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First-principles calculations of photoluminescence and defect states of Ce3+-doped (Ca/Sr)2B5O9Cl
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Reliable predictions of electronic levels, excited-state geometric relaxation, and the relative energies of ground
and excited levels to host band edges are of paramount importance for Ce3+-doped luminescent materials. By
combining the constrained occupancy approach and the hybrid density functional calculation in the framework
of a generalized Kohn-Sham formalism, we derived a calculation scheme for the band gap of the host material,
the equilibrium configurations of ground-state Ce3+ and excited-state (Ce3+)*, and their relative energies with
respect to host band edges in terms of hole capture or electron ionization for Ce3+ in M2B5O9Cl (M = Ca,
Sr) charge compensated by Na+. The results of first-principles calculations for 4 f → 5d excitations, Stokes
shifts, and the relative position of 5d levels to conduction-band edge agree well with experiments. The moderate
computational cost of the present scheme, which can be applied in efficient prediction of the optical properties
of many different Ce-doped materials, is of important value in screening potential lanthanide-doped scintillators
and phosphors from minimal information about the host crystal structure.
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I. INTRODUCTION

Cerium-doped inorganic compounds have received consid-
erable attention because of their wide application in scin-
tillators, light emitting diodes, and field emission displays
[1–5]. The performance of the luminescent material is closely
related to the position of the luminescent energy level in the
band. For example, in the case of Ce-doped scintillators, the
ground (4 f ) and excited (5d) states of Ce3+ need to reside
in the band gap so as to trap a hole and then an electron
sequentially (see Ref. [5] for more detailed discussions on
scintillator mechanisms and quenching processes). An effi-
cient and reliable calculation scheme is urgently needed for
predicting the luminescent properties of various Ce3+-doped
materials. Most of the first-principle calculations, which serve
as powerful predictive tools in luminescent materials [6], are
performed in either a quantum chemical method by utiliz-
ing cluster models or solid-state band-structural calculations
based on supercells. The ab initio model potential (AIMP)
embedded cluster model has been widely used to study prop-
erties such as excitations of F centers, spectroscopy of defects,
luminescence, d-d excitations, and magnetic coupling con-
stants [7–20]. This model has achieved reliable results which
are in excellent agreement with experiments. However, it is
fairly computationally demanding to incorporate the atomic
relaxation of the excited state of luminescent material and
to reconcile the localized multielectron levels of a cluster
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containing the impurity with those single quasiparticle band
states of the host for an accurate description of luminescent
processes. Based on density functional theory (DFT), calcu-
lation of the electronic structure of solids has emerged as
a powerful approach for assessing the properties of defects
with low computational complexity [21–23]. However, the
traditional workhorse of DFT, the local-density approximation
and generalized gradient approximation (GGA), often gives
qualitatively incorrect behavior in cases such as when the elec-
trons are nearly localized [24]. This problem, which is related
to an overestimation of the delocalization in solids [25–27],
can be eliminated or reduced in a fixed geometry calculation
for the electron addition and electron removal energies by
utilizing a many-body GW approximation [28–34]. However,
the unfavorable scaling of the computational cost (in terms
of both the computational time and the storage requirements)
with respect to the system size, together with the complication
of the convergence issue, are major challenges of GW approx-
imation [28–34]. Alternatively, the inadequacies connected to
the DFT treatment of localized states can be partially cor-
rected in some limited cases by the DFT+U approach, where
the parameter U can be determined either in an empirical way
or in a self-consistent way from first-principles calculations
[24,35–48]. The hybrid DFT approach that combines the
elements of Hartree-Fock (HF) theory with DFT not only
produces band structures that are in much better agreement
with experiments compared to conventional DFT but also
provides a much more reliable description of charge localiza-
tion [49–57]. Perdew et al. [58] explains how the band edges
and one-electron spectrum, obtained with meta-GGAs or hy-
brid functionals in the framework of generalized Kohn-Sham
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theory (GKS), are related to measured band gap and energies
for a perfect crystal. Particularly, an excellent description
of the one-electron spectrum related band gap for a perfect
crystal has been given by GKS eigenvalues obtained with
the hybrid Heyd-Scuseria-Ernzerhof 2006 (HSE06) function
in both theory and practice [56–58]. Hence, we carry out
the calculations by utilizing HSE06 with the HF mixing
parameter α = 0.25 and the screening parameter μ = 0.2 as a
compromise of computational efficiency and applicability. In
addition, as a complement to the HSE06 calculation, a con-
strained occupancy approach [35–37] is adopted to calculate
the equilibrium configuration of the excited (Ce3+)* state by
setting the energy-ordered occupation numbers. As the same
basis set and pseudopotential are used in ground-state and
excited-state calculations, the calculated total energies and
equilibrium configurations of the ground and excited states
can be directly compared, and therefore the excitation and
emission energies and the Stokes shift are obtained.

Ce3+ ion-doped M2B5O9Cl (M = Ca, Sr) molecules are
potential candidates for new neutron-imaging plates with pos-
sible applications in various fields such as neutron reflection
and diffraction studies, small angle scattering, and tomogra-
phy [59–63], because their low γ -ray sensitivity to neutron
sensitivity ratio (about 2 × 10–2) is favorable for reducing
the γ -ray influence on the signal in the case when both
neutrons and γ radiation take place. The wide band gap of
the host together with the luminescent properties of Ce-doped
M2B5O9Cl including all the five 5d levels and the Stokes
shifts have been experimentally studied and well determined
[59–63].

Hence, in this paper, we are dedicated to the prediction of
the positions of 4 f and 5d levels relative to the band edges
in Ce-doped M2B5O9Cl by combining the hybrid HSE06
calculation and the constrained occupancy approach as a
compromise between computational cost and accuracy. After
having successfully applied the calculation scheme on such a
specific luminescent material, we will discuss its further pos-
sible improvements and its applications in high-throughput
predictions of luminescent properties of lanthanide-doped
materials.

II. METHODOLOGY AND DETAILS

A. Geometric optimizations and band-structure calculations

The initial atomic positions and symmetry information
of the host crystal were taken from the Inorganic Crys-
tal Structure Database [64]. GGA–Perdew-Burke-Ernzerhof
(PBE) calculations were adopted for atomic relaxation, as
implemented in the Vienna Ab Initio Simulation Package
(VASP) [65–69]. The primitive cell of M2B5O9Cl contains 17
atoms. A 2 × 2 × 2 M2B5O9Cl supercell containing 136
atoms was chosen to model a pair of M cations substituted by a
Ce-Na pair. The B (2s22p1), O (2s22p4), Na (3s1), Cl (3s23p5),
Ca (3p64s2), Sr (4s24p65s2), and Ce (5s25p64 f 15d16s2)
were treated as valence electrons, and their interactions with
the cores were described by the projector augmented wave
method [70]. The structural relaxation was performed by
utilizing the conjugate gradient technique. The equilibrium
structures were obtained by optimizing atomic positions until

the energy change was less than 10−6 eV and the Hellmann-
Feynman forces on atoms were less than 0.01 eV/Å. The
plane-wave cutoff energy was set to 550 eV and only one
k-point � was used for sampling the Brillouin zone.

Band-structure calculations of the host M2B5O9Cl were
carried out in VASP by utilizing fully self-consistent calcu-
lations with three k points centered at the � point following
the Monkhorst-Pack scheme [71], and then 55 k points (in-
cluding G, Z, T, Y, S, X, U, and R) were set to perform a
non-self-consistent calculation to complete the band-structure
calculations. Plane-wave cutoff energies were set at 550 and
400 eV for GGA-PBE and HSE06 calculations, respectively;
the smaller cutoff energy was chosen for HSE06 as a compro-
mise between computational cost and accuracy.

The band gaps of M2B5O9Cl were also calculated with
the modified Becke-Johnson (mBJ) approach by utilizing the
WIEN2K software package with the full-potential linearized
augmented-plane-wave (FP-LAPW) method [72] for compar-
ison with those calculated by utilizing the HSE06 functional
in VASP, by considering that the mBJ approach based on a
remarkably effective potential for exchange, as introduced by
Becke and Johnson [73], has yielded an accurate description
of the energy gap for various systems proposed by Tran and
Blaha [74] and Koller et al. [75].

B. Constrained occupancy approach for excited-state
geometry configuration

In order to obtain the Stokes shift, i.e., the difference
between absorption and emission photon energies, we adopted
a constrained occupancy approach for the equilibrium con-
figuration of the excited state (Ce3+)∗ considering both the
computational cost and accuracy. In practice, a constrained
GGA calculation is performed by evacuating the seven spin-
up predominantly Ce-4 f orbitals and filling the next spin-up
orbital which exhibits Ce-5d character in most cases, referring
to the detailed descriptions by Canning et al. [35] and Jia et al.
[36,37]. With the same basis set and pseudopotential used in
ground-state and excited-state calculations, direct comparison
of the calculated total energies is allowed, and the 4 f → 5d
neutral excitation of the Ce3+ ion can be described through
the total-energy difference within the DFT framework.

C. HSE06 calculated energies of 4 f and 5d levels

Based on the GGA-PBE optimized structure of the
2 × 2 × 2 M2B5O9Cl supercell containing 136 atoms in which
a pair of M2+ cations was substituted by a Ce3+-Na+ pair, hy-
brid HSE06 calculations were adopted to obtain the position
of 4 f and 5d levels of Ce3+ in the band gap by treating the Ce-
Na pair-doped supercell as a “primitive cell” of a hypothetical
crystal. When the primitive cell is neutral, the calculated
valence-band (VB) edge is composed of 4 f orbitals of Ce3+,
while if the primitive cell is monopositive charged, the 4 f
orbitals of Ce3+ are unoccupied and the 5d orbitals of Ce3+
appear as several conduction bands (CBs). Each calculated
band contains a single GKS eigenvalue when only one k-point
� was adopted in the two separate HSE06 calculations on the
hypothetic crystals, so the 4 f band will be referred to as the
highest occupied molecular orbital of the neutral cell, and the
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5d band will be referred to as the lowest unoccupied molec-
ular orbital of the monopositive charged cell analogous to the
cases in molecules. It is noted that the atomic coordinates of
the neutral cell were used for the monopositive charged cell so
as to simulate the optical excitation process by following the
Frank-Condon principle. The reduced cutoff energy was set to
400 eV and only one k-point � was adopted as a compromise
between computational cost and accuracy.

We note that in our simulations the ratio of numbers
of Ce to the site of Ca/Sr is actually about 6%, which is
six times larger than that of the M2(1–x–y)Ce(2)xNa2yB5O9Cl
(x = y = 0.01) samples in experiments. Fortunately, it has
been well known in experiments that no significant influence
of the Ce3+ concentration was found on the emission and
excitation energy spectra [59–62], apart from energy transfer
and concentration quenching, which are irrelevant to our
study of the energy structure of isolated dopants. Furthermore,
systematic investigations on the 4 f N → 4 f N−15d transitions
of lanthanide ions in crystals [76,77] indicate that the energy
levels of doped Ce3+ and other lanthanide ions can be simply
modeled empirically as isolated ions with ligand effects, i.e.,
crystal-field interactions from the host. With regard to the
slight difference in ligand effects between the two cases of the
Ce3+ centers with and without local charge compensator Na+,
the experimental results show that the excitation and emission
spectra are dominated by only a single set of Ce3+ centers, so
we only model the set of dominant centers with the 2 × 2 × 2
supercell containing 136 atoms in which a pair of the nearest
M cations is substituted by a Ce-Na pair.

D. Alternative approaches to calculate the
4 f -valence-band-maximum energy difference

The vertical 4 f charge transition level μ(+1/0), which is
defined as the Fermi level at which the formation energies
of the neutral and the monopositive charged M2B5O9Cl: Ce,
Na supercells are equal [6], is an alternative approach to
calculate the 4 f -valence-band-maximum (VBM) energy dif-
ference. The monopositive charged supercell is created when
an electron of the neutral supercell is removed. The VBM-
referred μ(+1/0) is calculated by utilizing the expression [6]

μ(+1/0) = Etot (0) − [Etot (+1) + Ecorr + εVBM], (1)

where Etot (0) and Etot (+1), respectively, stand for the total
energy of the neutral and the monopositive charged supercell,
and the atomic coordinate of the monopositive charged
supercell was constrained to be the same as that of the neutral
supercell. εVBM is the KS eigenvalue of the VBM of the
monopositive charged supercell which has been aligned with
that of the perfect M2B5O9Cl crystal by the macroscopic
averaging approach [6,78–80]. Charged supercells were
calculated by assuming a jellium charge of opposite sign
and the total energy was corrected by Ecorr to account for
electrostatic interactions between supercells, i.e., [81,82]

Ecorr = (1 + f )
q2αM

2εL
. (2)

Here the meanings and values adopted in our calculations
are the following: 1 + f ≈ 2/3, the net charge q = +1 for

the monopositive charged supercell in which an electron is
removed, the dielectric constant ε ≈ 14 [83], the linear super-
cell dimension L = �1/3 ≈ 12 Å (supercell volume �), and
the Madelung-like constant αM = 2.837 for a cubic supercell
[84]. Hence, Ecorr is estimated to be about 0.08 eV for the
monopositive charged supercell.

The DFT+U method of applying an orbital dependent
potential that adds an extra Coulomb interaction U for the
semicore states has been widely used to better treat the 4 f
levels of Ce and Eu [35–40]. The net effect of the added on-
site Coulomb interaction is to shift the fully occupied narrow
f bands downward by about U/2 in energy [41–43]. Although
U can be determined in a self-consistent and basis-set inde-
pendent way [46,47], the calculations can be cumbersome and
the results are not necessarily better than those with an em-
pirical U value. Systematic calculations on both scintillating
and nonscintillating Ce-doped compounds by Canning et al.
[35] indicate that an effective Ueff = 2.5 eV is an appropriate
approximation for the GGA(PBE)+U calculation of the 4 f -
VBM energy gap to match the experimental data. Hence, in
our paper we adopt Ueff/2 = 1.25 eV to obtain an alternative
estimation of 4 f -VBM energies and compare them with those
of the HSE06 results.

E. Quantum chemical calculations by utilizing cluster models

Quantum chemical calculations for the 4 f → 5d transi-
tion energies by utilizing a wave-function-based embedded
cluster approach [7–20] were also carried out to compare
with the results obtained from the HSE06 calculation scheme
outlined in Sec. II C. The Ce-centered embedded clusters
(CeM1O6Cl2B3)2− and (CeM2O6Cl2B3)2− for two Ce sites
were constructed on which the wave-function-based ab initio
calculations were performed. The embedded cluster which
comprises the central Ce3+ ion and its surrounding ions
(including a compensating ion Na+) within a sphere of radius
10.0 Å was modeled using the AIMP embedding potentials
to account for the short-range electrostatic, exchange, and
Pauli interactions of the clusters with their environments. The
atomic coordinates of the ions within a sphere of radius 5.0 Å
surrounding the centered Ce were simulated by utilizing the
DFT-optimized structures in which a pair of M2+ (M = Ca,
Sr) cations was substituted by a Ce3+-Na+ pair. The ions
beyond the embedded cluster and within the sphere of radius
30.0 Å were simulated by point charges located at M2B5O9Cl
lattice sites, which were generated by utilizing Gelle and
Lepetit’s method [85].

For these embedded clusters, state-average complete active
space self-consistent field (SA-CASSCF) calculations [86]
were performed with the scalar relativistic many-electron
Hamiltonian, which takes into account the bonding, static,
and dynamic correlation effects. These wave-function-based
calculations were performed by utilizing the program MOLCAS

[87]. In the SA-CASSCF calculations, a [4 f , 5d, 6s] complete
active space was adopted. The CASSCF wave functions come
from interactions of all configurations in which the single
unpaired electron occupies one of the 13 molecular orbitals of
main characters Ce3+ 4 f , 5d , and 6s. The molecular orbitals
are optimized by minimizing the average energy of the 13
states [18]. In these calculations, a relativistic effective core
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TABLE I. Experimental and DFT-optimized lattice parameters of pure M2B5O9Cl (M = Ca, Sr).

Formula Space group Method a (Å) b (Å) c (Å) α, β, γ (deg)

Ca2B5O9Cl Pnn2 Measureda 11.26 11.13 6.30 90, 90,90
Calculated 11.42 11.26 6.35 90, 90,90

Sr2B5O9Cl Pnn2 Measuredb 11.32 11.38 6.49 90, 90,90
Calculated 11.59 11.52 6.55 90, 90,90

aMeasured lattice parameters from Ref. [59].
bMeasured lattice parameters from Ref. [60].

potential ([Kr] core) with a (14s10p10d8 f 3g)/[6s5p6d4 f 1g]
Gaussian valence basis set [88] was used for Ce, a [He] core
effective core potential with a (5s6p1d )/[2s4p1d] valence
basis set [89] was employed for O, a [Ne] core effective
potential with a (7s7p1d )/(2s4p1d ) valence basis set [89]
was adopted for Cl, and a [He] core effective potential with
a (5s5p1d )/(2s3p1d ) valence basis set [89] was adopted
for B.

III. RESULTS AND DISCUSSIONS

A. Geometric optimizations and band-structure calculations

M2B5O9Cl (M = Ca, Sr) belongs to the orthorhombic
system with the Pnn2 space group [90]. The crystal structure
consists of a three-dimensional (B5O9)∞ network in which
B5O12 groups of three BO4 tetrahedra and two BO3 triangles
are linked together. M ions occupy two slightly different
crystallographic sites of 4c Wyckoff positions in M2B5O9Cl,
and are surrounded by six nearest oxygen ions and two
chlorine ions with another oxygen ion located at about 3.4 Å
away. For the case of Ca2B5O9Cl, the Ca at (0.2523, 0.0475,
0) is referred to as the Ca(1) site, and the Ca at (0.0255,
0.2403, 0.6624) is referred to as the Ca(2) site [91]. The same
convention is used for Sr(1) and Sr(2), though the coordinates
differ slightly. As shown in Table I, the DFT-optimized lattice
parameters of pure M2B5O9Cl (M = Ca, Sr) are slightly
larger than the experimental ones [59,60] by 0.8–1.9%. The
discrepancies can be traced to the inherent shortcomings of
the PBE functional. Figures 1(a) and 1(b) show the relaxed
structures of the unit cell of M2B5O9Cl (M = Ca, Sr), which
contains four primitive cells. As Fig. 1(c) shows, the two quite
different Ca-Cl bond lengths are 2.805 and 3.187 Å at the
Ca(1) site, while the two close Ca-Cl bond lengths are 2.901
and 2.989 Å at the Ca(2) site. The two Sr sites are shown
in Fig. 1(d), where the two Sr-Cl bond lengths of 2.952 and
3.121 Å are quite different at the Sr(1) site, while both of them
are 3.033 Å at the Sr(2) site.

The band structures of Ca2B5O9Cl and Sr2B5O9Cl calcu-
lated with the HSE06 functional are plotted in Fig. 2. The
calculated band gaps are 6.96 and 6.87 eV by utilizing the
HSE06 functional, which are larger than those of 5.28 and
5.23 eV by utilizing the PBE functional. For comparison, the
calculated host band gaps based on FP-LAPW method are
7.48 and 8.06 eV by utilizing the mBJ exchange potential.
In experiments, the fundamental absorption edge energy of
Ca2B5O9Cl is about 7.1 eV and the excitation spectrum of
the Ce3+ emission shows a band with a maximum at 7.7 eV
[61], so the actual gap between the VBM and conduction-band

minimum (CBM) of Ca2B5O9Cl should be slightly larger
than 7.1 eV but no more than 7.7 eV. The actual gap of
Sr2B5O9Cl is close to that of Ca2B5O9Cl [92]. The above
results show that the host band gaps seem to be slightly
undervalued in the HSE06 calculations, while they are in
much better agreement with experimental data than those
derived from PBE calculations. This is in accord with previous
findings that hybrid DFT yields realistic GKS gaps for typical
semiconductors but tends to underestimate the band gap for
wide-band-gap materials [6]. The band gaps obtained with
the above methods are all calculated to be direct at �. From
an analysis of the orbital-projected densities of states (DOSs)
of M2B5O9Cl, the dominant components of the VB are O-p
characteristic, while the bottom of the CB is composed mostly
of orbitals of M cations, with the orbitals of B at higher
energies. Our calculated electronic structures of M2B5O9Cl
are in qualitative agreement with previous PBE calculated
results [93].

There are two M sites in M2B5O9Cl. We refer to the Ce(1)-
Na(2) site as the case of one M(1) ion being replaced by a
Ce ion together with its nearest M(2) ion being replaced by
a Na for charge balance, and Ce(2)-Na(1) as the case of the
other way around. The structures of Ce-Na-doped supercells
are optimized with GGA-PBE calculations. Calculations with
both the single k-point � set and the 2 × 2 × 2 k-point set
have been performed on the Ce(1)-Na(2) site in Ca2B5O9Cl.
The results show that the lattice parameters differ by no more
than 0.04% and the Ce-O bond lengths differ by no more than
0.004 Å. Furthermore, the KS eigenvalues from the two calcu-
lations performed on the same supercell show that the shifts of
the VBM and CBM are both less than 0.04 eV, and the broad-
enings of the Ce-4 f band and the lowest Ce-5d band when Ce-
4 f is unoccupied are about 0.001 and 0.014 eV, respectively.
Hence, the results presented hereafter are all obtained for the
case of a single k-point � set. The optimized local structures
of the two Ce-Na sites in Ca2B5O9Cl are schematically plotted
in Figs. 1(e) and 1(f), and the bond lengths of Ce-O, Ce-Cl,
and Ce-Na in Ca2B5O9Cl and Sr2B5O9Cl are listed in Table II.
The GGA-PBE calculated total energy of the Ca2B5O9Cl
supercell containing a Ce(2)-Na(1) pair is 0.23 eV higher
than that containing a Ce(1)-Na(2) pair, while the total energy
of the Sr2B5O9Cl supercell containing a Ce(2)-Na(1) pair is
0.1 eV lower than that containing a Ce(1)-Na(2) pair. From
our DFT calculated total energy of the doped supercell, it
is revealed that in Ca2B5O9Cl the Ce-Na pairs prefer to
occupy the Ce(1)-Na(2) site over the Ce(2)-Na(1) site, and in
Sr2B5O9Cl the Ce-Na pairs have slightly more tendency to oc-
cupy the Ce(2)-Na(1) site. The relative stability of these sites
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FIG. 1. (a, b) The unit-cell structures of Ca2B5O9Cl (a) and Sr2B5O9Cl (b) after DFT calculations of atomic relaxation. (c, d) The local
structures of the two Ca sites in Ca2B5O9Cl (c) and the two Sr sites in Sr2B5O9Cl (d). (e, f) The local structures of the Ce(1)-Na(2) site (e) and
the Ce(2)-Na(1) site (f) in Ca2B5O9Cl. It is noted that the unit cell in panels (a) and (b) contains four primitive cells.

can be qualitatively understood by the valences for Ce and
Na derived from their corresponding coordination structures
using the bond-valence sum (BVS) method [94], which refers
to their corresponding formal valences (+3 for Ce and +1 for
Na). The BVS values for Ce and Na are listed in the bottom
two rows of Table II. In the Ce-Na pair-doped Ca2B5O9Cl,
the BVS value of Ce at the Ce(1)-Na(2) site (+2.987) is much

closer to the formal value +3 than that at the Ce(2)-Na(1)
site (+2.857), while the BVS values of Na at the two sites
(+0.913 and +1.092) both have a deviation of about 0.09 from
the formal value +1; in Ce-Na pair-doped Sr2B5O9Cl, though,
the Ce at the two sites have similar BVS values (+2.762 and
+2.763), while the BVS value of Na at the Ce(2)-Na(1) site
(+0.993) is much closer to the formal value +1 than that at
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FIG. 2. The band structures of Ca2B5O9Cl (a) and Sr2B5O9Cl (b) by utilizing the HSE06 functional.

the Ce(1)-Na(2) site (+0.831). In short, the BVS values show
greater stability for the Ce-Na pair at the Ce(1)-Na(2) site in
Ca2B5O9Cl, while they show greater stability for the Ce-Na
pair at the Ce(2)-Na(1) site in Sr2B5O9Cl; this is consistent
with the results derived from our DFT calculated total energies

of the-doped supercells. As the dominant contribution to the
BVS of a cation comes from its coordination anions, the
average bond length of Ce-Om (m = 1–6), which is denoted
as A6 in Table II, can be a rough indication of the favorability
of one Ce site over the other. The ground-state A6 at the

TABLE II. The Ce-O, Ce-Cl, and Ce-Na bond lengths (in Å) of optimized geometric configurations. The valence for Ce and Na derived
from their corresponding coordination structures using the bond-valence sum (BVS) method [94].

Host Ca2B5O9Cl Sr2B5O9Cl

site Ce(1)-Na(2) Ce(2)-Na(1) Ce(1)-Na(2) Ce(2)-Na(1)

state Ga Ea G E G E G E

Ce-O1
b 2.449 2.400 2.448 2.425 2.488 2.444 2.450 2.464

Ce-O2 2.462 2.440 2.454 2.459 2.501 2.468 2.528 2.472
Ce-O3 2.470 2.454 2.560 2.519 2.525 2.509 2.543 2.508
Ce-O4 2.525 2.500 2.567 2.558 2.572 2.568 2.629 2.645
Ce-O5 2.595 2.607 2.571 2.577 2.650 2.668 2.653 2.668
Ce-O6 2.672 2.672 2.894 2.863 2.810 2.774 2.664 2.676
A6

c 2.529 2.512 2.582 2.567 2.591 2.572 2.578 2.572

�Od 0.65% –0.59% –0.74% –0.22%
Ce-O7

b 3.350 3.425 2.955 3.015 3.060 3.268 3.088 3.084
(Ce-O7)/A6 132% 136% 114% 117% 118% 127% 120% 120%

Ce-Cl1
b 2.897 2.861 2.842 2.834 2.886 2.874 2.859 2.882

Ce-Cl2 2.979 2.956 3.037 2.966 2.929 2.887 2.981 2.905
�Cld –1.00% –1.34% –0.93% –0.91%

Ce-Nae 4.146 4.135 4.128 4.130 4.211 4.200 4.193 4.165

VCe
f +2.987 +2.857 +2.762 +2.763

VNa
g +0.913 +1.092 +0.831 +0.993

aG and E, respectively, stand for the equilibrium geometric configuration of the ground state and of the excited state.
bCe-Om (m = 1–7) and Ce-Cln (n = 1, 2), respectively, stand for the calculated bond length of Ce-Om and of Ce-Cln.
cAveraged bond length of Ce-Om (m = 1–6).
d�O and �Cl, respectively, stand for the change of the averaged bond length of Ce-Om (m = 1–6) and of Ce-Cln (n = 1, 2) at the excited
(Ce3+)∗ state relative to that at the ground Ce3+ state.
eThe calculated bond length of Ce-Na in equilibrium geometric configuration.
fValence of Ce by BVS method.
gValence of Na by BVS method.
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Ce(1)-Na(2) site (2.529 Å) is shorter than that at the Ce(2)-
Na(1) site (2.582 Å) in Ca2B5O9Cl, while it is slightly longer
at the Ce(1)-Na(2) site (2.591 Å) than at the Ce(2)-Na(1)
site (2.578 Å) in Sr2B5O9Cl. To sum up, the DFT-optimized
local structure of Ce supports the validity of the total-energy
calculated site occupation preference of the Ce(1) site [with
Na compensates at the nearest Na(2) site] in Ca2B5O9Cl and
the preference of the Ce(2) site [with Na compensates at the
nearest Na(1) site] in Sr2B5O9Cl.

We have also carried out calculations on monopositive
charged supercells, which will be needed later on in dis-
cussing the thermal quenching luminescence properties. The
relaxation energy of the monopositive charged supercell when
the atomic coordinates change from the equilibrium of the
neutral supercell to those of the monopositive charged super-
cell in Ca2B5O9Cl is obtained to be 0.32 and 0.48 eV for the
Ce(1)-Na(2) site and Ce(2)-Na(1) site, respectively. For the
two sites in Sr2B5O9Cl, the corresponding relaxation energies
are 0.31 and 0.29 eV.

B. Constrained occupancy approach for excited-state
geometry configuration

The constrained occupancy approach was selected to de-
termine the equilibrium configuration of the excited state
(Ce3+)∗ by evacuating the seven spin-up predominantly
Ce-4 f orbitals and filling the next spin-up predominantly
Ce-5d orbital. As listed in Table II, the averaged bond
length of Ce-Om (m = 1–6) and Ce-Cln (n = 1, 2) at the
excited (Ce3+)∗ state decreased slightly relative to those at the
ground-state Ce3+. According to the Frank-Condon principle,
the measured absorption and emission peaks of Ce3+ can be
described as vertical transitions. With the atomic coordinates
of both the ground state and the excited state obtained, the
absorption or emission energy can be calculated as the total-
energy difference between the two states. Although DFT, as
a ground-state theory, is unable to produce accurate optical
absorption and emission energies, the constrained GGA-PBE
approach calculated transition energies between the lowest
excited state and the ground state is still useful as a guidance
in phosphor research. As listed in Table III, the absorption
energies are within 0.5 eV lower than the experimental data
of Ce-doped Ca2B5O9Cl and Sr2B5O9Cl samples in which the
shortest peaking wavelengths are 314 nm (3.95 eV) and 308
nm (4.03 eV), respectively [61]. As the 4 f orbit is closer to

TABLE III. PBE density functional calculated absorption, emis-
sion, and Stokes shift (in eV). The experimental data are listed for
comparison.

Abs. �S

M Site Calc.a Expt.b Em. calc.a Calc.a Expt.b

Ca Ce(1)-Na(2) 3.47 3.95 3.25 0.22 0.22
Ce(2)-Na(1) 3.39 3.28 0.11

Sr Ce(1)-Na(2) 3.66 4.03 3.47 0.19 0.21
Ce(2)-Na(1) 3.70 3.55 0.16

aPBE density functional calculated data.
bExperimental data in Ref. [61].

the nuclei than the 5d orbit, when the 4 f orbit is empty, the
effective nuclei charge increases, leading to a downward shift
of the energy of the 5d level [35].

The relaxation energy for the lowest 5d excited state when
the atomic coordinates change from the equilibrium of the
ground state to that of the 5d state in Ca2B5O9Cl is obtained
to be 0.10 and 0.05 eV for the Ce(1)-Na(2) site and Ce(2)-
Na(1) site, respectively. For the two sites in Sr2B5O9Cl, the
corresponding relaxation energies are 0.09 and 0.08 eV. As
listed in Table III, the Stokes shift, calculated as the difference
between absorption and emission photon energies, is obtained
to be 0.22 and 0.11 eV for the Ce(1)-Na(2) site and Ce(2)-
Na(1) site in Ca2B5O9Cl, and the corresponding values are
0.19 and 0.16 eV in Sr2B5O9Cl. It is noted that Ce prefers
to occupy the Ce(1)-Na(2) site in Ca2B5O9Cl, while Ce can
occupy both of the two sites in Sr2B5O9Cl with slightly
different absorption and emission energies, as indicated by
the site occupation preference calculations in Sec. III A. As a
result, the calculated small Stokes shifts, which can be traced
to the small variation of the local structure of Ce at the excited
(Ce3+)∗ state in comparison with that at the ground Ce3+
state as indicated by the bond lengths listed in Table II, are
in good agreement with the measured Stokes shifts of 0.22 eV
in Ca2B5O9Cl and 0.21 eV in Sr2B5O9Cl as listed in Table III.

C. HSE06 calculated energies of 4 f and 5d
levels relative to band edges

Based on the GGA-PBE optimized structure of the 2 ×
2 × 2 M2B5O9Cl supercell containing 136 atoms in which
a pair of M2+ cations is substituted by a Ce3+-Na+ pair,
two separate HSE06 calculations on a neutral and on a
monopositive charged supercell were adopted to obtain the
position of 4 f and 5d levels of Ce3+ in the band gap.
Figure 3 plots the total and orbital-projected DOSs by utilizing
only one k-point � to sample the Brillouin zone. Figure 3
clearly indicates that the calculated valence-band edge is
composed of 4 f orbitals of Ce3+ when the cell is neutral, but
when the cell is monopositive charged the calculated several
lower conduction bands are of Ce-5d character exhibiting
crystal-field splitting. It is noteworthy that the atomic co-
ordinate of the monopositive charged cell that we adopted
was constrained to be the same as that of the neutral cell
to simulate the vertical 4 f → 5d transitions. After the two
separate HSE06 calculations, the 4 f band was compared with
the predominantly VBM orbital of the host to obtain the
4 f -VBM energy difference, which is defined as the energy
released by a hole at the VBM through vertical transition
(without geometric relaxation) to the Ce3+ impurity in the
ground state; the lowest 5d band was compared with the
predominantly CBM orbital of the host to obtain the CBM-5d
energy difference, which is defined as the energy required by
the electron of the Ce3+ impurity at a lowest excited state of
5d character through vertical ionization to the CBM. After
the 4 f -VBM and CBM-5d energy differences are obtained,
the 4 f → 5d energies can be obtained by subtracting the
4 f -VBM and CBM-5d energies from the corresponding host
band gaps (6.96 and 6.87 eV for Ca2B5O9Cl and Sr2B5O9Cl,
respectively, as shown in Fig. 2). As shown in Table IV and
Fig. 4, the calculated 4 f → 5d excitation energies can be
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FIG. 3. Total and orbital-projected DOSs for the Ce-Na pair-doped 2 × 2 × 2 Ca2B5O9Cl (a) and Sr2B5O9Cl (b) supercell. The calculations
are carried out by using DFT with the HSE06 hybrid functional and only one k-point � to sample the Brillouin zone. The VBM is set at zero
energy.

compared with the experimental data [61,62] from the exci-
tation spectra of M2(1–x–y)Ce(2)xNa2yB5O9Cl (x = y = 0.01).
It is noted that the calculated 4 f → 5d excitation energies
are undervalued. This can mainly be attributed to the slight
underestimation of the host band gaps. Another correction
to the 4 f -5d energy difference, which is estimated to be
a blueshift of about 2ζ4 f = 0.15 eV, is the impact of spin-
orbit interaction by adopting ζ4 f ≈ 615 cm-1 [76]. Hence, the
calculated lowest 5d level was aligned with the measured
one, as shown in Fig. 4, for a more intuitive comparison
with the experimental measured 5d crystal-field levels by

considering that the lowest 5d level is generally much better
defined than the high-lying ones both in calculations and in
experimental measurements. It is indicated that the calculated
5d splitting of Ce at the Ce(1) site [with Na compensates at
the nearest Na(2) site] in Ca2B5O9Cl has more consistency
with the measured data than the results of Ce at the Ce(2) site
[with Na compensates at the nearest Na(1) site], supporting
the validity of the total-energy calculation, which indicates
occupation preference of Ce at the Ce(1) site in Ca2B5O9Cl.
Referring to the excitation spectrum of Sr2(1-x)CexNaxB5O9Cl
(x = 0.01) [61,62], which resolves altogether six peaks being

TABLE IV. 4 f -VBM, CBM-5d , and 4 f → 5d energies (in eV) of M2B5O9Cl: Ce, Na (M = Ca, Sr).

4 f → 5di, i = 1–5a

M Site Method 4 f -VBM 1 2 3 4 5 CBM-5d1

Ca Ce(1)-Na(2) HSE06 1.38 3.65 3.93 4.80 5.43 5.80 1.93
Ce(2)-Na(1) 1.22 3.78 4.16 4.67 5.33 5.96 1.96

Ce Expt.b 3.95 4.29 5.23 5.77 6.20
Ce(1)-Na(2) AIMP 3.88 4.28 5.68 5.74 6.02
Ce(2)-Na(1) 4.05 4.41 5.08 5.95 6.19

Sr Ce(1)-Na(2) HSE06 1.18 3.84 4.13 4.94 5.41 5.74 1.85
Ce(2)-Na(1) 1.22 3.85 4.57 4.75 5.19 5.86 1.80

Ce Expt.b 4.03 4.44 5.30 5.66 6.14
4.59

Ce(1)-Na(2) AIMP 4.00 4.33 5.47 5.77 6.03
Ce(2)-Na(1) 4.06 4.58 5.06 5.66 6.05

a4 f → 5d1 is obtained as Eg(host)–(4 f -VBM)–(CBM-5d1), and 4 f → 5di (i = 2–5) are obtained by identifying approximately the
differences in GKS energy among 5di as 5d crystal-field splitting. Calculated Eg(Ca2B5O9Cl) = 6.96 eV and Eg(Sr2B5O9Cl) = 6.87 eV are
used.
bExperimental data from the excitation spectra of M2B5O9Cl: Ce, Na (M = Ca, Sr) by monitoring the 5d → 4 f emission of Ce3+ in
Refs. [61,62].
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FIG. 4. Comparison of calculated Ce3+ levels with experimental
data. In Ca2B5O9Cl (a) and Sr2B5O9Cl (b), HDFT Ce(1) and Ce(2)
are the HSE06 energy levels of the two Ce sites with respect to
host band edges. The experimental data of 5d levels relative to 4 f
(marked as Expt.) are plotted in column 3, and the error bar shows the
full width at half maximum of the experimental data. After aligning
the HSE06 calculated lowest 5d level with the measured one, the
HSE06 calculated 5d levels for the Ce (1) site and Ce (2) site are
plotted in column 4 and column 5 and denoted as HDFT Ce (1)’ and
HDFT Ce (2)’. The AIMP calculated 5d levels are plotted as AIMP
Ce (1) and AIMP Ce (2) for the two sites.

identified as 4 f → 5d transitions, as schematically shown in
Fig. 4, the HSE06 calculated 5d splitting of Ce in Sr2B5O9Cl
supports the existence of both of the two Ce-Na sites. Further-
more, the calculated 5d1–5d4 levels in both Ca2B5O9Cl and
Sr2B5O9Cl are unambiguously below the host CBM, while
the fifth 5d mixes with the host CBM and tends to spread out
slightly, which agrees well with the corresponding excitation
spectra where all of the five Ce3+ 4 f → 5d bands are clearly
observed and the lower four excitation peaks are particularly
strong [61,62].

TABLE V. PBE density functional calculated 4 f -VBM with
VBM-referred μ(+1/0) and with DFT+U treatment (Ueff = 2.5 eV).

M Site μ(+1/0) PBE+U

Ca Ce(1)-Na(2) 0.87 1.63
Ce(2)-Na(1) 0.92 1.34

Sr Ce(1)-Na(2) 0.62 1.04
Ce(2)-Na(1) 0.64 1.05

Here we consider the thermal quenching of the photolu-
minescence of Ce3+ in M2B5O9Cl due to the following two
processes considered in Ref. [95], with one described by the
5d-4 f crossing model and the other by the Dorenbos autoion-
ization model. In the 5d-4 f crossing model, the luminescent
center relaxes thermally from the excited state to the ground
state via the crossover point of the energy curves of the 5d
excited state and the 4 f ground state. The energy barrier EA

for the crossover point can be calculated by extrapolating the
configuration diagram energy curves from the energies and
equilibrium positions of 4 f and 5d states under harmonic
approximation. EA is roughly calculated to be even higher
than 8 eV for all the four sites of Ce3+ in M2B5O9Cl, showing
that the contribution of such a process to thermal quenching is
negligible. The Dorenbos autoionization model describes the
thermal quenching by thermal ionization of the luminescent
center in the excited state to the conduction band [96]. The
energy difference EI between the 5d excited state and ionized
state at their corresponding equilibrium atomic configurations
differs from the CBM-5d1 energy gap obtained from the
HSE06 calculation at the ground-state equilibrium atomic
configuration, since there are relaxation energies between
different atomic configurations for the initial and final states.
With the HSE06 calculated CBM-5d1 gap (as listed in the
rightmost column of Table IV) and the relaxation energies
for the ionized state (Sec. III A) and for the 5d excited state
(Sec. III B), we estimate the autoionization energy EI to be
1.71 and 1.53 eV for the Ce(1)-Na(2) site and Ce(2)-Na(1) site
in Ca2B5O9Cl, respectively. For the two sites in Sr2B5O9Cl,
the corresponding EI values are 1.63 and 1.59 eV. These high
EI values show that the quenching due to autoionization is
not severe either, hinting that very high thermal quenching
temperatures are expectable for the two phosphors.

D. Miscellaneous discussions

As shown in Table IV and Fig. 4, the Ce3+ 4 f -VBM
gaps in Ca2B5O9Cl obtained by HSE06 calculation are 1.38
and 1.22 eV for the Ce(1)-Na(2) site and Ce(2)-Na(1) site,
respectively. The corresponding values are 1.18 and 1.22 eV
in Sr2B5O9Cl. As an alternative approach to obtain the
4 f -VBM energy difference, the vertical 4 f charge transi-
tion level μ(+1/0) is calculated using Eq. (1). As listed in
Table V, the VBM-referred μ(+1/0) in Ca2B5O9Cl are 0.87
and 0.92 eV for the Ce(1)-Na(2) site and Ce(2)-Na(1) site,
respectively. The corresponding values are 0.62 and 0.64 eV
in Sr2B5O9Cl. The DFT+U treatment (Ueff = 2.5 eV) to the
4 f -VBM KS energy difference was applied to overcome
the underestimation of the localization of the 4 f state, and
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the obtained 4 f -VBMs in Ca2B5O9Cl are 1.63 and 1.34 eV
for the Ce(1)-Na(2) site and Ce(2)-Na(1) site, respectively.
The corresponding values are 1.04 and 1.05 eV in Sr2B5O9Cl.
The 4 f -VBM gaps obtained with DFT+U treatment are
similar to those obtained with hybrid HSE06 calculations,
while the VBM-referred charge transition levels μ(+1/0) are
smaller and are almost the same for Ce at the two sites in a
certain host. As the standard DFT calculations with the GGA-
PBE functional substantially undervalued the band gaps, the
εVBM is usually overvalued, and this inevitably leads to an
underestimation of VBM-referred μ(+1/0) as expressed in
Eq. (1). The position of the 4 f level of Ce in the host band gap
is likely to vary with the local structure of Ce. From the Ce-O
bond lengths in the ground-state geometric configurations as
listed in Table II, the bond length ratio of the seventh Ce-O to
the average of the six shortest Ce-Om (m = 1–6) is calculated
to be 132 and 114% for the Ce(1)-Na(2) site and Ce(2)-Na(1)
site in Ca2B5O9Cl, while the corresponding ratios are 118 and
120% in Sr2B5O9Cl. So, the obvious difference between the
4 f -VBM energies for the two sites in Ca2B5O9Cl, which is
obtained with hybrid HSE06 calculations or with DFT+U
treatment, may largely be attributed to the quite different
oxygen coordinations of Ce at the two sites.

The 4 f → 5d transition energies calculated by utilizing
the embedded cluster approach are listed in Table IV and
plotted in Fig. 3. It is revealed that the obtained 5d crystal-
field splitting shows some correlation with experimental mea-
surements, and it is noted that the centroid energy of 5d
calculated by utilizing the cluster model is in better agreement
with experiment than that obtained with the HSE06 calcula-
tion. As mentioned in Sec. III A, the calculated band gap of
Ca2B5O9Cl by utilizing the mBJ approach is about 0.5 eV
larger than that by utilizing the HSE06 functional. Although
in this paper we choose hybrid HSE06 with fixed hybrid
parameters (α = 0.25, μ = 0.2) in the calculation scheme
by considering the computational efficiency and the general
applicability for various materials, actually, material depen-
dent parameters α and µ could be adjusted to produce more
accurate results to agree reasonably well with experiments.
It has been found that there is an almost linear correlation
between the optimized α parameter (by setting μ = 0) and
the inverse of the static dielectric constant 1/ε∞ [97–99].
Moreover, Deák et al. [100] presented a method to determine
optimal α and µ that not only produces the correct optical
band gap but also ensures that the defect levels in the gap
satisfy the generalized Koopmans theorem [101]. It is fore-
seeable that the predicted 4 f -5d energy gap will be much
closer to measured values by utilizing more appropriate hybrid
parameters.

IV. CONCLUSION

A systematic first-principles study on not only the ground
and the excited states of Ce3+ but also their relative positions
with respect to the host band edges in Ce-doped M2B5O9Cl
(M = Ca, Sr) with Na as charge compensator has been carried
out by combining the constrained occupancy approach and
the hybrid HSE06 calculation in the framework of a gener-
alized Kohn-Sham formalism. First, ground-state total-energy
calculations indicate that Ce prefers occupying the Ce(1) site
to the Ce(2) site by 0.23 eV in Ca2B5O9Cl, and Ce prefers
occupying the Ce(2) site to the Ce(1) site by 0.1 eV in
Sr2B5O9Cl. Second, the obtained absorption and emission
energies, the Stokes shifts, and the 5d crystal-field splitting
not only agree reasonably well with experiments but also
support our calculated site occupation preference of Ce. Third,
4 f and the four lower 5d bands unambiguously reside in the
host band gap, and this agrees well with the corresponding
experimental spectra where five Ce3+ 4 f → 5d bands are
clearly observed and the lower four excitation peaks are
particularly strong.

The results obtained demonstrate that by combining the
constrained occupation approach and hybrid density func-
tional calculations the absorption and emission energies of
4 f -5d transitions and Stokes shifts can be obtained, and the
relative positions of the 4 f ground and 5d excited states (in
terms of ionization) with respect to the host band edges and
the crystal-field splitting of 5d can be well predicted. As the
structural optimizations are carried out at conventional density
functional levels and only two electronic structure calcula-
tions on static atomic configurations are required within the
hybrid DFT framework, the moderate calculation costs in such
calculations are suitable for high-throughput predictions of
luminescent properties of lanthanide-doped materials.
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