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A B S T R A C T   

Recently, we proposed a concept for a new class of near infrared (NIR) scintillators by employing efficient Eu2þ→ Sm2þ energy transfer. In this article we investigate 
the optical spectroscopy of Sm2þ in BaBrI, CsSrI3, and CsBa2I5 halide hosts. A criterion was derived for fast Sm2þ 5d → 4f emission and a list of new potential NIR 
scintillators is proposed.   

1. Introduction 

Scintillators are important materials for the detection of ionizing 
radiation [1–3]. They can absorb a high energy particle and 
down-convert its energy into a short pulse of (visible) light. The linear 
dependence between the absorbed energy and the number of emitted 
photons is the basis of gamma spectroscopy. Scintillators are used in 
numerous applications like medical imaging [4], homeland security [5], 
space exploration [6–8], or high energy physics [9,10]. High energy 
resolution is one of the important properties vital for these applications. 

Europium-doped halide scintillators (SrI2:Eu2þ [11], BaBrI:Eu2þ

[12], CsBa2I5:Eu2þ [13]) are among the ones that offer the highest en-
ergy resolution and light yield [14]. One of the reasons is that Eu2þ can 
be incorporated in high concentration without concentration quenching. 
However, the re-absorption of Eu2þ luminescence by other Eu2þ atoms 
(self-absorption) is detrimental to the scintillation process in large 
crystals required for γ-spectroscopy. It affects decay time, light yield, 
and energy resolution [11]. We proposed a solution to that problem by 
adding a co-dopant at low concentration which absorbs Eu2þ emission 
and re-emits it at a longer wavelength. The idea of Sm2þ codoping has 
been evidenced recently by us in SrI2:Eu,Sm [15] and CsBa2I5:Eu,Sm 
[16]. Especially for CsBa2I5 we observed surprisingly good NIR scintil-
lation performance, and an energy resolution of 3.2% was achieved for 
662 keV gamma ray detection with an Avalanche Photodiode (APD) 
readout. Besides limiting the self-absorption, shifting the emission 
wavelength to the near infrared NIR can be a way to an energy resolu-
tion better than 2% [16]. 

In this article we explore the potential of parity-allowed 5d → 4f 

transitions of Sm2þ for developing new scintillators with efficient energy 
transfer between europium and samarium. Three halide host lattices 
were chosen with high energy resolution and light yield when doped 
with europium. We present the spectroscopic characterization of BaBrI: 
Eu2þ,Sm2þ, CsBa2I5:Eu2þ,Sm2þ, and CsSrI3:Eu2þ,Sm2þ and derive a 
criterion for fast Sm2þ 5d → 4f emission in a host lattice. 

2. Sample synthesis and crystal growth 

BaBrI:Eu2þ,Sm2þ was synthesized from stoichiometric amounts of 
the binary halides BaBr2, BaI2, EuI2, and SmI2. BaBr2 and BaI2 were 
prepared from BaCO3 (Alfa Aesar, 4N7). The carbonate was dissolved in 
concentrated hydrobromic (Merck, suprapur 47%) or hydroiodic acid 
(Merck, suprapur 57%), respectively. The product was dried up on a 
sandbath, heated to 450 �C in vacuum (< 10� 3 mbar), and purified by 
Bridgman crystal growth in a glassy carbon ampoule. EuI2 was synthe-
sized from Eu metal (Stanford materials, 4 N) and iodine (Merck, p. a.). 
The starting materials were sealed in a silica ampoule under vacuum. 
The ampoule was heated in a tube furnace keeping the colder end at 
about 100 �C to avoid an overpressure. The metal was slowly heated and 
kept at 500 �C until the iodine had reacted completely. EuI2 was sub-
limed for purification in a tantalum ampoule under vacuum at 1000 �C. 
SmI3 was prepared in a similar way from Sm metal (Alfa, 3 N). The 
ampoule was heated to 400 �C and SmI3 was sublimed at 800 �C in a 
silica ampoule. SmI2 was obtained by reacting SmI3 with Sm in a 
tantalum ampoule at 900 �C for 2 days. The tantalum ampoule was 
sealed by He-arc welding and encapsulated into a silica ampoule under 
vacuum. 
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Crystals of BaBrI:Eu2þ,Sm2þ were grown by the Bridgman technique 
using a vertical, static ampoule with seed selection tip and a moving 
furnace. The starting materials were sealed in a silica ampoule under 
vacuum and heated to 780 �C for 1 day. BaBrI melts congruently at 770 
�C. Then the furnace was slowly moved up by a controlled stepper motor 
with 0.6 mm/h cooling the crystal to room temperature within about 10 
days. The ampoules were opened in a glove box (MBraun, Graching, D) 
equipped with a microscope and with water and oxygen values < 0:1 
ppm. Crystals were cleaved from the boule and pieces of about 5 mm size 
were sealed in small silica ampoules for further spectroscopic charac-
terization. The phase purity of the product was verified by powder X-ray 
diffraction on a Stoe Stadip diffractometer in Bragg-Brentano (reflec-
tion) geometry with CuKα1 radiation from a curved (101) α-SiO2 
monochromator and a linear position sensitive detector. BaBrI adopts 
the PbCl2 crystal structure (orthorhombic, Pnma, no. 62) as its parent 
compounds BaBr2 and BaI2 [17]. Since starting materials and products 
are hygroscopic all handling was done under strictly dry conditions in 
glove boxes or sealed containers. 

CsSrI3:Eu2þ,Sm2þ was synthesized from stoichiometric amounts of 
the binary halides CsI, SrI2, EuI2, and SmI2. CsI (Merck, suprapur) was 
dried in vacuum at 250 �C. SrI2 was synthesized from SrCO3 (Alfa Aesar, 
4N4) as described above for BaI2. 

Crystals of CsSrI3:Eu,Sm were grown by the Bridgman technique. The 
starting materials were sealed in a silica ampoule under vacuum and 
heated to 660 �C for 1 day. CsSrI3 melts congruently at 650 �C. Then the 
furnace was slowly moved up by a controlled stepper motor with 0.6 
mm/h cooling the crystal to room temperature within about 10 days. 
The ampoules were opened in a glove box. Crystals were cleaved from 
the boule and pieces of about 5 mm size were sealed in small silica 
ampoules for further spectroscopic characterization. The phase purity of 
the product was verified by powder X-ray diffraction. CsSrI3 crystallizes 
in the stuffed PuBr3 structure (orthorhombic, Cmcm, no. 63) [18]. Since 
starting materials and products are hygroscopic all handling was done 
under strictly dry conditions in glove boxes or sealed containers. 

Synthesis and crystal growth of CsBa2I5:Eu2þ,Sm2þ sample has been 
described previously in Ref. [16]. Fig. 1 shows the studied single crystal 
samples encapsulated in fused silica ampules. Dopant concentrations are 
expressed in mol% and refer to the dopant concentration in the melt. As 
this is pioneering research in a new field of materials and dopants for 
scintillator application, we selected relatively high doping concentra-
tions to facilitate energy transfer. The chosen concentrations are some-
what arbitrary because we do not know what the optimal will be. 

3. Experimental methods 

Photoluminescence excitation and emission measurements at room 
temperature were measured with a Horiba Scientific QuantaMaster 
fluorometer with single grating monochromators. Time and temperature 
resolved measurements were made with an Ekspla NT230 Optical 
Parametric Oscillator (OPO) laser or Newport 66921 xenon lamp exci-
tation in combination with a Horiba Gemini 180 monochromator. The 
emission of the sample was dispersed with a Princeton Instruments 
Acton SP 2300 monochromator and detected with a Hamamatsu 
R7600U-20 (300–920 nm) or R7600U-03 (185–650 nm) photo-
multiplier tube (PMT), or a Hamamatsu C9100-13 electron multiplier 
CCD camera. Time resolved spectra were recorded using a CAEN 
DT5724 or DT5730 digitizer connected to one of the PMTs and 
controlled by home made software. The sample was placed in a Janis 
Research VPF-700 cryostat and its’ temperature stabilized with a 
LakeShore 331 controller. A closed cycle helium refrigerator has been 
used for low temperature measurements. 

4. Results 

4.1. Optical spectroscopy of Sm2þ

Fig. 2 shows photoluminescence emission spectra of BaBrI:5% 
Eu2þ,0.5%Sm2þ, CsBa2I5:2%Eu2þ,1%Sm2þ, and CsSrI3:2%Eu2þ,1% 
Sm2þ measured at room temperature. The typical Eu2þ and Sm2þ 5d-4f 
emission ranges are marked at the top. The Eu2þ emission in all three 
studied hosts is characterized by a single broad peak ascribed to the spin 
allowed 5d-4f transitions. The Eu2þ peak red-shifts with change of the 
host in the sequence from BaBrI (417 nm), CsBa2I5 (430 nm), to CsSrI3 
(454 nm). Similar red-shift is observed for Sm2þ emission, however, the 
Sm2þ emission in BaBrI is more complex; it is characterized by five sharp 
4f-4f transition lines on top of a weak broad 5d-4f emission band around 
700 nm. The second order dispersion of the europium peak is present 
between 800 and 1000 nm in the BaBrI spectrum. The Sm2þ 5d-4f 
emissions in CsBa2I5 and CsSrI3 are observed at 760 and 841 nm, 
respectively. 

Fig. 3 shows photoluminescence emission and excitation spectra of 
europium and samarium ions in BaBrI:5%Eu2þ,0.5%Sm2þ measured at 
room temperature and 13 K. The 729 nm Sm2þ emission wavelength was 

Fig. 1. The studied samples were encapsulated in fused silica ampules: a) 
BaBrI:5%Eu2þ,0.5%Sm2þ; b) CsBa2I5:2%Eu2þ,1%Sm2þ; and c) CsSrI3:2% 
Eu2þ,1%Sm2þ. 

Fig. 2. Room temperature emission spectra of a) BaBrI:5%Eu2þ,0.5%Sm2þ

(λexc: ¼ 350 nm), b) CsBa2I5:2%Eu2þ,1%Sm2þ (λexc: ¼ 360 nm), and c) 
CsSrI3:2%Eu2þ,1%Sm2þ (λexc: ¼ 360 nm) excited by a xenon lamp and 
measured with a 300 nm blazed monochromator coupled to a CCD detector. 
The spectra are not corrected for the monochromator and detector efficiencies. 
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chosen to estimate the degree of spectral overlap between excitation and 
emission of Sm2þ and provide some clue if Sm2þ might have lower 
spectral overlap than Eu2þ. Europium emission is observed at 410 nm 
and can be excited with 290 nm light at room temperature. The room 
temperature excitation spectrum of samarium (λem ¼ 729 nm) shown in 
Fig. 3a has a characteristic peak at 292 nm in coincidence with the 
europium excitation spectrum. This is a direct proof of energy transfer 
from europium to samarium. Wavelengths from 400 to 600 nm directly 
excite Sm2þ, while below 400 nm both Sm2þ and Eu2þ are excited fol-
lowed by Eu2þ to Sm2þ energy transfer. Interestingly,the samarium 
emission intensity is much lower for direct excitation (400–600 nm) 
than for europium excitation (292 nm) and subsequent energy transfer. 
This is due to the 10 times lower samarium concentration in the crystal 
which results in weak samarium absorption. Since Sm2þ concentration is 
low, the Sm2þ excitation spectrum is strongly affected by a high back-
ground from the monochromator stray light. This results in an artificial 
increase of excitation intensity above 600 nm. 

Fig. 3b depicts a significant change of the samarium emission in 
BaBrI:5%Eu2þ,0.5%Sm2þ at 13 K. The broad 5d→4f emission at ~700 
nm disappears, and five new sharp lines appear. The excitation spectrum 
is much better resolved at 13 K (Fig. 3b) than at room temperature 
(Fig. 3a) and shows a series of Sm2þ 4f→5d excitation bands between 
400 and 600 nm. The direct excitation of Sm2þ seems to increase at low 
temperature as compared to the Eu2þ excitation intensity, but it is rather 
an instrumental artifact caused by increased emission intensity of both 
dopants together with saturation of the Eu2þ excitation band at 292 nm. 
The lowest excitation peak of Sm2þ becomes visible at 526 nm, and an 
additional shoulder at around 540 nm appears. These two excitation 
bands are usually referred to as samarium A and B bands [19], in this 
case at 540 nm and 526 nm, correspondingly. 

Fig. 4a shows BaBrI:Eu2þ,Sm2þ emission spectra at 16 K and 300 K. 
Vertical lines indicate 4f→4f Sm2þ transition energies measured in 
BaClF:Sm2þ by Kiss and Weakliem [20]. A good match is observed be-
tween 4f→4f transition energies in both compounds, and it illustrates a 

Fig. 3. Emission and excitation spectra of BaBrI:5%Eu2þ,0.5%Sm2þmeasured with a Horiba Scientific QuantaMaster fluorometer a) at room temperature and b) with 
a Newport 66921 xenon lamp in combination with a Horiba Gemini 180 and a Princeton Instruments Acton SP 2300 excitation and emission monochromators, and 
detected with a Hamamatsu R7600U-20 PMT at 13 K. Emission spectra in a) are corrected for the monochromator and detector efficiencies. 

Fig. 4. a.) Emission spectrum of BaBrI:5%Eu2þ,0.5%Sm2þ excited at 475 nm with an OPO laser at 16 K and 300 K. Vertical lines show 4f-4f transition energies of 
Sm2þ ion in BaClF measured by Kiss and Weakliem [20] b.) Gaussian fit of the Sm2þ 5d→4f emission peak under the 4f→4f lines observed at 300 K. The spectra are 
not corrected for the monochromator and detector efficiencies. 
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low sensitivity of 4f→4f transition energies on the host environment. 
The 5D0→7FJ transitions with J ¼ 0–4 can be easily identified as domi-
nating at room temperature. The strongest line at 1.804 eV (687 nm) is 
the 5D0→7F0 transition. 5D0→7FJ emissions with J ¼ 0–5 arise at low 
temperature and become dominating. No emission to the 7F6 state is 
observed. The broad 5d→4f band is absent at 16 K. We conclude that 

BaBrI:Eu2þ,Sm2þ adopts the situation shown in Fig. b). Table 1 sum-
marizes the wavelengths and energies of the observed 4f→4f transitions. 
Fig. 4b shows the room temperature emission spectrum with a Gaussian 
fit to the 5d-4f peak. The band center is at 1.755 eV which corresponds 
to 707 nm. 

Fig. 5a shows photoluminescence emission and excitation spectra of 
CsBa2I5:2%Eu2þ,1%Sm2þ at room temperature. Both dopants, Eu2þ and 
Sm2þ are characterized by single emission peaks observed at 423 nm and 
762 nm, respectively. The excitation spectrum of Eu2þ is characterized 
by two excitation peaks at 290 nm and 333 nm. These peaks coincide 
with the Sm2þ excitation spectrum and indicate energy transfer from 
europium to samarium. The Sm2þ excitation spectrum shows additional 
peaks for direct excitation with the lowest peak at 613 nm. 

Fig. 5b shows excitation and emission spectra of Sm2þ and Eu2þ ions 
in a CsSrI3:%2Eu2þ,1%Sm2þ at room temperature. The Sm2þ emission 
spectrum in CsSrI3 is not shown here because it was outside the sensitive 
range of the QuantaMaster fluorometer. This spectrum was already 
presented in Fig. 2 measured with a CCD detector and a home-made PL/ 
PLE spectrometer described in the methods section. The Eu2þ photo-
luminescence is characterized by a single peak at 456 nm. The excitation 

Table 1 
Energies of Sm2þ 4f-4f emission transitions in BaBrI:5%Eu2þ,0.5%Sm2þ.  

Excited state Ground state Wavelength (nm) Energy (eV) 
5D0 

7F0 687 1.805 
7F1 702 1.766 
7F2 730 1.699 
7F3 767 1.617 
7F4 815 1.521 

5D1 
7F0 629 1.971 
7F1 640 1.938 
7F2 663 1.870 
7F3 695 1.784 
7F4 733 1.692 
7F5 784 1.582  

Fig. 5. Photoluminescence emission and excitation spectra of Eu2þ and Sm2þ ions in a) CsBa2I5:2%Eu2þ,1%Sm2þ and b) CsSrI3:2%Eu2þ,1%Sm2þ measured with a 
Horiba Scientific QuantaMaster fluorometer at room temperature. The spectra are corrected for the monochromator and detector efficiencies. 

Fig. 6. Photoluminescence emission and excitation spectra of CsBa2I5:0.5%Sm2þ a) at room temperature measured with a Horiba Scientific QuantaMaster fluo-
rometer and b) at 10 K measured with a xenon lamp excitation and a Hamamatsu R7600U-20 photomultiplier. The emission spectrum in Fig. a) is corrected for the 
monochromator and detector efficiencies. 
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spectrum of Eu2þ shows two peaks at 264 nm and 347 nm. These two 
excitation peaks are in coincidence with Sm2þ excitation peaks and 
indicate Eu→2þSm2þ energy transfer. The lowest energy (direct) exci-
tation peak of Sm2þ is at 658 nm. 

Fig. 6 shows excitation and emission spectra of Sm2þ ions in 
CsBa2I5:0.5%Sm2þ at room temperature and 10 K. The emission spec-
trum is identical to that of CsBa2I5:2%Eu2þ,1%Sm2þ (Fig. 5a), with an 
obvious lack of the Eu2þ peak. The excitation spectrum measured at 
room temperature (Fig. 6a) has multiple Sm2þ excitation bands 
extending from 300 nm to 750 nm. The lowest excitation band at 612 nm 
corresponds to the same excitation peak observed in CsBa2I5:2% 
Eu2þ,1%Sm2þ at room temperature, see Fig. 5a The emission spectrum 
of Sm2þ changes dramatically at 10 K. Five sharp emission lines appear 
that can be identified as 4f-4f transitions from the 5D0 Sm2þ state to the 
7F0 (688 nm), 7F1 (703 nm), 7F2 (729 nm), 7F3 (767 nm), and 7F4 (817 
nm) states. The d-f emission peak is observed at 750 nm. The peak width 
is narrower at 10 K and reveals a shoulder at ~825 nm. 

4.2. Time-resolved measurements 

Sm2þ emission in CsBa2I5:2%Eu2þ,1%Sm2þ and CsSrI3:2%Eu2þ,1% 
Sm2þ at room temperature is only of 5d-4f type with a single decay 
constant. For the time resolved measurement we focused on BaBrI:5% 
Eu2þ,0.5%Sm2þ because, different from the other two compositions, 
here we deal with a competition between 4f-4f and 4f-5d emission. 

Fig. 7a shows photoluminescence decay profile of the Eu2þ ion in 
BaBrI:5%Eu2þ,0.5%Sm2þ; a single-exponential fit yields a decay time of 
365 ns. Fig. 7b shows the Sm2þ photoluminescence decay of the 
5D→07F0 transition at 686 nm. Its single-exponential decay time of 1024 
μs is too long for most scintillator applications. A fast decay is observed 
at the leading edge of Sm2þ emission in Fig. 7b It originates from the 
5d→4f emission band which has a fast decay time of 14 ns and overlaps 
with all 4f→4f lines. The short decay time is due to the fast depopulation 
of the 4f5d state to the lower energy 5D0 state. 

Fig. 8 shows the time-resolved photoluminescence of BaBrI:Eu2þ, 
Sm2þ at room temperature. It is characterized at time zero by a broad 
band arising from the 14 ns fast 5d→4f Sm2þ emission and followed by 

Fig. 7. a.) Photoluminescence decay profile of BaBrI:5%Eu2þ,0.5%Sm2þ at room temperature) 360 nm photoluminescence excitation and emission observed at 412 
nm (Eu2þ 4f-5d transition). b) 412 nm photoluminescence excitation and emission observed at 686 nm (Sm2þ 5D→07F0 transition). 

Fig. 8. Time-resolved photoluminescence of BaBrI:5%Eu2þ,0.5%Sm2þ at room 
temperature excited at 410 nm with an OPO laser. The spectrum is not cor-
rected for the monochromator and detector efficiencies. 

Fig. 9. Time resolved photoluminescence of BaBrI:5%Eu2þ,0.5%Sm2þ at 11 K 
excited at 360 nm with an OPO laser. The spectrum is not corrected for the 
monochromator and detector efficiencies. 
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the 1024 μs slow 4f→4f line emissions. The line emissions are located on 
top of a Gaussian shape emission long time after the initial fast 5d→4f 
emission has decayed. This suggest thermal re-population of the emit-
ting 4f5d state from the lower energy 5D0 state. The situation changes 
significantly at 11 K in Fig. 9, when the 5d→4f emission is observed after 
the excitation at time zero, and it completely decays within 2 μs? 
Apparently, thermal re-population of the 4f5d state is impossible at 11 K, 
so only initially excited 5d→4f emission is detected. 

Fig. 10 shows time-gated emission spectra of Sm2þ at room tem-
peratures and 10 K. A short 100 ns gate eliminates the slow 4f→4f 
emission from the emission spectrum, and only fast 5d→4f emission is 
observed. The peak at room temperature is very broad, and has no 
structure. Measurement at 10 K reveals structure in the band, and sub- 
bands at 1.627, 1.76, and 1.993 eV can be distinguished. This suggests 
that multiple 4f final state levels are involved in 5d→4f emission 
resulting in a multi-peak structure of the emission spectrum. 

4.3. Temperature resolved measurements 

Fig. 11a shows the change of the Sm2þ emission in BaBrI:5% 
Eu2þ,0.5%Sm2þ as a function of temperature. Intensity of 4f-4f transi-
tions decreases with increasing temperature, while at high temperature 
a broad 5d-4f emission band becomes dominating. New emission lines 
are observed at around 100 K and below. These are ascribed to 5D→17FJ 
transitions. 

Fig. 11b shows the total integrated intensity of the Sm2þ emission 
spectrum in BaBrI:5%Eu2þ,0.5%Sm2þ. At 50 K emissions are dominated 
by 5D→07FJ transitions with addition of 5D→17FJ transitions. The in-
tensity of 5D→17FJ transitions decreases quickly with increasing tem-
perature, and these transitions are not detectable above 100 K. The 5d-4f 
emission becomes visible at around 200 K, and its intensity increases 
with temperature. 5d-4f emission becomes dominating above 400 K. 

5. Discussion 

Optical spectra in Figs. 3 and 5 show overlap of Eu2þ and Sm2þ

excitation proving the presence of Eu→2þSm2þ energy transfer. It is 
very clearly seen in the BaBrI:5%Eu2þ,0.5%Sm2þ sample, where due to 

Fig. 10. Time-gated OPO laser excited emission of Sm2þ at 10 K and room 
temperature. Excitation at 412 nm and a 100 ns gate were used. The spectra are 
not corrected for the monochromator and detector efficiencies. 

Fig. 11. a.) Photoluminescence emission spectrum of Sm2þ in BaBrI:5%Eu2þ,0.5%Sm2þ versus temperature using 360 nm photoluminescence excitation b.) Intensity 
of different Sm2þ transitions in BaBrI:5%Eu2þ,0.5%Sm2þ versus temperature using 360 nm photoluminescence excitation. 

Fig. 12. Configurational coordinate diagram of Sm2þ in BaBrI. Solid arrows 
indicate radiative, dotted arrows non-radiative processes. 
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low Sm2þ concentration the direct excitation of Sm2þ (400–600 nm) is 
around 10 times weaker than excitation of europium (292 nm) with the 
following energy transfer Eu→2þSm2þ. 

A shift of the lowest excitation energy band of Eu2þ is observed from 
292 nm in BaBrI (Fig. 3a) to 333 nm in CsBa2I5 (Figs. 5a) and 347 nm in 
CsSrI3 (Fig. 5b). Sm2þ shows a similar trend with the lowest excitation 
energy at 526 nm in BaBrI (Fig. 3b at 13 K), 613 nm in CsBa2I5 (Figs. 5a), 
and 658 nm in CsSrI3 (Fig. 5b). This shift of the lowest 5d energy level of 
Eu2þ and Sm2þ is related to the crystal field splitting in the different host 
crystals which strongly affects the d- and only marginally the f-states 
[21]. A detailed discussion of Eu2þ emission and absorption shift with 
change of host lattice, the coordination number of the cations, the 
anionic–Eu bond lengths, the symmetry, and the so-called nephelauxetic 
effect can be found in Ref. [22]. 

Fig. 12 shows a configurational coordinate diagram for Sm2þ in 
BaBrI which explains the changes of the emission spectra with temper-
ature observed in Figs. 8 and 9. At 13 K, 4f→5d excitation is followed by 
non-radiative relaxation to 5D0 and 5D1 states, and 5d→4f emission is 
observed only shortly after the excitation. Thermally activated transi-
tions back to the 4f5d state are impossible. As temperature rises the 
excited 4f5d state becomes thermally populated from the 5D0 and 5D1 
states, and both types of luminescent transitions are observable at room 
temperature. The 5D1 emission disappears at room temperature, which 
can be explained either by ionization to the conduction band or 
thermally-activated transition from 5D1 back to the 4f5d state. 

The situation is different in the CsBa2I5 host. Fig. 6 shows that Sm2þ

has only 5d-4f emission at room temperature. The 4f-4f emission ap-
pears below 100 K, but the 5d-4f emission is not completely gone even at 
10 K. This is an indication that the bottom of 4f5d state of Sm2þ in 
CsBa2I5 is below the 5D0 state. This ensures that at room temperature the 
allowed 5d-4f emission dominates, and we deal with the preferred level 
location as initially presented in Fig. a. 

Fig. 10 shows that the time-gated Sm2þ emission spectrum in BaBrI 
measured at 10 K has a structure which is not visible at room temper-
ature. There are three peaks visible, and a shoulder at 2.3 eV extending 
to higher energies. Similar three-peak emission structure was observed 
in other Sm2þ-doped materials [23] and interpreted as de-excitations 
from the 4f5d level to the 7F0, 7F1, and 7F2 final states [24]. However, 
the energy spacing between the sub-bands in Fig. 10 does not match the 
energy spacing between the 7F0� 2 final levels (Table 1). 

In contrary to previous research on BaBrI:Eu by Shalaev et al. [25], 
we observed thermal quenching of Eu2þ and Sm2þ emission BaBrI:5% 
Eu2þ,0.5%Sm2þ at much higher temperature. They have measured that 
Eu2þ luminescence intensity decreases by 50% at 365 K (when 
compared to 200 K) in BaBrI:Eu (0.05% Eu), while our sample shows 
50% decrease of luminescence intensity at 700 K. This difference can be 
caused by different excitation wavelength used for measuring of emis-
sion spectrum (295 nm in Shalaev et al., 360 nm in this work), different 
europium concentration (0.05% Eu2þ in Shalaev et al., 5% Eu2þ in this 
work), or addition of Sm2þ has positive influence on quenching char-
acteristic of this material. This effect requires a dedicated effort to be 
understood. A shorter decay time of Shalaev’s sample might indicate 
that the sample’s purity/quality may be a serious issue. 

To obtain the preferred 5d→4f emission for scintillation application 
we have to make sure that the lowest energy 4f5d level is at similar or 
lower energy than the 5D0 excited state. It is known that the 4f5d level 
red-shifts towards lower energies with change of anion of the host ac-
cording to the nephelauxetic sequence: 

F� < Cl� < Br� < I�

Iodides are the most promising hosts for obtaining 5d→4f emission of 
the Sm2þ dopant. We can provide a much stronger and practical 
requirement based on systematics in lanthanides spectroscopy. 

Since there are much more data on Eu2þ emission energy EEu2þ , we 
can use lanthanide phenomenology to predict Sm2þ emission. Dorenbos 
showed that the 4f5d level energy of divalent lanthanides is linearly 

correlated [21]. The energy of Sm2þ 5d→4f emission can be written as: 

ESm2þ ¼EEu2þ � 1:22 eV: (1) 

Since the 5D0 level is located at 1.805 eV, we can state a criterion for 
5d→4f emission as follows: ESm2þ < 1:805  eV. If we include 25 meV 
margin for thermal excitation it results in a requirement that europium 
emission energy must be lower than 2.995 eV or 

λem:
Eu2þ > 414 nm: (2) 

On basis of this requirement we propose in Table 2 suitable candidate 
scintillators for applying the Eu→2þSm2þ energy transfer mechanism. 
We selected europium doped materials with known high light yield and 
high energy resolution, and calculated the expected Sm2þ emission 
wavelengths using Eq. (1). These values agree well with measured 
photoluminescence Sm2þ 5d→4f emissions in CsBa2I5 (Fig. 2), SrI2 [26], 
BaBrI (4b), and CsSrI3 (Fig. 2). 

We conclude that many recently developed europium doped scin-
tillators (KCaI3:Eu, KSr2I5:Eu etc.) can be used as well with Sm2þ doping. 
Also, the recently discovered thallium-based scintillators can provide 
the allowed 5d-4f emission of samarium. According to our predictions, 
all these materials can be turned into red or near-red scintillator by using 
samarium co-doping. 

6. Conclusions 

Co-doping with samarium has been shown to be an effective way of 
shifting emission of europium in halide scintillators. All three studied 
samples, BaBrI:5%Eu2þ,0.5%Sm2þ, CsBa2I5:2%Eu2þ,1%Sm2þ, and 
CsSrI3:%2Eu2þ,1%Sm2þ show energy transfer from Eu2þ to Sm2þ under 
optical excitation. In CsBa2I5 and CsSrI3 samarium shows single 5d-4f 
emission peak, while BaBrI is a “border-case” host in which Sm2þ ions 
shows both 5d→4f and 4f→4f emission. 1 ms day time of 4f→4f emission 
makes a scintillation pulse height spectrum measurement virtually 
impossible, and BaBrI:5%Eu2þ,0.5%Sm2þ can not be used as a scintil-
lator in γ-ray spectroscopy at room temperature. Interestingly, the 4f-4f 
emission disappears above 400 K and offers a possibility of using 
BaBrI:5%Eu2þ,0.5%Sm2þ as a high temperature scintillator. Although it 
may not find application in standard γ spectroscopy, it still may be used 

Table 2 
Candidate scintillators for applying the Eu→2þSm2þ energy transfer mechanism 
for NIR scintillation. L.Y. – light yield of Eu2þ doped material at 662 keV of 
γ-photon excitation, R – energy resolution at 662 keV, τEu2þ – decay time of the 
most intense component of Eu2þ scintillation, λem:

Sm2þ – – 5d-4f Sm2þ emission 
predicted/measured.  

Compound L.Y. 
(kPh/ 
MeV) 

R (% 
FWHM) 

τEu2þ

(ns)  
λem:

Eu2þ

(nm)  
Ref. 
Eu2þ

λem:
Sm2þ

pred. 
(nm)  

λem:
Sm2þ

meas. 
(nm)  

BaBrI:Eu 97 3.4 432 413 [12] 696 701 
(this 
work) 

SrI2:Eu 100 2.6 1000 431 [11] 748 753 
[15, 
26] 

CsBa2I5:Eu 80–102 2.3–2.55 1000 432 [12, 
13] 

751 758 
(this 
work 
& 
[16]) 

CsSrI3 65 5.9 3300 454 [27] 820 839 
(this 
work) 

KCaI3:Eu 72 3.0 1060 466 [28] 861 – 
KSr2I5:Eu 94 2.4 990 445 [29] 792 – 
K2BaI4:Eu 57 2.7 720 448 [29] 801 – 
KSr2Br5:Eu 75 3.5 1080 427 [29] 736 – 
KBa2I5:Eu 87 2.6 910 444 [29] 788 – 
TlSr2I5:Eu 79 4.2 525 463 [30] 850 –  
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e.g. as a red-emitting X-ray phosphor or luminescence thermometer [31, 
32]. 

CsBa2I5:Eu2þ,Sm2þ and CsSrI3:Eu2þ,Sm2þ both offer allowed 5d-4f 
transitions at room temperature, and both materials have suitable op-
tical properties for scintillation detection. 
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