet – ultraviolet) and X-ray excitation were
).
reported. We will address the high scintillation intensity of
Ba1.93Eu0.07MgSi2O7 and the role of charge carrier traps in the
scintillation process under X-ray excitation at different
temperatures.
2. Experimental

The polycrystalline luminescent materials Ba2-xEuxMgSi2O7

(x¼0.01, 0.07, 0.10) were prepared by a high temperature solid
state reaction method in a CO reducing ambient which was gen-
erated from the incomplete combustion of thermal carbon. The
starting materials were BaCO3 (analytical reagent, A.R.), MgO (A.
R.), SiO2 (A.R.) and Eu2O3 (99.99%). After these raw materials were
weighed stoichiometrically and mixed thoroughly in an agate
mortar, they were pre-fired at 1073 K for 2 h and then reground
and sintered at 1543 K for 5 h to obtain final products.

The phase purity and structure of the final products were
checked by X-ray powder diffraction (XRD) using a D8 ADVANCE
diffractometer with CuKα radiation (λ¼0.15418 nm) at room
temperature (RT). The Eu L3-edge XANES spectra were collected on
Shanghai Synchrotron Radiation Facility (SSRF) in a transmission
mode. All spectra were achieved on BL14W beam line of the sto-
rage ring operating at 3.5 G eV with an optimal current around
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Table 1
Final refined structural parameters for Ba1.93Eu0.07MgSi2O7

a.

Atoms Site x y z Occ. Biso (Å2)

Ba1 8f 0.2727(1) 0.45580(9) 0.0250(1) 0.965 1.020(9)
Eu1 8f 0.2727(1) 0.45580(9) 0.0250(1) 0.035 1.020(9)
Mg1 4e 0 0.2576(7) 0.25 1 1.00(7)
Si1 8f 0.8867(7) 0.2816(3) �0.1375(6) 1 1.19(6)
O1 4e 0 0.3343(9) �0.25 1 1.16(7)
O2 8f 0.704(1) 0.3459(8) �0.232(1) 1 1.16(7)
O3 8f 0.974(1) 0.3488(9) 0.041(1) 1 1.16(7)
O4 8f 0.900(1) 0.1354(6) �0.133(1) 1 1.16(7)

a Symmetry, monoclinic; space group, C2/c; Z¼4; a¼8.4174(1) Å, b¼10.7184
(1) Å, c¼8.4525(1) Å, β¼110.7604(8) and V¼713.08(2) Å3; ρ¼4.36 g/cm�3. The
occupancy factors for Ba/Eu were fixed as 0.965/0.035 according to the nominal
composition in the refinement.
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220 mA at RT. A liquid-He-cooled Si(111) double crystal mono-
chromator was used in measurement. The ionization chamber
with constant temperature at 298 K contained argon and nitrogen.
The luminescent spectra in the UV–vis range and the decay curves
were recorded with an Edinburgh Instruments FLS 920 combined
fluorescence lifetime and steady-state spectrometer which was
equipped with a time-correlated single-photon counting (TCSPC)
card. The instrument was equipped with a CTI-Cryogenics tem-
perature control system. A 450 W xenon lamp was used as the
excitation source for the UV–vis spectra recording, the excitation
photons for the luminescence decay curves collecting were pro-
vided by a 150 W F900 flash lamp with a pulse width of 1 ns and
pulse rate of 40–100 Hz at RT. The VUV excitation and corre-
sponding emission spectra were measured at the VUV spectro-
scopy experimental station on beam line 4B8 of the Beijing Syn-
chrotron Radiation Facility. The emission spectra under X-ray ex-
citation at RT and different temperatures, and thermo-
luminescence spectra were recorded by facilities at Delft Uni-
versity of Technology, The Netherlands [11]. The measurement and
estimation of the light yield under X-ray excitation have been
described in detail in our previous work [12].
Fig. 2. The XANES spectra at Eu-L3 edge of Ba1.93Eu0.07MgSi2O7, commercial
BaMgAl10O17:Eu2þ (BAM) and Eu2O3 at RT.
3. Results and discussion

M2MgSi2O7 (M¼Ca, Sr, Ba) compounds have been identified to
crystalize in tetragonal and monoclinic systems, respectively [4–
6,13–18]. For our synthesized samples, XRD patterns of
Ba2MgSi2O7:Eu2þ are consistent with the monoclinic Ba2MgSi2O7

[7,8]. To calculate the theoretical density, which is one of the main
parameters of scintillation materials, the Rietveld refinement was
performed for Ba1.93Eu0.07MgSi2O7 sample using the C2/c structure
model as shown in Fig. 1[19]. The as-obtained goodness of fit
parameters Rwp¼2.06% Rp¼1.31%, and RB¼0.98% can confirm the
structure of our synthesized samples belong to the monoclinic
system. The final refined structural parameters for
Ba1.93Eu0.07MgSi2O7 are summarized in Table 1 and the theoretical
density is calculated to be about 4.36 g/cm3 according to the re-
finement result. Furthermore, another important parameter of
scintillation materials, the effective atomic number (Zeff) of
Ba2MgSi2O7 is estimated to be �45.5 [20].

To confirm the valence of Eu ions in Ba2MgSi2O7, the Eu L3 edge
Fig. 1. The experimental (crosses) and calculated (red solid line) XRD patterns and
their difference (blue solid line) of Ba1.93Eu0.07MgSi2O7. The pink ticks mark the
Bragg reflection positions. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
X-ray absorption near edge structure (XANES) spectrum of
Ba1.93Eu0.07MgSi2O7 was measured and compared with that of
commercial BaMgAl10O17:Eu2þ (BAM) and Eu2O3 at RT as shown in
Fig. 2. The absorption peak at �6983 eV in XANES spectrum of
Eu2O3 (black solid curve) is due to so-called "white line" coupled
to the absorption of L3 edge of Eu3þ , and that at �6975 eV in
other two curves is due to the absorption of L3 edge of Eu2þ[21].
The results indicate that Eu2þ occurs together with Eu3þ in
Ba1.93Eu0.07MgSi2O7.

The photoluminescence, cathodoluminescence and electronic
properties of Ba2-xEuxMgSi2O7 have been reported in our previous
work [7]. Fig. 3(a) shows the synchrotron radiation VUV-UV (black
solid line) and lab UV–vis (red dash line) excitation spectra of
Ba1.9Eu0.1MgSi2O7 by monitoring Eu2þ 501 nm emission at RT. The
host excitonic absorption band can be observed below 200 nm
with a maximum at about 180 nm. The broad band from 200 to
450 nm corresponds to the 4f7-4f65d transitions of Eu2þ in
Ba2MgSi2O7. Two factors, the crystal field splitting of Eu2þ 5d state
and the 7FJ (J¼0, …, 6) multiplets arising from the spin-orbit
coupling of remaining 4f6 core in the excited state of Eu2þ , play a
significant role in the shape of the f-d bands in excitation spectra.
Since Eu2þ ions occupy Ba2þ sites with C1 symmetry in the host
compound, five f-d excitation bands would appear when we do
not consider the coulomb interaction between 4f6 and 5d elec-
trons to a first approximation, due to crystal field splitting of Eu2þ

5d state in this low symmetry site [22]. The unresolved bands in
this range may first result from the overlapping of five f-d ex-
citation bands. Furthermore, the fine 7FJ (J¼0, …, 6) structure may



Fig. 3. (a) The synchrotron radiation VUV-UV (black solid line) and lab UV–vis (red dash line) excitation (λem¼501 nm) spectra, (b) the normalized emission (λex¼180, 269,
310, 344 and 395 nm) spectra of Ba1.9Eu0.1MgSi2O7 at RT and (c) the decay curves (λex¼344 nm, λem¼501 nm) of Ba2-xEuxMgSi2O7 (x¼0.07, 0.10) at RT. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. The emission spectra of Ba1.93Eu0.07MgSi2O7 under 344 nm excitation at
different temperatures from 300 to 500 K. The inset shows the fitted activation
energy for thermal quenching.
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overlap to the f-d transition bands in principle [23,24]. In addition,
the Eu3þ-O2� CTB (charge transfer band), whose energy is
thought to be close to that of f-d transitions, might occur in this
range due to the existence of Eu3þ in the sample [25]. Due to all
these factors, no separate excitation peaks can be observed. Here,
the peaks at 263, 314 and 348 nm are just the comprehensive
results of 4f7-4f65d transitions of Eu2þ and possible CTB in
Ba2MgSi2O7. Fig. 3(b) displays the normalized emission spectra of
Ba1.9Eu0.1MgSi2O7 under 180, 269, 310, 344 and 395 nm excitation
at RT, respectively. Five normalized emission spectra coincide very
well with each other, implying that Eu2þ ions occupy the same
lattice site in the host compound [26]. It is worth to mention that
the emission due to f-f transitions of Eu3þ is not detected even
under 269 (CTB location of Eu3þ-O2� in Ba1.98Eu0.01Na0.01MgSi2O7

at RT, unpublished) and 395 nm (7F0-5L6 transitions of Eu3þ) ex-
citation in Fig. 3, but the occurrence of Eu3þ can be clearly ob-
served in XANES spectrum of Fig. 2. The absorption of Eu L3 edge
in XANES spectrum corresponds to the transition from a 2p3/2 core
level into the continuum state, which relates to atomic weight
ratios of ions. The 4f-4f transitions of Eu3þ in luminescence
spectrum are dependent on the absorption/emission efficiencies.
The sample shows green emission due to 4f65d1-4f7 transitions
of Eu2þ and each emission curve is composed of a broad band
centered at 504 nm and with a full width at half maximum
(FWHM) about 3.07�103 cm�1. In addition, the lifetime of Eu2þ

in Ba2MgSi2O7 was measured to be �0.78 μs at RT as shown in
Fig. 3(c).

Fig. 4 shows the temperature dependent emission spectra of
Ba1.93Eu0.07MgSi2O7 under 344 nm excitation in 300–500 K. It can
be found that the emission band shifts to the shorter wavelengths
and the FWHM increases with increasing temperature. This shift is
attributed to lattice expansion at high temperature [11]. It is rea-
sonable to assume that this expanded lattice is an indication of
enlargement of the Eu2þ site size, accordingly the crystal field
strength (CFS) around Eu2þ decreases. A weak CFS leads to the
increase of the lowest 5d energy of Eu2þ ions, therefore gives rise
to a shorter wavelengths of the emission band with increasing
temperature [27]. Additionally, because the excited electrons
spread to high vibration levels at high temperature, the radiative
transitions from these vibration levels result in the increase of
FWHMs [11]. The inset of Fig. 4 shows the fitted activation energy
for thermal quenching. The quenching data were fitted using the
modified Arrhenius Eq. (1) when we assume that the thermal-
quenching is due to thermal ionization [28,29],

( )≈
+ ( )

−
I

I

c1 exp 1
T E

kT

0

where I0 is the initial emission intensity, IT is the intensity at dif-
ferent temperatures, c is a constant for a certain host, k is the
Boltzmann constant (8.617�10�5 eV), ΔE is activation energy of
thermal quenching, corresponding to the energy gap of the lowest
5d excited state of Eu2þ in Ba2MgSi2O7 and the bottom of the
conduction band of Ba2MgSi2O7[28,29]. Thus, the activation en-
ergy was calculated to be 0.29 eV. This value is significantly
smaller than that (�0.64 eV) obtained by fitting the temperature
dependent decay time using Arrhenius equation in our pervious



Fig. 5. The X-ray excited emission spectra of Ba2-xEuxMgSi2O7 (x¼0.01, 0.07, 0.10)
samples and BaF2 (powder pill) as a reference at RT.

Fig. 6. The X-ray excited emission spectra of the sample Ba1.93Eu0.07MgSi2O7 at
different temperatures, the inset shows temperature dependency of the normalized
emission intensity.

Fig. 7. The thermoluminescence glow curves of Ba1.93Eu0.07MgSi2O7.
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paper [7]. Since some factors such as temperature-dependent os-
cillator strength and distributed scattering centers have con-
siderable influences on the luminescence intensity, we deem that
the activation energy obtained by fitting the temperature depen-
dent decay time may be more reliable [29,30].

Fig. 5 gives the X-ray excited emission spectra of
Ba2-xEuxMgSi2O7 (x¼0.01, 0.07, 0.10) at RT. BaF2 single crystal and
powder sample were measured under the same experimental
conditions as a reference sample to obtain an estimate for the
absolute emission intensity of our samples [31]. The X-ray excited
emission spectra of Ba2MgSi2O7:Eu2þ display a broad band in the
range of 430–700 nm attributed to the 4f65d1-4f7 transitions of
Eu2þ . The shape of the emission band is similar to that under
VUV-UV light excitation in Fig. 3(b). The peak of the emission band
under X-ray excitation is at a longer wavelength with respect to
that under VUV-UV light excitation Fig. 3(b), which is attributed to
the different experimental setups. The maximum of emission band
shifts from �510 nm to �521 nm with increase of Eu2þ doping
contents from 0.01 to 0.10 due to the enhanced self-absorption at
higher doping levels, which is consistent with the photo-
luminescence behavior [7]. An estimation for the X-ray excited
light yield of the samples was determined from the ratio of the
integrated intensity (Isample) from those samples (pills) with that of
the BaF2 (IBaF2) reference sample (pill) multiplied with the absolute
light yield of BaF2 single crystal. From the known absolute total
light yield of 8880 ph/M eV for BaF2 reference sample [32–34], the
light yield of Ba2-xEuxMgSi2O7 (x¼0.01, 0.07, 0.10) samples Nph can
be estimated by following Eq. (2):

∫
∫

λ λ

λ λ
=

( )

( )
*

( )
N

I d

I d
photons MeV8880 /

2
ph

sample

BaF2

the X-ray excited light yields of Ba2-xEuxMgSi2O7 (x¼0.01, 0.07,
0.10) are estimated to be � 16,00076000, � 29,00076000 and
� 28,00076000 ph/M eV, respectively. In consideration of its
high scintillation intensity, appropriate decay time and non-hy-
groscopic property, further optimized Ba1.93Eu0.07MgSi2O7 may
become a promising scintillation material [35–37].

Fig. 6 presents the X-ray excited emission spectra of
Ba1.93Eu0.07MgSi2O7 in temperature range of 77–500 K, which are
similar to those measured upon 344 nm excitation in Fig. 4. With
increase of temperature, the emission band becomes broader, the
emission peak slightly shifts to shorter wavelengths and the
emission intensity decreases. In addition, two small peaks appear
at �612 and �705 nm under low temperatures, which were at-
tributed to the 5D0 – 7F2 and 5D0 – 7F4 transitions of Eu3þ ,
respectively, indicating the existence of Eu3þ in this sample and as
confirmed by XANES spectrum in Fig. 2. The disappearance of
Eu3þ emission at high temperature may relate to the different
thermal quenching mechanisms of Eu2þ and Eu3þ , which will be
further studied in future. The inset of Fig. 6 shows the normalized
integrated intensity of the X-ray excited emission spectra at dif-
ferent temperatures. It is clear that the scintillation intensity de-
creases with increasing temperature. Near 200 K, the absolute
intensity suddenly increases and then quickly decreases again.
Such behavior is often associated with the involvement of charge
carrier traps in the scintillation process [35,38]. To study further,
thermoluminescence spectra were measured.

Fig. 7 displays the thermoluminescence (TL) glow curves of
Ba1.93Eu0.07MgSi2O7. The sample was irradiated for 15 sec with a β-
source at a temperature of 90 K. The measurements were done at
two different heating rates 1 K/s and 0.5 K/s, respectively. There is
a glow peak visible in the 175–280 K range. Depending on the
heating rate, the TL curve shows a peak near 216 K or 220 K. At this
temperature charge carriers are removed from the traps. Most
likely this is the cause of the deviating behaviour near 200 K in
Fig. 6. The free charge carriers generated with X-rays at tem-
perature below 200 K are partly trapped and do not participate in
the scintillation yield. Near 200 K these charge carriers are liber-
ated and the yield increases. At temperature well above 200 K the
traps are not effective anymore and a gradual quenching of scin-
tillation with increase of temperature is observed.
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4. Conclusion

In summary, the theoretical density of Ba1.93Eu0.07MgSi2O7 is
calculated to be about 4.36 g/cm3 according to the refinement
result. The XANES spectrum confirms that there are Eu2þ and
Eu3þ in sample Ba1.93Eu0.07MgSi2O7 prepared in a CO reducing
ambient. By a systematic study on luminescence of
Ba2MgSi2O7:Eu2þ under VUV-UV light and X-ray excitation, we
have demonstrated that the sample Ba1.93Eu0.07MgSi2O7 has a high
scintillation intensity of � 29,00076000 ph/M eV upon X-ray
excitation. In addition, the effects of temperature on luminescence
intensity, band position and FWHM of Eu2þ emission of this
promising X-ray detecting phosphor are discussed. The results
show that the peak of Eu2þ emission band slightly shifts to the
shorter wavelengths, the FWHM increases accompanied by the
decrease of luminescence intensity with increasing temperature.
The abrupt increase of light yield at about 200 K relates to the
charge carrier traps and this viewpoint is verified by the TL glow
curve.
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