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A systematic investigation of structural properties at ambient as well as at high
pressure has been carried out for layered scintillators CaClF, CaBrF, SrCIF,
SrBrF and SrIF based on density functional theory. Semi-empirical dispersion
correction scheme has been used to account for the van der Waals interactions
and the obtained results are in good agreement with experimental data. The
pressure-dependent structural and elastic properties reveal that the c-axis is more
compressible than the a-axis (C33 < Cjyy) in all these materials due to weakly
bonded layers stacked along the c-axis. In addition, the electronic structure and
optical properties of these materials are calculated using Tran-Blaha-modified
Becke-Johnson (TB-mBJ) potential. Among the five investigated compounds
which are structurally anisotropic, a weak optical anisotropy is found in CaCIF
and SrCIF and strong optical anisotropy in CaBrF, SrBrF and SrIF. The present
study suggests that unlike alkaline-earth dihalides which are fast scintillators,
these materials can act as storage phosphors and the possible reason is speculated
from the band structure calculations.

Keywords: storage phosphor; scintillator; dispersion correction; TB-mBJ

1. Introduction

The alkaline-earth halofluorides MXF (M =Ca, Sr, Ba and X =Cl, Br, I) form an important
class of materials crystallizing in the primitive tetragonal PbCIF-type structure with space
group P4/nmm (DZh), which is also called as the matlockite structure [1-4]. These are
interesting host materials for either divalent impurities in the case of divalent alkaline-earth
halofluorides (MXF) or trivalent impurities in the case of trivalent oxy halides (LaOX) at
the impurity site Cy, [5]. SICIF : Sm*? has special application as a material that is more
sensitive than ruby sensor which is currently used for pressure experiments in diamond-anvil
cells [6,7]. SrCIF, sBrg s : Sm™2 is used for room temperature spectral hole burning [8].
BaCIF : Sm*? can be used as a luminescence sensor in the pressure range of 5 GPa [9]. In
scintillators, ionizing radiation produces electron—hole pairs, which recombine radiatively at
scintillation centres to emit light. The efficiency of emitting light depends upon the transfer of
energy to the scintillation site in the form of electron—hole pair. One of the key requirements
for a ceramic scintillator is optical isotropy to avoid light scattering at misoriented grain
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boundaries [10]. Alkaline-earth dihalides such as Srl, [11], Cal,, SrBrp, BaX, (X=Cl,
Br, I), BalBr [10] and MSrl3 (M =K, Rb, Cs) [12] are optically isotropic materials inspite
of the strong anisotropy due to the non-cubic crystal symmetry. The europium-activated
BalBr [13] and Srl; [14] can be used for y-ray detection due to their fast scintillating
properties, whereas Eut?2: CaCIF, SrCIF, BaCIF, and BaBrF are used as X-ray storage
phosphors for medical imaging via photo-stimulated luminescence [15-21] as they are less
capable in transfering energy to the scintillation centre [22] when compared to the alkaline-
earth dihalides. The distinct behaviour of the alkaline-earth halofluorides can be explained
from their electronic structure and hence, it is very important to understand the electronic
structure of these materials.

Extensive theoretical studies have been reported on alkaline-earth haloflurorides us-
ing TB-LMTO method within atomic sphere approximation [23,24]. The structural and
electronic properties of MXF (M=Ca, Sr, Ba, Pb and X=Cl, Br, I) compounds were
carried out by Hassan et al. [25,26] using FP-LAPW method. Using the similar method, the
optical properties of MXF (M =Ba, Pb, Sr, and X =Cl, Br, I) were studied by Reshak et al.
[27-29] High pressure studies on MXF (M = Ca, Ba, Sr and X =Cl, Br, I) compounds (with
an exception of CaBrF, CalF and SrIF) have been carried out using X-ray diffraction [30-32],
in which they found a structural phase transitions to occur in BaCIF and BaBrF compounds
around 21 and 27 GPa, respectively. Molecular dynamics simulations were performed by Liu
et al. [33] under hydrostatic pressure, in which they observed first-order phase transitions at
about 28.92 and 18.04 GPa in the upstroke and downstroke processes, respectively. Using
the inelastic neutron-scattering technique, the phonon frequencies of MXF (M =Ba, Sr,
Pb and X ClI, Br, I) compounds have been measured to obtain the thermal properties
such as specific heat, Debye temperature and thermal expansion coefficients [34-38]. The
response of scintillating materials to the ionizing radiation can be understood from an
accurate electronic structure calculation. Hence, in the present study, we have systematically
investigated the structural, elastic, electronic and optical properties of CaCIF, CaBrF, SrCIF,
SrBrF and SrIF compounds, and also studied the effect of vdW interactions on the structural
properties of these layered materials at ambient conditions as well as under pressure.

The rest of the paper is organized as follows. In Section 2, we describe the computational
methods used in the calculations. Results and discussion concerning the structural and elastic
properties are presented in Sections 3.1 and 3.2 consists of electronic structure and optical
properties and finally Section 4 concludes the paper.

2. Computational details

First-principles calculations were performed by using two distinct approaches such as
planewave pseudopotential (PW-PP) and full potential linearized augmented plane wave
(FP-LAPW) methods. Structural properties and their pressure dependence, elastic proper-
ties were obtained using the PW-PP approach implemented in Cambridge Series of Total
Energy Package [39-41]. We have used Vanderbilt-type [42] ultra soft pseudopotentials for
electron—ion interactions. Ceperly-Alder and Perdew-Zunger (CA-PZ) [43,44] parametriza-
tion of LDA and Perdew-Burke-Ernzerhof (PBE) [45] parametrization of GGA functionals
were used to treat electron—electron interactions. However, the standard DFT functionals
are not adequate enough to account for the nonlocal vdW interactions between layers in
graphite [46] and many other layered materials [47—49] (eg. black phosphorus, see Ref.
[50]). Hence, semi-empirical approaches have been developed in order to elucidate the long
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range interactions in the layered materials and they were incorporated through standard DFT
description. In the present study, we have used PBE+G06 scheme by Grimme [51], which
is an empirical correction to DFT taking into account the dispersive interactions based on
damped and atomic pairwise potentials of the form C¢ x R~°. Broyden-Fletcher-Goldfarb-
Shanno (BFGS) minimization scheme [52] was used in geometry optimization. For each
of these compounds, the following plane wave basis orbitals were used in the calculations
Ca : 4s%, 3p%; Sr: 552, 4p% F: 252, 2p3; Cl : 352, 3p°; Br: 452, 4p> ; 1:55%, 5p°. A
proper convergence of the calculations was ensured by testing the total energy dependence
on plane wave cut-off energy and k-mesh according to the Monkhorst—Pack grid scheme
[53]; the cutoff energy was fixed at 450 eV and the 7 x 7 x 4 k-mesh was chosen for the
present calculations. The self-consistent convergence of total energy and maximum force
on the atoms are found to be 5 x 10~7 eV/atom and 10~* eV/A, respectively.

The electronic structures and optical properties of these compounds were calculated
using the FP-LAPW method [54] as implemented in WIEN2k package [55]. Itis well known
that the standard exchange-correlation functionals such as LDA [43], GGA [45], including
EV-GGA [56] usually underestimate the band gap because of the simple forms that are not
sufficiently flexible to accurately reproduce the exchange-correlation energy and its charge
derivative. TB-mBJ [57] is a newly developed semi-local functional which uses information
from kinetic energy density in addition to the charge density as employed in standard LDA
or GGA functional, which can reproduce exchange energy very accurately. Hence, this semi-
local functional gives improved band gaps for semiconductors and insulators. To achieve
the required convergence of energy eigen values, the wave functions in the interstitial region
were expanded using plane waves with a cut-off K, = 7/Rys7, where R ;7 is the smallest
atomic sphere radius and K, denotes the magnitude of the largest K vector in plane wave
expansion. The RMT radii are assumed to be 2.25 Bohrs for Ca and Cl, 2.35 Bohrs for Sr and
Br, and 2.20, 2.45 Bohrs for F and I, respectively. The wave functions inside the spheres are
expanded upto /,,,,, = 10. Self-consistency of total energy is obtained by using 45 k-points
in the Irreducible Brillouin Zone (IBZ). The frequency-dependent optical properties have
been calculated using 462 k-points in the IBZ.

3. Results and discussion
3.1. Crystal structure and its pressure dependence and elastic properties

The matlockite MXF (M =Ca, Sr and X =Cl, Br, I ) compounds crystallize in the primitive
tetragonal structure with two molecular formula units or six atoms per unit cell. The metal
(Ca or Sr) and halogen (Cl, Br and I) atoms are located at C4,(4mm) site with atomic
positions (0.25, 0.25, v), (0.75, 0.75, v) and (0.25, 0.25, u), (0.75, 0.75, u), respectively,
whereas the fluorine atoms are at Dyg (42m) symmetry site with fractional coordinates (0.75,
0.25,0.0), and (0.25, 0.75, 0.0), where, v and u are internal variable parameters of metal (M)
and halogen (X) atoms, respectively. The crystal structure is formed by layers perpendicular
to the crystallographic c-axis and the sequence of layers is X-M-F-F-M-X, where F layers are
doubly occupied with respect to M and X layers (see Figure 1 in Ref. [22]). In order to obtain
the equilibrium structure, we have optimized both lattice geometry and ionic positions using
LDA and GGA to get a fully relaxed crystal structure. The obtained equilibrium structural
parameters such as lattice constants and volume are severely underestimated (~7.5-9.0%)
with the LDA functional, while they are overestimated (~2.5-11.5%) using GGA functional
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Figure 1. (colour online) Calculated lattice constants (a, ¢), Volume (V) of (a) CaClF, (b) CaBrF, (c)
SrCIF, (d) SrBrF, (e) SrIF using LDA, GGA and PBE+GO06 functionals as a function of pressure. The
experimental data for CaClF, SrCIF and SrBrF are taken from Refs. [30,32], respectively.
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Table 1. Calculated lattice constants (a, ¢ in A), volume (V in A3), and fractional co-ordinates (u, v)
of CaClF, CaBrF, SrCIF, SrBrF and SrIF using PW-PP method are compared with experimental and
other theoretical calculations.

Compound parameter CA-PZ PBE PBE+G06 Other Cal. Expt.
[2-4]

CaCIF a 3782 3909  3.903 3.9392 3.894
c 6.624 6926  6.886 6.8982 6.818

1% 9476 105.85  104.92 107.032 103.38

u 0.6422 0.6445  0.6449 0.642252 0.6432

v 0.1970 0.1967  0.1925 0.1949022 0.1962

CaBrF a 3786 3.877 3911 3.9262, 3.829° 3.883
¢ 7707 8999  7.938 8.139%,7.926P 8.050

1% 11047 13530 121.44 125.45%, 116.20P 121.38

u 0.6606 0.6926  0.6615 0.6654082 0.670

v 0.1676 0.1490  0.1630 0.1651452 0.170

SrFCl a 4016 4.163  4.153 4.185°, 4.1764, 4.163¢ 4.126
¢ 6.795 7.054  6.976 7.057¢, 6.999, 6.827¢ 6.958

1% 109.60 122.26  120.29 123.60°, 121.909, 118.31¢ 118.45

u 0.6435 0.6432  0.6442 0.6429°, 0.64284, 0.664¢ 0.6429

v 0.2021 0.2002 0.1974 0.20152¢, 0.20149, 0.189¢ 0.2015

SrBrF a 4116 4237 4261 4.084%,4261°,4.2669,4.212¢ 4218
¢ 7131 7.568  7.323 7.105, 7.482¢, 7.4364, 6.985¢  7.337

v 120.81 135.87 13295  118.50°, 135.84°, 135.329, 123.92¢ 130.54

u 0.6457 0.6992  0.6475 0.655628°, 0.6469, 0.668¢ 0.6479

v 0.1868 0.1835  0.1809 0.187089°, 0.18659, 0.184¢ 0.1859

SrlF a 4159 4249 4362 41735, 4.305¢, 4.2964 4.253
¢ 8463 9.123  8.116 8.667, 8.916°, 8.8884 8.833

1% 146.41 164.74  154.41 150.93b, 165.24¢, 164.034 159.77

u 0.6620 0.6627  0.6514 0.664°, 0.66019 0.657

v 0.1536 0.1517  0.1554 0.152826¢, 0.15454 0.167

aRef. [25], PRef. [24], °Ref. [26], IRef. [29], ®Ref. [37].

(in particular for CaBrF). However, the calculated structural parameters follow the expected
trends of standard DFT functionals but there is large discrepancy between theoretical and
experimental parameters because of the existence of vdW forces between the X-M-F-F-M-
X along the c-axis. Therefore, in the present study, we have used semi-empirical dispersion
correction scheme (PBE+G06) to account for the vdW forces in calculating the structural
parameters of CaClF, CaBrF, SrCIF, StBrF and SrIF. The calculated equilibrium lattice
parameters and volumes using PBE+G06 scheme are in excellent (~0.1-1.85%) agreement
with the experimental results at ambient pressure [2-4]. Overall, we observed that vdW
interactions play a major role for CaBrF and SrIF among the five investigated compounds,
and a similar behaviour is also observed recently by Bjorkman et al. for these class of
materials (SrIF, BalF and PbIF) [49]. Moreover, our LDA and GGA structural parameters
are also consistent with previous theoretical calculations [23-26,29,34]. All these structural
parameters are summarized in Table 1 along with the experimental and theoretical data.
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Table 2. Comparison between calculated elastic constants (C;; in GPa) using PW-PP within
PBE+GO06 scheme with the available experimental and theoretical data.

Compound Method Cn Cs3 Cyyg Ce Ciz Ci3
CaCIF Present 98.9 69.7 24.4 32.9 38.1 52.9
Other Cal. [34] 110.8 93.2 34.8 38.2 35.7 50.5
CaBrF Present 85.6 24.3 10.0 27.2 18.7 15.6
SrCIF Present 81.0 65.3 28.3 27.8 26.3 38.9
Expt. [60] 93.8 76.8 28.7 31.5 29.6 -
Expt. [61] 91.2 77.0 29.5 30.9 29.0 40.2
Other Cal. [34] 106.1 82.9 30.6 37.9 33.2 45.8
Other Cal. [37] 107.3 65.7 34.6 26.8 38.2 424
SrBrF Present 73.6 57.7 29.4 28.9 27.6 37.6
Expt. [36] 88.7 53.3 27.4 - - 35.0
Other Cal. [34] 80.9 68.2 26.1 27.9 26.1 36.9
Other Cal. [37] 100.3 54.7 324 27.0 35.6 38.5
SrIF Present 71.3 24.3 31.5 30.2 27.2 29.8
Other Cal. [34] 65.5 55.2 20.6 22.6 21.0 30.0

High pressure studies on the structural properties of ionic-layered compounds gives a
good insight on how pressure affects the weak and strong bonds in condensed matter. We
have studied the structural properties of these layered materials under pressure upto 30 GPa
starting from ambient pressure with a step size of 5 GPa. The PBE+GO06 cell parameters
are in good accordance with the available experimental data for CaCIF [30], SrCIF [30],
and SrBrF [32] over the studied pressure range. Although the LDA (GGA) cell parameters
are underestimated (overestimated) when compared to the experiment, the expected trend
is well reproduced over the studied pressure range. When the PBE+GO06 lattice constants
(a, ¢) are compared at 0 and 30 GPa, the reduction in lattice constant a is 0.35A, 0.27A,
0.43A, 0.44A, and 0.40A, while the same in lattice constant ¢ is 0.66A, 1.47A, 0.59A,
0.76A, and 1.26A for CaCIF, CaBrF, SrCIF, SrBrF, and SrIF, respectively. It is clearly
observed that the reduction in the c-axis is much larger than the a-axis with increasing
pressure, indicating that weakly bonded X-M-F-F-M-X layers are highly compressible,
which reveals that interlayer bonding is weaker than intralayer bonding in these class of
materials. It is to be noted that the GGA functional reproduced a similar trend like PBE+G06
scheme with an exception at ambient pressure, while the LDA functional follows the similar
trend of underestimation over the entire pressure range studied as shown in Figure 1. Recent
study on black phosphorus also shows that the standard DFT functionals are inadequate to
predict the structural properties of layered materials, in particular at ambient pressure [50].
In the present work, we also show that the standard DFT functionals do not capture the
vdW interactions between the layers, especially for CaBrF and SrIF compounds among the
investigated compounds.

The computed PBE+G06 equilibrium volume is used to calculate elastic constants
of these materials at ambient pressure. Elastic constants are fundamental parameters for
crystalline solids which describe the stiffness of the solid against externally applied strains.
The elastic constants were calculated using volume-conserving strains technique [58]. Due
to tetragonal symmetry of the crystals, they have six independent elastic constants such
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as Cq1, C33, Ca4, Ce6, C12, Cy3. The calculated elastic constants are positive and obey the
Born’s mechanical stability criteria [59], indicating that these systems are mechanically
stable at ambient pressure. The elastic moduli are slightly underestimated, when compared
with available experimental data (see Table 1), which might be due to the overestimation
of the theoretical equilibrium volume using the PBE+G06 scheme. Overall, the obtained
elastic constants are in good agreement with the available experimental results [36,60,61] as
well as with shell model calculations [34,37] which are presented in Table 2. The magnitude
of Cy; is greater than C33 implying that these materials are stiffer along the a-axis due to
strong interactions along this axis, and/or the X-M-F-F-M-X layers are weakly bonded along
the c-axis, which is consistent with the fact that the lattice constant ¢ is more compressible
than a over the studied pressure range as discussed earlier. Cgg is larger than C44 and Cy3
is larger than Cj;, which again follow a similar behaviour as reported for BaXF (X =Cl,
Br, I) compounds [22]. Hence, our results strongly suggest the presence of weak interlayer
bonding in these layered materials consistent with pressure dependent structural properties.

3.2. Electronic structure and optical properties

The electronic structure and optical properties of CaClF, CaBrF, SrCIF. StBrF and SrIF
compounds have been studied using FP-LAPW [54] method by optimizing the fractional
co-ordinates at the experimental lattice parameter [2—4] within PBE-GGA. The obtained
fractional co-ordinates for CaCIF, u=0.6431, v=0.1973; for CaBrF, u=0.6664, v=0.1648;
for SrCIF, u=0.6429, v=0.2025; for SrBrF, u=0.6470, v=0.1872 and for u=0.6628,
v=0.1544. The calculated unit cell fractional co-ordinates are consistent with previous
calculations by Hassan and Reshak et al. [25,26,29] using the same FP-LAPW method. The
electronic structure of the matlockite compounds were obtained using TB-mBJ functional
at ambient pressure. The calculated band structures of CaCIF, CaBrF, SrCIF. SrBrF and SrIF
are shown in Figure 2, and their respective band gaps are 7.11, 6.14, 7.70, 6.57 and 5.28 eV
with TB-mBJ functional. The electronic structures show that CaClF, SrCIF, SrBrF and SrIF
are direct band gap insulators with the bandgap at the I" point, while CaBrF is an indirect
band gap insulator with the separation along the I' — A, direction, which agrees quite well
with the previous calculations [25]. The energy gaps obtained from PBE-GGA and EV-GGA
functionals were in excellent agreement with the previous calculations [23-26,29]. From
our present, previous [22] and other theoretical calculations (as mentioned above) on the
mixed alkaline-earth halofluorides, it is quite evident that the TB-mBJ functional improves
the bandgap significantly when compared to the other exchange correlation functionals
(see Figure 3), which we have used in our calculations. Unfortunately, there are no optical
spectroscopic measurements on energy gaps available for these materials to compare with
our results.

In general, the electronic structure determines physical and chemical properties of
materials. Europium activated BalBr [13] and St [14] are bright and fast output scintillators
while BaCIF and BaBrF activated with Europium are used as X-ray storage phosphors
[17-19] and the reason for this different behaviour can be explained from the band structure
of these compounds [10,22]. The electronic structure of alkaline-earth halofluorides shows
an important difference from alkline-earth dihalides, which is reflected in the response of
alkaline-earth halofluorides to ionizing radiation and that can be mainly due to two reasons.
First, the valence band split into two distinct manifolds seperated from each other as reported
for BaXF (X =Cl, Br, I) compounds [22] with an exception for CaCIF and SrCIF, in which
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Figure 2. (colour online) Calculated band structures of (a) CaClIF, (b) CaBrF, (c) SrCIF, (d) SrBrF,
(e) SrIF using TB-mBJ functional at the experimental lattice constants.
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Figure 3. (colour online) Calculated LDA, GGA and EV-GGA bandgaps compared with the TB-mBJ
functional for mixed alkaline-earth halofluorides. The LDA bandgaps for the compounds are taken
from Refs. [25,26]; GGA, TB-mBJ, and EV-GGA band gap values for BaXF compounds are taken
from Refs. [22,26].

they are almost in contact with each other because of the less electronegativity difference
between F and CI atoms. Also, the separation between the manifolds increases with atomic
number because of increase in electronegativity difference between fluorine and halogens
(C1 — Br — I)i.e. from Cl to Br, and then to I. The upper manifold is entirely derived from
halogen X (Cl, Br, I) p-states, whereas, the lower manifold arises mainly from F-2p states.
Secondly, the ionizing radiation produces electron-hole pairs that recombine radiatively
at scintillation centre in scintillators. The holes will be created on top of the halogen
(X)-derived valence bands, while the electrons are in metal-derived conduction bands.
Since the halogens are anions and the holes are positively charged, they would exist on X
atoms between the weakly bonded X-M-F-F-M-X layers, which is a favourable situation for
hole self-trapping. Hence, the radiative recombination of the electron—hole pairs (holes and
electrons from X =Cl, Br, I and M =Ca, Sr ions, respectively) occurs with less probability
at the scintillation site. This might be the reasons for alkaline-earth halofluorides to be used
as storage phosphors rather than scintillators. A detailed discussion can be found in our
previous work on BaXF compounds [22].

The energy bandgap plays a key role in determining the optical properties of mater-
ials. It is well known from the literature [10,22,57,62—-64,66] that the TB-mBJ functional
produces reliable energy gaps when compared to the experiments, which lead us to
calculate the optical properties of CaClF, CaBrF, SrCIF, SrBrF and SrIF using this TB-mBJ
functional. The calculated refractive indices are shown in Figure 4. The average refractive
indices at zero energy are 1.62, 1.68, 1.59, 1.68 and 1.79 and their differences between
a and c-axis are 1.1%, 3.9%, 0.6%, 1.6% and 3.7% for CaClF, CaBrF, SrCIF, SrBrF and
SrIF respectively. The Cl-containing compounds such as SrCIF and CaCIF show a weak
anisotropy, while the compounds containing heavier halogens such as CaBrF, SrBrF and
SrIF show strong anisotropy in optical properties. It was observed from our present and
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Figure 4. (colour online) Calculated optical refractive index (n) and extinction coefficient (k) of (a)
CaClF, (b) CaBrF, (c) SrCIF, (d) SrBrF, (e) SrIF using TB-mBJ functional at the experimental lattice

constants.
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previous studies [22] on PbCIF-type compounds that the optical anisotropy becomes weak
from Ca— Sr— Ba while it becomes stronger from Cl— Br— 1. Therefore, inspite of being
structurally anisotropic, we find a nearly isotropic optical properties for CaCIF and SrCIF.
This might be favourable for the production of transparent ceramic storage phosphors based
on these materials in anology with transparent ceramic scintillators [67].

4. Conclusions

In summary, the pressure-dependent structural, and elastic properties of CalCIF, CaBrF,
SrCIF, SrBrF and SrIF are calculated by using the PW-PP method, while the electronic
structure and optical properties are studied using the FP-LAPW method. It is well known
from the literature [47,48,50] that the LDA and GGA functionals are unable to predict the
ground-state properties of layered materials. In the present work, we also show that the stan-
dard DFT functionals do not capture the vdW interactions between the layers in particular
for CaBrF and SrIF compounds among the five investigated compounds. The calculated
structural parameters using semi-empirical dispersion correction scheme (PBE+G06) are in
excellent agreement with the experimental data at ambient and high pressure. The pressure
dependent structural properties reveal that the c-axis is more compressible than a-axis as the
X-M-F-F-M-X layers are weakly bonded along the c-axis and/or the interactions between the
atoms along the a-axis are stronger. This is also confirmed by the calculated elastic constants,
the elastic constant C33 being lesser than Cy; in all these five compounds, implying weak
interlayer bonding in these materials. The TB-mBJ functional improves the band gaps of
the standard LDA and GGA functionals (see Figure 3) for all the investigated compounds. It
was observed from our present and previous studies [22] on alkaline-earth halofluorides that
the optical anisotropy becomes weak from Ca— Sr— Ba, while it becomes stronger from
Cl— Br—1I. Therefore, inspite of being structurally anisotropic, we find a nearly isotropic
optical properties for CaCIF and SrCIF and anisotropic optical properties for CaBrF, SrBrF,
and Sr1F as reported for CdWOy scintillator [10]. Further, from the band structures of these
compounds, it is clear that these compounds may act as storage phosphors in contrast to
alkaline-earth dihalides which are well-known scintillators.
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