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Electronic structure, optical properties, and bonding in alkaline-earth halofluoride scintillators:
BaClF, BaBrF, and BalF
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We report first-principles studies of the structural, electronic, and optical properties of the alkaline-earth
halofluorides, BaXF (X = CI, Br, and I), including pressure dependence of structural properties. The band
structures show clear separation of the halogen p derived valence bands into higher binding energy F and lower
binding energy X derived manifolds reflecting the very high electronegativity of F relative to the other halogens.
Implications of this for bonding and other properties are discussed. We find an anisotropic behavior of the
structural parameters especially of BalF under pressure. The optical properties on the other hand are almost

isotropic, in spite of the anisotropic crystal structures.
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I. INTRODUCTION

Halides of simple metals would seem to be rather simple
materials with ionic bonding, closed shell repulsions, and gen-
erally high band gaps. Nonetheless, they display a remarkably
rich structural chemistry and a wide variety of interesting and
useful properties.' These include their use as optical materials
and as scintillators for high-energy physics, medical imaging,
and other applications involving detection and spectroscopy
of ionizing radiation.”

The alkaline-earth halofluorides M XF (M = Ca, Sr, and
Ba; X = Cl, Br, and I) belong to the class of ionic materials
crystallizing in the primitive tetragonal PbCIF-type (space
group 129, P4/nmm) Matlockite structure. This is a quasi-2D
layered structure.’® When activated with Eu, Sm, or Pr they
display strong photostimulated luminescence (PSL). Based
on this they have been used as image storing phosphors in
x-ray systems, especially where accurate determinations of
x-ray dose are needed.””'% In addition, the luminescence of
these materials is a useful pressure gauge in high-pressure
experiments.'"*'? Finally, there have been a number of studies
of the structural, vibrational, and high-pressure properties of
these materials.'>° They show anisotropic compressibilities
and interesting composition dependent phase transitions,
including a transition to a monoclinic (P2 /m) phase in BaCIF
at 22 GPa. Returning to the response to ionizing radiation,
the behavior of these halofluorides is in sharp contrast
to apparently closely related materials, such as BaF, and
BalBr. In scintillators, ionizing radiation produces excitations,
normally electron-hole pairs. These recombine radiatively at
scintillation centers to produce light that is detected externally.
Transport of energy in the form of electron-hole pairs to the
scintillation centers is a key process.

BaF, has been applied as a scintillator both in pure and
activated form.?’?® Pure cubic BaF, is among the fastest
scintillators, in the sense that most of the light output occurs
within a very short time, ~0.8 ns, of the absorption (there is
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also a slower component that can be partially suppressed by
La doping). BalBr is a very high light output scintillator when
activated with Eu.?’ Thus there is an efficient energy transfer in
these materials. In contrast, the energy deposited by ionizing
radiation in the Ba halofluorides is not efficiently transferred
to the scintillation centers and instead there is a large PSL
representing photoinduced release of trapped carriers. Here we
present first-principles calculations of the electronic structure
and optical, structural, and other properties and discuss the
results in relation to the differences in properties from other
halides. We find that the high electronegativity of F as
compared to other halogen atoms plays an important role.

II. STRUCTURE AND COMPUTATIONAL METHODS

The density functional calculations presented here were
done using two methods. The ambient pressure electronic
structure and optical properties were obtained using the
linearized augmented plane wave (LAPW) method.*® This
is an all electron full potential method. These calculations
were performed using the WIEN2k package.®' We used LAPW
sphere radii of 2.65, 2.70, 2.65, 2.55, and 2.30 bohrs, for Ba,
I, Br, Cl, and F, respectively. We employed well converged
zone samplings and basis sets including local orbitals for
the semicore states of Ba and to relax linearization errors.>>
Relativity was treated at the scalar relativistic level. We
used the experimental lattice parameters®>—3> and relaxed the
internal coordinates using the generalized gradient approxi-
mation (GGA) of Perdew, Burke, and Ernzerhof (PBE).® As
mentioned, these compounds form in the tetragonal P4/nmm
PbCIF structure, as depicted in Fig. 1. As may be seen, this is a
layered structure, both from the point of view of the halogens
and the Ba. The lattice parameters and calculated internal
coordinates used in the LAPW calculations are given in Table I.
The internal coordinates are very close to the experimental
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FIG. 1. (Color online) Crystal structure of the BaBrF using the
calculated internal coordinates, showing the XBaF,BaX layers. Note
the weak Br-Br connections between these layers.

values and the results of the plane wave calculations for all
three compounds, as shown in Table II.

As mentioned, we used the structures of Table I to calculate
electronic and optical properties. However, standard density
functionals are designed to reproduce the total energy as well as
possible, but generally do not reproduce band gaps, and instead
seriously underestimate the gaps of simple insulators, such as
those considered here. For this we used the recently developed
functional of Tran and Blaha, which we denote TB-mBJ.?’
This functional, which includes the kinetic energy density,
greatly improves upon band gaps of semiconductors and
insulators, including halides similar to the BaXF compounds
discussed here.>’

For the calculations of elastic constants and pressure depen-
dent properties it was more convenient to use a plane wave ba-
sis. For this we used the CASTEP package.*>*! The calculations
were done using Vanderbilt-type ultrasoft pseudopotentials*?
with the local density approximation (LDA) as parametrized
by Perdew and Zunger.*? These are standard widely used LDA
pseudopotentials. We verified convergence with respect to
the plane wave cutoff and zone sampling. The calculations
shown are for basis set cutoffs of 410 eV and 8 x 8 x 6,
8 x 8 x 5,and 5 x 5 x 3 k-point sets, for BaCIF, BaBrF, and
BalF, respectively. We used a criterion for self-consistency that

TABLE 1. Structural parameters used in the LAPW calculations.
The lattice parameters are from experimental data, while the internal
coordinates are from total energy minimization using the LAPW
method with the PBE GGA. The atomic coordinates are Ba at
(1/4,1/4,v), X at(1/4,1/4,u), and F at (1/4,3/4,0) The experimental
data for the lattice parameters are from Refs. 33, 34, and 35, for X =
Cl, Br, and I, respectively.

a (R) cd) v u
BaCIF 4.3964 7.2315 0.2063 0.6466
BaBrF 4.503 7.435 0.1934 0.6471
BalF 4.654 7.962 0.1720 0.6483
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TABLE II. Lattice parameters a and ¢ (in A), and internal
coordinates # and v. These are from plane wave calculations (LDA)
and are compared with experimental data. Note the small differences
from the LAPW calculations.

Compound Quantity LDA Experiment
BaCIF a 4.281 4.3940 [ 20], 4.3964 [ 33]
c 7.003 7.2250 [ 20], 7.2315 [ 33]
u 0.6470 0.6472 [ 20], 0.6466 [ 33]
v 0.2037 0.2049 [ 20], 0.2063 [ 33]
BaBrF a 4.400 4.5080 [ 20], 4.5030 [ 34]
c 7.210 7.4410 [ 20], 7.4350 [ 34]
u 0.6480 0.6497 [ 20], 0.6483 [ 34]
v 0.1900 0.1911 [ 20], 0.1934 [ 34]
BalF a 4.546 4.6540 [ 20], 4.6540 [ 35]
c 7.678 7.9620 [ 20], 7.9620 [ 35]
u 0.6484 0.6522 [ 20], 0.6483 [ 35]
v 0.1689 0.1704 [ 20], 0.1720 [ 35]

the energy is converged to 5 x 1077 eV /atom and the force to
107* eV/A.

Finally, we note that three different functionals are being
used in the present calculations. These include the TB-mBJ
functional, which is essential for the optical calculations
because of the role that the band gaps play in optical properties.
Unfortunately, the TB-mBJ functional cannot be used for
total energies or structural properties.’” Therefore to obtain
the best possible electronic structure we use the experimental
lattice parameters. These are known to a very high precision
from diffraction. The internal coordinates are then determined
using the PBE GGA fixing these lattice parameters and
then obtaining the TB-mBJ electronic structure based on this
structure. Turning to the pressure dependence we note that the
LDA functional is known to underestimate lattice parameters.
Standard GGA functionals, including PBE, have the opposite
problem for heavy-element compounds such as those being
studied here, and generally overestimate lattice parameters of
such materials.*** Also, standard GGA functionals lack bind-
ing for materials where dispersion interactions are important,
such as graphite.*® Considering this we used LDA calculations
for the pressure dependent properties.

In order to characterize the differences between the LDA
and PBE GGA for these compounds we did LAPW calcula-
tions for the structure of the middle compound, BaBrF, using
both functionals. With the LDA we obtain a = 4.41 A, ¢ =
7.24 A, u = 0.6493, and v = 0.1923 in good accord with our
LDA plane wave pseudopotential calculations. With the PBE-
GGA, we obtain ¢ = 4.57 A, c =7.58 A, u = 0.6487, and
v = 0.1906. As expected the PBE-GGA lattice parameters are
overestimated. Also, unlike the LDA, the PBE-GGA predicts
c/a larger than experiment, consistent with underestimation
of the interaction between the XBaF;BaX blocks comprising
the structure.

III. ELECTRONIC STRUCTURE

We begin with the electronic structure under ambient
conditions, discussing the results obtained with the TB-mBJ
functional. The band structures of BaCIF, BaBrF, and BalF, as
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FIG. 2. Calculated band structure of BaClF using the TB-mBJ
functional.

obtained with the TB-mBJ functional, are shown in Figs. 2, 3,
and 4, respectively. The calculated TB-mBJ band gaps are
7.10 eV, 6.20 eV, and 4.91 eV for BaCIF, BaBrF, and BalF,
respectively. The corresponding values with the PBE GGA
are 541 eV, 4.82 eV, and 3.92 eV. We are not aware of
optical spectroscopic measurements of the gaps with which
to compare.
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FIG. 3. Calculated band structure of BaBrF using the TB-mBJ
functional.
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FIG. 4. Calculated band structure of BalF using the TB-mBJ
functional.

The band structures show an important difference from the
alkaline-earth halides containing mixtures of heavier halogens,
such as BalBr.*® In particular, the valence bands are split
into two distinct narrow manifolds: a lower manifold derived
almost entirely from F 2p states and an upper manifold
extending to the valence band edge derived from the p states
of the other halogen. This was noted previously in the case
of BaCIF by El haj Hassan and co-workers,” although the
splitting that we obtain for this compound with the TB-mBJ
functional is larger. In all three compounds the distance from
the top of the lower lying F derived manifold to the bottom
of the conduction bands is close to 8.5 eV. This is ~1 eV
lower than the band gap of 9.77 eV obtained using the same
method for cubic BaF,. The position of the upper manifold
follows the expected trend with electronegativity, showing a
decreasing band gap as the atomic number increases and the
electronegativity decreases. The reason why the two manifolds
are cleanly separated here, but not in, e.g., BalBr, is that the
electronegativity difference between F (Pauling scale, 3.98)
and the other halogens (3.16, 2.96, and 2.66 for Cl, Br, and I,
respectively) is large and the 2 p orbital of Fis rather contracted
compared to the other halogens. This is a consequence of the
fact that the 2p orbital is the lowest orbital for that angular
momentum and is reflected in the high electronegativity and
small ionic radius of F. The Shannon radii of the halogen anions
(sixfold coordination) are 1.19, 1.67, 1.82, and 2.06 A for F~,
Cl7, Br~, and I, respectively. This results in reduced hopping
and narrower F p bands and reduced hybridization between F
2p and the p orbitals of the other halogen. Importantly, this
difference provides a way of explaining the different response
of these materials to ionizing radiation, where activated BalBr
is a high light output scintillator,>” while the BaXF are storage
phosphors.
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Ionizing radiation produces electron-hole pairs that recom-
bine radiatively at a scintillation center in scintillators. A key
step is the transfer of energy mainly in electron-hole pairs to
the scintillation site. In a halide the holes exist in the halogen p
derived valence bands, while the electrons are in metal derived
conduction bands. As mentioned, the structure of the BaXF
compounds consists of ionically bonded XBaF,BaX layers
(see Fig. 1) that are overall neutral and weakly joined to each
other. Because the highest valence bands are derived almost
entirely from the X p orbitals, holes will be located on the X
ions. Since these are anions, and holes are positively charged,
the tendency will be for holes to exist on the parts of the
X atoms facing toward the region between the XBaF,BaX
layers, i.e., in the X-X parts of the unit cell. Since the layers
are weakly bonded to each other this is a favorable situation for
hole self-trapping. Such self-trapped holes would be expected
to have a very low probability of radiatively recombining
with electrons associated with orbitals on the Ba ions, thus
providing a plausible explanation for the different behavior of
these compounds from scintillators such as BalBr.

IV. STRUCTURE, ELASTIC CONSTANTS, AND
PRESSURE DEPENDENCE

We calculated structural properties, elastic constants, and
pressure dependence of the structure within the LDA us-
ing a plane wave method. The ambient pressure structural
parameters are given in Table II. As may be seen, these
are in good accord with existing experimental data, with
the exception that as usual the LDA underestimates lattice
constants by ~3%. The c/a ratios are underestimated relative
to experiment, reflecting a larger underestimate of the c-axis
lattice parameters than the g-axis lattice parameters. This
reflects the relatively poor density functional description of
the weak dispersion (van der Waals) interactions that are no
doubt of importance in the interlayer X-X bonds.*’

The elastic properties include elastic constants, Young’s
modulus, bulk modulus, shear modulus, and Poisson’s ratio.
These provide information about the mechanical stability and
stiffness of materials under applied stress. There is also a
link between the mechanical and dynamical behavior of solids
as the elastic constants determine the slopes of the acoustic
phonon branches near the zone center. We calculated the
elastic constants for BaXF (X = Cl, Br, I) compounds within
the LDA. Due to the tetragonal symmetry, these compounds
have six independent elastic constants: Cy, Ca3, Caq, Ces,
C12, and Cy3. To calculate the elastic constants we used the
volume conserving strains technique.*® The calculated elastic
constants are given in Table III. They are roughly ~25% larger
than the reported experimental values. This is as expected for
elastic constants calculated for the LDA equilibrium volume
(a 7%—-8% underestimate of the volume combined with a
dimensionless pressure derivative of a modulus of 4-5, as is
typical, implies overestimates of roughly this magnitude). The
trends in the experimental data are, however, well reproduced.
A key point is that all the materials are substantially anisotropic
from an elastic point of view, for example C33 is smaller than
Ci1, Cip is smaller than Ci3, and Cyy is smaller than Ceg
in all cases, consistent with the structural picture discussed
above, i.e., ionic XBaF,BaX layers, stacked along ¢, and
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TABLE III. Calculated LDA elastic constants and Voigt bulk
modulus By in GPa of the BaXF compounds in comparison with
experimental data. The calculations were at the LDA equilibrium
lattice parameters.

Chi Cx Cy Ce Cpp Ciz By

BaCIF LDA 88.8 77.8 282 29.1 36.2 432 55.6
Ref. 20 45
Refs. 49,50 719 65.6 204 238 282 319 43.7

BaBrF LDA 80.5 65.1 23.6 303 349 418 51.5
Ref. 20 42
Ref. 49 713 554 209 247 250 343 428

BalF LDA 68.9 432 268 30.1 312 324 414
Ref. 20 36
Ref. 49 55.8 319 192 243 235

with relatively weaker interlayer bonding as compared to the
intralayer bonding.

The mechanical stability condition, which reflects the
structural stability of materials, is important. The criterion
for a elastically stable lattice is that the energy is a positive
definite quadratic function of strain at small strain.’' For
these compounds we find that all the elastic constants are
positive and obey the Born criteria for mechanical stability
of tetragonal crystals: Ci; >0, C33 >0, Cyq > 0, Ces >
0, (Ci1 —=C12) > 0, (C11 4+ C33 —2Cy3) > 0, and [2(Cy; +
C12) + C33 +4C;3] > 0. The calculated elastic constants al-
low us to obtain the macroscopic mechanical properties of
these compounds in bulk polycrystalline form, namely bulk
modulus B and shear moduli G via two approximations, Voigt
(V) and Reuss (R), as given by

By = §[2(C11 + C12) + C33 + 4C3], (D
GV — %(L +3C11 — 3C12 + ]2C44 +6C66)’ (2)
CZ
BR = Ta (3)
By 6 6 3 ]1
Gr=15|1820+ ———+ 2+ —| |, @
R |: C? (Ci—Cn) Cu Ce @

with L = Cy; 4+ Cjp +2C33 —4Cy3 and C?= (Ci1+Cr2)
Csy; — 2CE,.

We used the calculated C;; to obtain the polycrystalline
aggregate properties: the bulk modulus B, which measures
the resistance of a material against volume change under
hydrostatic pressure, and shear modulus G, which represents
the resistance to shape change caused by shearing force in
terms of the Voigt-Reuss-Hill approach.>> In this approach,
the Voigt and Reuss averages are taken as limits and the actual
effective moduli for polycrystals can be approximated by the
arithmetic mean of these two limits. Then one can calcu-
late the average compressibility (Byrg = 1/Bvra), Young’s
modulus [YVRH = 9GVRHBVRH/(3BVRH + GVRH)]a which re-
flects the resistance of a material against uniaxial tensions,
and Poisson’sratioo = (1/2){[Bvru — (2/3)Gvrul/[Bvru +
(1/3)Gvrul}, which generally provides an indication of the
stability of the crystal against shear. The results are in Table [V.
According to Pugh’s criterion® a value B/ G of 1.75 separates
brittle from ductile materials. The calculated values for BaCIF,
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TABLE IV. Compressibility 8 (GPa™!), shear modulus G (GPa),
Young’s modulus Y (GPa), and Poisson’s ratio o from the calculated
LDA elastic constants.

Compound B G Y o

BaCIF 0.0179 25.5 66.5 0.30
BaBrF 0.0194 21.8 57.3 0.31
BalF 0.0246 20.4 52.3 0.29

BaBrF, and BalF are 2.19, 2.36, and 1.99, respectively,
consistent with ductile behavior as expected for such ionic
compounds.

Finally, we turn to the pressure dependent structural param-
eters as obtained within the LDA. The calculated structural
parameters as a function of pressure are given in Figs. 5, 6,
and 7 for BaCIF, BaBrF, and BalF, respectively. Our results for
the pressure dependence of the structure of BaCIF are similar to
the LDA calculations reported by D’ Anna and co-workers.
While the pressure scale is shifted between experiment and
the LDA calculations reflecting the LDA underestimate of the
equilibrium volume, the curves are otherwise in generally good
agreement. One notable exception is that for BaBrF there is
a hardening of the lattice seen in the experimental data in the
range of ~10-20 GPa that is not present in the calculations.
This is evident from the deviation of the experimental volume
above the trend given by the LDA volume vs pressure in Fig. 6.
While this may reflect limitations of the LDA, it would be very
desirable to repeat the experiment for BaBrF in this pressure
range. An important point is that the c/a ratio decreases
with pressure for all three compounds over the pressure range
studied. This is a continuation of the ambient pressure elastic
anisotropy discussed above to high pressure, and again reflects
the structural anisotropy of these compounds. This in turn is
associated with the weak X-X connections between the layers,
which have also been discussed in relation to high-pressure
phase transitions in BaCIF. ' Finally, in relation to the next
section, we emphasize that the density functional calculations
do capture the anisotropy of the materials that is present in the
experimental data.
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FIG. 5. (Color online) Pressure dependence of LDA structural
parameters in comparison with experiment (Ref. 20) for BaCIF.
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FIG. 6. (Color online) Pressure dependence of LDA structural
parameters in comparison with experiment (Ref. 20) for BaBrF.

V. OPTICAL PROPERTIES

As mentioned, the structure of BaXF consists of
XBaF,BaX layers that are weakly bonded to each other.
This is therefore a very anisotropic material from a structural
point of view. Prior calculations for halide scintillators based
on the heavy halogens showed that these materials show
relatively little optical anisotropy even in cases where the
crystal structures are very structurally anisotropic.$>*

We calculated the optical properties of BaClF, BaBrF, and
BalF, using the LAPW electronic structures that were obtained
with the TB-mBJ functional. The calculated optical refractive
indices of the three compounds are shown in Fig. 8. The usual
trend toward higher refractive index with lower band gap is
followed going from X = Clto X =Brto X =1. The calculated
zero energy (A = 0o) direction averaged refractive indices are
1.62, 1.71, and 1.85 for X = Cl, Br, and 1. The differences
between the ¢ and a refractive indices are 0.3%, 0.8%, and
1.5% for the three compounds, respectively. These are at the
level of the computational uncertainty. In any case, as may
be seen, the trend toward weak optical anisotropy in heavy
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FIG. 7. (Color online) Pressure dependence of LDA structural
parameters in comparison with experiment (Ref. 20) for BalF.
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FIG. 8. (Color online) Calculated optical refractive index of
BaClIF (top), BaBrF (middle), and BalF (bottom) as obtained with
the TB-mBJ functional.
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halides extends to the BaXF compounds, and in particular the
optical anisotropy is very weak.

Therefore, in spite of the strong anisotropy of the structure,
the elastic properties, and the pressure dependence, we find
nearly isotropic optical properties. This should be favorable
for the production of transparent ceramic storage phosphors
based on these materials in analogy with transparent ceramic
scintillators.> Previously, based on calculations similar to
those presented here, we found that orthorhombic Srl, has
very low optical anisotropy and should therefore be amenable
to fabrication as a transparent ceramic scintillator.>* This
was very recently confirmed by experiments demonstrating
a translucent Eu?t activated Srl, ceramic scintillator with
high light yield, highly proportional response, and improved
afterglow and lifetime as compared to single crystals.>

VI. SUMMARY AND CONCLUSIONS

We performed density functional calculations of the elec-
tronic, optical, elastic, and pressure dependent structural
properties of BaCIF, BaBrF, and BalF. The valence bands show
a separation into two manifolds: lower lying F derived bands
and higher lying X (Cl, Br, I) bands. This is associated with the
large electronegativity difference between F and the heavier
halogens. In any case, it provides a plausible explanation
of the different response to ionizing radiation seen in these
compounds as compared to non-F-containing mixed halide
scintillators. Essentially, this separation confines holes to the
X layers where they may be subject to self-trapping.

The structural, elastic, and pressure dependencies of the
structure all point to a strong anisotropy of these compounds
reflecting XBaF,BaX ionic layers that are stacked along ¢
and relatively weakly bound to each other. Nonetheless, we
find that the optical properties of these compounds are very
isotropic. This has implications for the possible use of these
materials in transparent ceramic form.
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