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Heavy 6p and Sp ions in groups IIIB, IVB, and VB (TI, Pb, Be, In, Sn, Sb) are multivalent ions, which
act as electron and hole traps and radiative recombination centers in many wide band gap materials. In
this paper, TI" as a prototypical ns? ion (ns” ions here refer to 6p and 5p ions with outer electronic

configuration of ns?) is studied as luminescent centers in alkali halides. Density functional calculations

reveal the chemical trend that determines the luminescence mechanism in ns’-ion activated alkali
halides. The activator-halogen hybridization strength and the ionicity of the host material strongly affect
the positions of the activator levels relative to the valence and conduction band edges. This determines
whether the radiative recombination occurs within the activator ion or involves the hole polaron, or the
V\ center. Strategies for exploring different combinations of host materials and activators for desired
luminescence mechanisms are discussed. The insight obtained in this work will help the search and the

design of more efficient scintillators and phosphors.

I. Introduction

Many inorganic and organic semiconducting and insulating
materials can emit photons under external excitation (e.g.,
electromagnetic ~ waves, chemical reactions, heat, etc.).
Luminescence of materials when excited by photons or ionizing
radiation is the foundation for numerous technologies, such as
energy efficient lighting (fluorescent lamps and white LEDs), laser,
medical imaging, and nuclear materials detection. %>

Efficient Iuminescence in inorganic semiconductors and
insulators usually relies on the localization of excited electrons and
holes at certain impurities, which act as luminescence centers. Such
impurity is the so-called activator, which can trap electrons and
holes for efficient radiative recombination and is the essential
component of a phosphor or scintillator material. The commonly
used activators are typically multivalent ions, which can insert
multiple electronic states inside the band gap of the host material. * °
These gap states trap electrons and holes, leading to radiative
recombination. Good examples of the multivalent ions that can act as
luminescent centers are rare-earth (e.g., Ce®", Eu®") ¢ 7 8 9 1011 apq
transition metal ions (e.g., Cr’*, Mn*"),!% 13 14. 13, 16. 17

Besides rare-earth and transition-metal ions, a number of heavy
6p (T1, Pb, Bi) and Sp (In, Sn, Sb) ions are also important
multivalent ions, which act as luminescent centers in many
materials. These ions in their ground states all have the outer
electronic configuration of ns® and are therefore called ns® ion. The
hybridization between the ns and np states of these ions and the host
states can create ns- and np-derived electronic states inside the band
gap of the host material. These gap states give rise to many sub-
band-gap optical transitions, which can be between the ns and the np
levels, '* ' 2° between np levels (due to the spin-orbit splitting of the
np levels), 2!+ 2 22425 26.27 o1 hetween the np level and the native
defects.> ? ? TI" doped Nal and Csl are two important high-
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performance scintillators that have been widely used for radiation
detection.? The 6p>6s transition is responsible for the Tl emission
in Nal: TI".'*1%2° The emission in CsI:TI" appear to be related to both
the hole polaron (7 center) and the electron trapped at Tl, or TI-
bound exciton. >**? The optical transitions between the 6p states of
Bi?* have also been reported in various materials, leading to
emission wavelength in the range of 600-700 nm, which is useful for
red phosphors in fluorescent lamps and white LEDs,*'***?* Many
6p and Sp ions at low valence states (such as Bi") can also produce
broad-band near IR emission, which is useful for wideband optical
amplification and lasers.>**?” The complex luminescence properties
of the 6p and 5p dopants in various host materials require detailed
understanding of dopant-induced gap states and their interaction with
the host states.

The optical transitions between the ns and np states of a ns” ion
are usually interpreted and modeled by using Seitz model.** The
Seitz model is based on a two-electron picture, in which the ground
state (ns?) is a singlet 'S, state and the excited states (nsnp) consist
of *Py, *P,, P, triplet states and a 'P; singlet state (in the ascending
order in energy). The often observed A, B, C bands in the optical
absorption spectra are usually interpreted as the 'Sy>°Py, °P,, 'P;
transitions, respectively.'”” The A and C bands are the two strong
absorption bands. The C-band ('Sy>'P,) transition is spin-allowed.
The A-band ('Sy->°P,) transition is spin-forbidden but is still strong,
especially for heavy 6p ions, due to the spin-orbit coupling between
the P, and the 'P; states. Emission is more complicated involving
lattice polarization in the emitting states. More details on the optical
transitions in ns® ions based on the Seitz model can be found in
several review articles.'®1°2
The extensions of the Seitz model based on pure ionic mode
and molecular orbit (MO) theory”> * have been used to
quantitatively calculate various properties related to the optical
transitions (e.g., absorption and emission energies, line shapes,

131,
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intensity ratio, etc.). The MO calculations showed reasonable results
for some systems when compared with the spectroscopic data.** *
However, these calculations, which treat only one ns® ion and six
nearest-neighbor halogen ions quantum mechanically, lack the
description of the host band structure and the accurate structural
relaxation. As discussed above, many optical transitions between ns,
np, and native defect levels can occur. Whether the specific emission
between the nsnp and ns” states as described by the Seitz model can
occur depends on the positions of the ns and np states relative the
host band edges. The knowledge of the electronic structure of both
the host and the activator is needed to understand the different
scintillation mechanisms observed in different host materials (e.g.,
Nal:Tl vs. Csl:Tl). Sufficiently accurate structural relaxation is
important for incorporating correct hybridization strength between
the activator and its ligands in the calculations. The different
hybridization strengths in different hosts determine the chemical
trend of the activator-induced gap levels relative to the host bands.
This is important for the understanding of the luminescence
mechanisms in different hosts and the search of new host-activator
combinations with desirable scintillation properties.

In this paper, density functional calculations based on density
functional theory (DFT) are used to study the electronic and optical
properties of TI" in alkali halides. T1" ion is used as a prototypical
ns® ion. The objective of this work is to understand how the
activator-ligand hybridization and the ionicity of the host material
affect the activator level positions and the luminescence mechanism.
The results show that the strong hybridization tends to lead to
np—>ns emission whereas the weak hybridization may activate the
np> ¥, emission. The relatively low scintillation efficiency of Pb*",
Bi**, and some other ns” ions> ** may be remedied if an optimal
host-activator combination can be found to invoke the luminescence
mechanism that involves the hole polaron, similar to that in CsL:T1.
This insight may help the search of new small-band-gap materials
with efficient long-wave-length emission. The chemical trend
discovered for TI" ion should also apply to other ns® ions, such as
Pb?" and Bi*". The electronic structure of the ns® ions presented in
this paper also serves as the starting point for the future studies of
these ions with different oxidation states involving electronic
configuration of ns’np (e.g., T1” and Bi*") or ns’np? (e.g., Bi").

II. Computational Methods

Density functional calculations were performed using the VASP
codes.*® " Perdew-Burke-Ernzerhof (PBE)* and hybrid PBEO
exchange-correlation functionals® were both employed. The results
on structures and electron and hole trapping energies and levels were
obtained by using hybrid functional calculations. The fraction of the
Hartree-Fock exchange was tuned to reproduce the experimental
band gaps of various halides, as shown in Table I. The hybrid
density functional methods have been shown to improve results on
the band gap, defects, and the charge localization in
semiconductors.* 41+ 4% 43444546 The PBE functionals were used for
density of states (DOS) calculations because it is very time-
consuming to produce high-quality DOS figures, which require the
use of a large number of k points, by using the hybrid functional
calculations. Spin-orbit coupling is included in all calculations.

The electron-ion interactions were described using projector
augmented wave potentials.’® *’ The valence wavefunctions were
expanded in a plane-wave basis. The cutoff energies are 260 eV for
Nal, KI, and KCl, and 237 eV for RbI and Csl. A 64-atom and a 54-
atom cubic supercell were used for rocksalt and simple-cubic
structures, respectively, in defect- and dopant-level calculations. A
2x2x2 and a 6x6x6 grids were used for the k-point sampling of the
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Brillouin zone for defect and DOS calculations, respectively. All the
atoms were relaxed to minimize the Feynman-Hellmann forces to
below 0.05 eV/A.

Table 1. The fractions of Hartree-Fock exchange (a) used in the
PBEO calculations and the calculated band gaps, which are compared
to the experimental band gaps® shown in parentheses. Both simple
cubic (ground state) and rocksalt Csl are considered.

Nal KI |[RbI CsI (RS) [CsI (SC)
a 0.37 0.39 |0.40 0.37 0.37
E,(eV) |5.81(5.9) |6.23(6.3)]6.23 (6.3) |6.28 6.05 (6.1)

The charge transition level & (q / q ') , induced by activators or

polarons, is determined by the Fermi level (& I; ) at which the
formation energies of the activator or the defect with charge states g

and ¢’ are equal to each other. & (q / q ') can be calculated using

E, —-FE
__Dyg D.g
¢(a/q")= s m
q9-—9
where E Dy (E D q,) is the total energy of the supercell that

contains the relaxed structure of a defect at charge state ¢ (g’).
Corrections to the charge transition level due to potential alignment
(between the host and the charged defect supercell) and image
charge interaction were applied.”® Details on the calculations of
defect formation energies and transition levels can be found in Refs.
48, 49 and 50.

II1. Results

Figure 1(a) shows the DOS for Nal:T1 calculated using the PBE
functionals. The valence band is predominantly of I-5p character.
Both Tl 6s and 6p states hybridize with the I-5p states. The resulting
TI-6s bonding level is below the valence band while the anti-bonding
T1-6s* level is above the valence band maximum (VBM) as shown
in Fig. 1(a). The bonding and anti-bonding characters of the TI-6s
and TI1-6s* states are shown by their wavefunctions as shown in Fig.
2(a) and (b). Hybrid functional calculations show that the TI-6s*
eigenstate is about 0.4 eV above the VBM (see Table II). The T1-6s*
level can trap a hole with the TI"/TI*" transition level located at 1.1
eV above the VBM (Fig. 3(a)). The trapping of a hole reduces the
TI-I bond length from 3.37 A to 3.17 A.

Table II. Single-particle levels (eigenlevels) of Tl-6s* and 6p*
relative to the VBM and the CBM, respectively, in Nal, KI, Rbl,
rocksalt CsI (RS), and simple-cubic CsI (SC). These are calculated
using hybrid functionals. The units are in eV.

Nal KI RbI CsI(RS) | CsI
(SC)
e(Tl-6s*) —e, | 040 | 031 | 0.24 031 <0
e(Tl-6p*) —¢, | 029 | 0.18 | 0.15 -0.10 ~0.76

The six T1-6p* levels are split by the spin-orbit coupling to two
lower- and four higher-lying levels. The two lower states are more
localized and near the CBM while the four higher states have
relatively stronger mixing with the host conduction band states.
Hybrid functional calculations show that the lowest Tl-6p* single-
particle level is slightly above the conduction band minimum (CBM)
by 0.29 eV for TI" (see Table II). Upon trapping a hole, the empty
TI-6p* level remains above the CBM for TI*". However, the lowest
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TI-6p* level of TI*', once occupied, descends below the CBM to
stabilize the electron trap, TI™". The TI-I bond length increases from
3.17 A for TI* to 3.32 A for TI"" at octahedral structure. TI""
undergoes a Jahn-Teller distortion to assume a tetragonal structure
with four short and two long TI-I bonds. The bond lengths of the
short and long TI-I bonds are 3.25 and 3.47 A, respectively. This
result is consistent with the experimentally observed tetragonally
polarized emission in ns> ion activated alkali halides.' The total
energy is calculated to be lowered by 0.6 eV upon the trapping of

one conduction band electron by TI*" at the TI-6p* level (TI* + ey
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Figure 1. (Color online) Density of states (DOS) for Tl doped (a) Nal, (b) KI, (¢) RbI, (d) CsI (rocksalt), (¢) CsI (simple cubic), and (f) KCI.
The energy of VBM is set at zero. Note that the band gaps are underestimated due to the use of PBE functionals. The Gaussian broadening of

0.05 eV was used for all the DOS calculations.
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> TI™") (see Fig. 3(a)). [The total energy of TI"™" (Tl 6s6p state) is
calculated using the constrained DFT method, where a hole and an
electron are forced into the Tl-6s* and Tl-6p* levels, respectively.]
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Figure 2. (Color online) Charge density contour (0.0015 e/bohr”) for
the (a) Tl-6s and (b) T1-6s* states (see Fig. 1(a)) in Nal: T1. The blue
and green balls represent Na and I ions respectively. The Tl ion is at
the center of the supercell surrounded by the T1-6s or Tl-6s*
wavefunction (yellow isodensity surface).

The optical absorption energy is calculated following the
Franck-Condon principle. The energy difference between the TI™"
(TI 6s6p) excited state and the TI" (T1 6s%) ground state calculated
using the TI" ground-state structure is 4.06 eV, reasonably close to
the experimentally observed A-band absorption energy of 4.35 eV.>
! The relaxation of the TI™* (Tl 6s6p) excited state leads to
tetragonal distortion as described above. The emission energy
calculated by taking the energy difference between the excited and
ground states of TI' at the tetragonally distorted excited state
structure is 3.89 eV. However, the experimentally observed emission
energy is 2.95 eV,>*! having a very large Stokes shift of 1.4 eV. The
failure of the DFT calculations to reproduce such a Stokes shift is
likely due to the fact that DFT is a ground-state theory and is
therefore not reliable in finding the energy minimum at the excited
state.

4 | J. Mater. Chem. C., 2014, 00, 1-3
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(a) Nal: Tl
CBM -
E.—0.6 eV (TI*/TI%%)
E,+1.1eV (TI*/T1%Y)
VBM
(b) Csl: Tl
CBM
E.—14eV (TI°/TIY)
E,+0.6eV (0/V.[")
VBM

Figure 3. Hole and electron trapping levels in (a) Nal:Tl and (b)
CsL:TL In (a), it is assumed that the hole is trapped first by TI" at the
TI-6s* level [(TI"/TI*") transition level] and then the electron is
trapped by TI*" at the TI-6p* level [(TI"/TI*") transition level]. In
(b), the electron and hole are trapped separately by TI" and the ¥
center.

The result that the lowest single-particle Tl-6p* level of TI" and
TI*" in Nal:Tl is slightly above the CBM suggests that the
exothermic electron trapping at T1-6p* may involve a small kinetic
barrier. This can explain why TI" in Nal usually captures a hole
before capturing an electron despite that an electron has higher
mobility than a hole in Nal.> The single-particle Tl-6p* level
relative to the CBM in KI:Tl is lower than that in Nal: Tl (see Table
II), which suggests a lower kinetic barrier for electron trapping at TI
in KI than in Nal. This is consistent with the experimental
observation that the probability for Tl in KI to capture an electron
before capturing a hole is higher than that in Nal.?

Figure 1(b) shows the DOS for KI:T1. Compared to Nal, the I-I
distance in KI is longer and thus the valence band is narrower. The
TI-1 bond length in KI (3.55 A) is also longer than that in Nal (3.37
A) (see Table III), thereby reducing the TI-I hybridization strength.
The reduction of the TI-I hybridization becomes more evident in the
DOS figures for Rbl and rocksalt Csl. As shown in Figs. 1(c) and
(d), the Tl-6s* level gradually merge with the valence band when the
TI-1 bond length increases. From Fig. 1(a) to Fig. 1(d), it can be seen
that the energy separation between the Tl-6s bonding and TI-6s*

This journal is © The Royal Society of Chemistry 2014
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antibonding states decreases with increasing TI-I bond length
(weaker hybridization).

Csl has a different crystal structure [simple cubic (SC) CsCl
structure] than that of the other alkali metal iodides [rocksalt (RS)
NaCl structure]. (However, the DOS for RS CsI (Fig. 1(d)) is also
calculated for comparison with other alkali metal iodides of RS
structures.) In SC Csl, there is a structural distortion for Tl¢, because
TI" is significantly smaller than Cs" in size. (The ionic radii for TI"
and Cs” in eight-fold coordination are 1.73 and 1.88 A, respectively.)
The TI" moves off-center towards four of the eight nearest-neighbor
I' ions, assuming a structure with roughly four-fold rotational
symmetry. The four short and the four long TI-I bond lengths are
3.67 and 4.19 A in average. The TI-I bond length shown in Table III
is the average of the short and long TI-I bond lengths. As a result of
the further reduced TI-I hybridization in CsI:Tl, the TI-6s* state
resonates with the valence band and disappears from the band gap,
as shown in Fig. 1(e). The weak TI-I hybridization in CsI also lowers
the Tl-6p* level, which resides deep inside the band gap. This is in
contrast to Nal:Tl, KI:T1, and RbI:T1, where the TI-6p* level is near
the CBM.

Table III. The calculated T1-I bond lengths and the nearest-neighbor
I-I distances, in Nal:Tl, KI: T, RbL:Tl, CsL:Tl. Tl¢, in simple-cubic
(SC) Csl undergoes a structural distortion. The TI-I bond length
shown for Csl (SC) is the average over all TI-I bonds.

Nal KI Rbl Csl (SO)
TI-1 bond length (A) 3.37 3.55 3.63 3.93
I-1 distance (A) 4.57 5.02 5.24 4.60

The TI-I bond lengths and the I-I distances are shown in Table
I for Nal, KI, Rbl, and CsI (SC). Csl (SC) has the longest TI-I
bond length and a relatively short I-I distance close to that of Nal.
Therefore, CsI (SC) has the weakest TI-I hybridization and a
relatively wide valence band among the alkali halides studied in this
work. These explains the disappearance of the Tl-6s* level from the
Csl band gap.

The unique electronic structure for CsI:T1 determines that the
luminescence mechanism for Csl is different from that of many other
alkali halides. The emission from Tl-activated alkali halides is
typically of the type of Tl 6p*—>6s* transition. But the emission
from the CsI:T1 is shown to be involved with the self-trapped hole or
the Vj center. 2***? The hybrid functional calculations show that the
electron trapping at the TI-6p* level (TI" + ¢ 2 TI°) and the hole
self-trapping at a V center lower the total energy by 1.4 and 0.6 eV,
respectively (Fig.3 (b)). The trapping of an electron increases the
average TI-I bond length from 3.93 A for TI" to 4.14 A for TI°. The
off-centering distortion of Tl¢ is also reduced. The four short and
four long TI-I bonds have average bond lengths of 4.05 and 4.22 A
for TI°, respectively, compared with those of 3.67 and 4.19 A for

TI. In the ¥ center, two nearest-neighbor I ions move close to
each other, forming a I; molecule. The distance between the two 1

ions is reduced from 4.60 A to 3.22 A, in good agreement with a
previous PBEO calculation.®  Accurately describing charge
localization in small polarons and Vj centers is a challenging
problem for DFT within the local density or generalized gradient
approximation due to the self-interaction error. Methods that
incorporate non-local Fock exchange (as done in the present work)
or an on-site potential have been shown to be effective in stabilizing
localized holes at small polarons in wide-gap materials. ** 4> 4 33
Electron paramagnetic resonance experiments showed that the
rate of formation of the ¥} centers is increased orders of magnitudes
by the Tl doping in some alkali halides due to electron trapping by

This journal is © The Royal Society of Chemistry 2014
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TI*>* The ¥ center can migrate and binds with T1°.*® The emission
from CsI:Tl is likely due to Tl-bound excitons. 2’ Such emission is
denoted 6p*-> V) in this paper.

The calculations presented above are focused on TI-doped
iodides. For Tl-doped bromides and chlorides, the valence band is
lower, narrower, and closer to the Tl-6s level. In KCI:TI", the
hybridization between the T1-6s state and the Cl 3p states is more
confined within the nearest-neighbor halogen ions to Tl. The anti-
bonding TI-6s* state is more localized in Tl-doped chlorides than in
iodides because the Cl 3p states are more localized than the I 5p
states (narrower valence band). The DOS for KCI:TI" shows a deep
TI1-6s* level inside the band gap (Fig. 1(f)).

IV. Discussion

The results in Sec. III show that both the hybridization strength
between the TI and its ligands and the ionicity of the host material
have strong impact on the positions of the Tl-induced electronic
states relative to the band edges. The TI 6s level is typically below
the valence band while the Tl 6p levels are above the valence
band.*> *® The Tl-halogen hybridization (mainly within the nearest
neighbors) produces two antibonding levels, i.e., TI-6s* and -6p*
levels, as schematically shown in Fig. 4. Strong/weak Tl-halogen
hybridization should result in high/lowTl-6s* and TI-6p* levels
relative to the band edges. Hybridization among halogen ions is also
important. For instance, strong halogen-halogen hybridization
widens the valence band and lower the positions of the T1-6s* and
TI-6p* levels relative to the VBM. The interplay of the Tl-halogen
and halogen-halogen hybridization determines the positions of the
TI-6s* and -6p* levels relative to the band edges.

A combination of the strong Tl-halogen and weak halogen-
halogen hybridization could result in the scenario depicted in Fig.
4(a), where both Tl-6s* and -6p* levels are inside the band gap and
act as hole and electron traps, respectively, leading to radiative
recombination. On the other hand, weak Tl-halogen hybridization
combined with strong halogen-halogen hybridization may lead to the
scenario depicted in Fig. 4(b), where only the T1-6p* level is inside
the band gap to trap electrons. Nevertheless, efficient luminescence
is still possible in the scenario of Fig. 4(b) because the hole can be
localized by a small hole polaron bound to the TI® electron trap,
leading to efficient radiative recombination. The emissions in Nal:Tl
and CsI:Tl can be categorized into the scenarios depicted in Figs.
4(a) and (b), respectively.

Among many ns” ions that are activators in halide scintillators,
such as In", Ga’, TI', Ge**, Sn*', Pb*', and Bi*"," TI" appears to be
most efficient. Others often suffers from slow scintillation decay,
strong afterglow, or low quantum yield. " >® Pb*" and Bi*" are the
heaviest ions among the ns? ions, enabling strong spin-orbit coupling
and more efficient *P, > 'S, emission. But a large energy separation

between the lowest excited state *Pyand the 3 P, states can also result

from the strong spin-orbit splitting and reduce the electron
population on the radiative °P; state.”’

Many previous experiments on Pb and Bi activated phosphors
and scintillators involve fluoride or oxide-based large-band-gap host
materials,’” 3% 3% 606162 hich have narrow valence band width and
low VBM.* This may lead to the electronic structure depicted in
Fig. 3(a) and the emission consistent with the Seitz model, i.e., the
6p*>6s* emission. This is confirmed in LiCaAlF4:Pb?*, where both
Pb 6s* and 6p* levels are found to be deep inside the band gap
according to the hybrid functional calculations (not shown). It is
possible that the 6p*->6s* transition in Pb*>" and Bi*" is not efficient
due to reasons such as the large energy separation between the P,

J. Mater. Chem. C., 2014, 00, 1-3 | 5
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and P, levels. However, the efficiency of the 6p*>V; type of
emission has not been studied in Pb*" and Bi*" activated materials.
Since the efficiency of the 6p*—> ¥} emission is reasonably good in
CsL:Tl, it should be of interest to explore ways to activate the same
emission mechanism in Pb*", Bi*", and other nsion activated
materials. The key to activate such emission mechanism is to have
weak activator-anion hybridization and strong anion-anion
hybridization as is the case for Cs:Tl. The weak activator-anion
hybridization is particularly important for removing the ns* level
from the band gap. This requires the size of the native cation to be
large relative to that of the activator ion. For scintillators, a short
nearest-neighbor anion-anion distance is also important for fast hole
transport towards activators, which enables fast scintillation. The
approach outlined above may open new routes of exploring low-
band-gap materials for high-light-yield scintillators and phosphors.
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Figure 4. Schematic diagram of hybridization between the ns* and
the halogen ions. In (a), the hybridization between the ns* and the
halogen ion is relatively strong while the hybridization between the
halogen-p states is relatively weak. In (b), the hybridization between
the ns” and the halogen ion is relatively weak while the hybridization
between the halogen-p states is relatively strong.

The light yield of some of the current state-of-the-art
scintillators is already close to their respective theoretical limits,
which suggests that improving crystal quality may have only limited
upside potential on the light yield. Further reducing the band gap
should in principle lead to higher light yield. However, a small band
gap may not be able to accommodate both the electron- and hole-
trapping levels of the activator, such as the case for Laly:Ce.®*
Therefore, exploring the np*>V, emission in ns’-ion activated
small-band-gap materials should be of interest for searching high-
light-yield scintillators and phosphors because only the electron
trapping level (np*) of the activator is required to be inside the band
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gap. For example, Laly;:Bi’" may be interesting as a potential
scintillator because the electronic structure of Bi** in Lal; is similar
to that of TI" in CsI with a 6p* level but no 6s* level in the band gap
according to our calculations.

V. Conclusions

This work employs density functional calculations to gain
understanding on how the material chemistry affects the
luminescence mechanism in ns*ion-activated halides. In the series
of Tl activated Nal, KI, RbI, and CslI, the increasing TI-I bond length
decreases the TI-I hybridization strength and lowers the T1-6s* anti-
bonding level. In the case of relatively strong TI-I hybridization
(e.g., Nal:Tl), the Tl-6s* level resides above the VBM and leads to
the 6p*—>6s* emission. When the TI-I hybridization is weak, the TI-
6s* level disappears from the band gap and the emission is of the
type of 6p*—>V, transition, which is the case for CsI:Tl. The
emission of the ns” ions has usually been explained in the past based
on the assumption of the 6p*->6s* emission. The insight obtained in
this work can be useful for the search and design of new
combinations of the host material and the ns’ ion, which exhibit
efficient 6p*-> ¥, emission, by tuning both the hybridization strength
between the ns” ion and its ligands and the ionicity of the host
material. This opens a new route for searching high-light-yield low-
bandgap scintillators and phosphors. The electronic structure of the
ns® ions presented in this paper serves as the starting point for the
future studies of the heavy 6p and 5p ions with different oxidation
states involving electronic configuration of ns’np (e.g., Bi*") or
ns’np” (e.g., Bi), which have great potential for various optics
applications, such as fluorescent lighting, optical amplification, and
lasers.
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