Downloaded via NORTH DAKOTA STATE UNIV on May 18, 2023 at 16:49:41 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Photoluminescence in Cerium-Doped Fluoride Borate Crystals

Talgat M. Inerbaev, Yulun Han, Tatyana B. Bekker,* and Dmitri S. Kilin*

Cite This: J. Phys. Chem. C 2023, 127, 9213-9224

I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

@ Supporting Information

ABSTRACT: Antizeolite fluoride borates LiBa,,(BO;),F, (LBBF) doped by Ce®" ions
demonstrate photoluminescence (PL) and hold promise for use as phosphors in white
light-emitting diodes. In this study, we present the results of modeling the electronic and
optical properties of Ce-containing LBBF structures where doping atoms are located at
different sites of the host lattice. We also consider the presence of F-centers, which exhibit
trap states located within the band gap. We further investigate the nonadiabatic excited
state electronic dynamics to elucidate electron-relaxation pathways. The nonadiabatic
couplings (NACs) calculations provide transition probabilities facilitated by the nuclear
movement. The relaxation rates of electrons and holes are calculated using Redfield’s
theory of the formalism of the reduced density matrix (RDM). The PL spectra are
calculated using molecular dynamics (MD) sampling and time-integrated methods along
the excited state trajectory based on NACs. Mechanisms of PL in LBBF:Ce*" crystals are
interpreted using both computational and experimental observations. This work illustrates
the dependence of transition energies, intensities, and relaxation rates of Ce-containing
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LBBF crystals on a selection of doping sites. In addition to analysis of emission band contributed by cerium, this work allows to
identify and reproduce spectral lines hypothetically corresponding to the interband and intraband transitions in F-centers of borate

crystals, available in the absence of a metal center.

1. INTRODUCTION

The study of borate systems is a research field developing at
the intersection of crystal chemistry and materials science.
Borates are promising compounds due to their chemical
diversity and many areas of practical applications.' >
Phosphors based on these compounds are important for the
dosimetry of ionizing radiation and personnel monitoring, and
medical dosimetry, etc.”’

Using borate crystals as a white light-emitting (WLED)
diode matrix is a relatively new area of active development.
WLEDs have many advantages compared to conventional light
sources. Traditional light-emitting diodes (LEDs) emit
monochromatic light, but WLEDs emit polychromatic light.
The first method is the multi-LED chip approach, which mixes
the three primary colors of light (red, green, and blue) and
produces white light.6 The second method uses ultraviolet
(UV) or violet LED chips and phosphors, which absorb UV or
violet light and convert it into broadband white light.” The
now-obsolete Hg-based fluorescent lamp converted the deep
UV light emitted by a Hg-vapor source (4 = 254 nm) into
visible white light by means of a phosphor,® which was
proposed before the introduction of blue LEDs. The phosphor
conversion method is the third and most successful approach,
where a blue LED-chip-plus-phosphor combination with the
phosphor emits green and red light. The phosphor partially
absorbs the blue light from the LED chip, and the other blue
light is transmitted through the phosphor. As a result, the blue
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light (from the LED chip) and green and red light (from the
phosphor) form white light.9

The main components of WLEDs are chips and phosphors,
which convert part of the chip’s radiation by photo-
luminescence (PL). Researchers currently study phosphors
based on host matrices of various compositions and lattice
symmetries, functionalized with different activators.'*™"* The
activator is the luminescent center (small amounts of impurity
ions in the system), and the matrix is the main part of the
material. Impurities ions are introduced into the material to
create levels of defects that play a crucial role in the material’s
luminescent properties. In recent years, rare-earth luminescent
mixed inorganic materials have been an up-and-coming
research topic due to the assembly of different cation or
anion combinations, resulting in outstanding properties of such
newly formed composite inorganic materials."*~"”

The most commonly used phosphors are yellow phosphors
based on yttrium—aluminum garnet (Y;Al;0,,) activated with
Ce" ions and highly efficient under blue excitation of chips
based on the InGaN/GaN heterostructure. Some blue light is
absorbed by the thin layer of Y;Al;0,,:Ce*" phosphors and
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converted to yellow light at a maximum wavelength of 550 nm.
Blue and yellow combinations produce bright white light
sources."” The maximum emission bands between 525 and 585
nm can be changed by introducing a coactivator. The WLEDs
with Y;AlO,,:Ce®" phosphors have a correlated color
temperature of 5200 K and color rendering index (CRI, Ra)
of 71."*7'° One disadvantage of LEDs is the lack of high color
white light. LED chips emitting near-ultraviolet radiation
combined with red, green, and blue phosphors allow them to
emit white light with a lower correlated color tem;)erature and
a higher CRI than Y3Al;0,,:Ce** phosphors.'” ™"

Borate crystals were used as host matrices to produce red
phosphors and red—green—blue (RGB) composite LEDs such
as ScCaOBO;:Ce**,Mn*",*° NaBaSc(BO,),:Ce>*,Mn>*,*!
Ba;Sc(BO,;);:Eu?*,>> LaScy(BO,),:Eu’*,”® and Li-
Ba,,(BO;).Fy:Eu**.** To achieve white radiation one mixed
radiation from several activators within one matrix such as
Ca,Y(Ga0),(B0O;),:Ce3*, Tb3",Sm3**° and Ca;Gd-
(Al0),(BO,),:Ce** T 2

Compounds LiBa;,(BO;),F, were previously described by
Zhao and Li’” and their structures were reinvestigated in ref
28. The nature of the variously colored LiBa;,(BO;),F,
crystals was discussed in ref 29. Luminescent properties of
LiBa;,(BO;),F, doped with Eu**, Tb*, and Ce’* in different
combinations were recently studied.”® PL processes of copper-
containing borates were studied using ab initio calculation
methods.”"

First-principles treatment of basic properties of transparent
host matrices activated by lanthanide ions needs spin-polarized
(SP) and noncollinear spin (NCS) density functional theory
(DFT) as a minimal level of theory to account for substantial
number of unpaired spins®” and spin—orbit coupling (SOC).*
First-principles treatment of photoluminescence for a broad
range of solids can be performed on the basis of first-principles
molecular dynamics (MD). A random thermal motion of ions
in a model represents thermal broadening of spectral lines and
serves as a reason for nonradiative transitions.”* This
methodology was earlier tested in application to NaYF, matrix
activated by Ce®* ions®>*® and Pr** ions.***>*

In calculations, we relied on well-known experimental data
that cerium ions enter the borate matrix in the +3 state. PL
emission spectra in the range of about 320—450 nm accounted
for 4f—5d electron transition of Ce** were reported in several
works, which considered the inclusion of trivalent cerium ions
in the lattice of the studied borate®® and other host lattices
such as Ca,Sr,_,BP;0,,:Ce***” and BasAIP0,,:Ce**,* and a-
Sr,P,0,:Ce3* phosphors®® and Li;YClg:Ce3*,*°
Lu,Si,0,:Ce*,*" and BaBrl:Ce** scintillators.*” Three types
of electronic transitions can take place involving trivalent
lanthanide ions.* (i) Charge transfer transition.”* Both ligand-
to-metal and metal-to-ligand transitions are allowed by
Laporte’s selection rule. They appear in the UV range 1 <
~250 nm, except for ions which may be easily either reduced
to their +2 state (Sm, Eu, Tm, Yb), or oxidized to their +4
state (Ce, Pr, Tb). (ii) 4f—5d transitions.”> Ce* doped
compounds generally show Sd—4f emission in the near UV,
but in case of high crystal field splitting, such as in garnets,
visible emission is sometimes observed. The crystal field
splitting of the 5d levels of Ce** ions in different coordination
has been extensively investigated. (iii) f—f transitions.** The
sharp f—f transitions involve a rearrangement of the electrons
in the 4f subshell and are therefore polarity forbidden, which
explains their faint intensities. For Ce** with only one 4f
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electron the situation is relatively simple. As there are no 4f
electrons in the 4f"7'5d excited state, the parameters for 4f—4f
and 4f—5d interactions do not play a role. The energy level
structure arises from the splitting of the 5d state determined by
crystal field parameters, covalency effects and SOC.

A newly discovered class of LiBa;,(BO,;)-F, borates
(referred further as LBBF) has contributed to the diversity
of borates crystal chemistry. The LBBF crystal belongs to the
group of “antizeolite” borates with a [Ba;,(BO;)s]®* cation
“framework” (ideal symmetry I4/mcm) and (pseudo)-
tetragonal channels along ¢ axis formed by altering cubes and
anticubes.”® Cubic cages are occupied by [LiF,]*~ clusters,
whereas anticubes are occupied by (BO,;)*~ groups (Figure
1a,b). Thus, the structural formula of LBBF can be represented
as Baj;(BO;)s[BO;][LiF,].

Figure 1. (a) Crystal structure of Ba;,(BO;)s[BO;][LiF,] with
channels highlighted in dashed circles. (b) Channels in
Ba,(BO,;)¢[BO,][LiF,] with [LiF,]*~ in cubic and [BO;]*” in
anticubic cages. (c) Ce@Ba structure, where Ce ions replace Ba ions
at enumerated positions as described in the text. Only the Ba—Ce
framework is shown, and all anions are hidden to read the figure
easily. (d) Channels in Baj,(BO;)s[BO,][LiF,] with [LiF,]*~ where
one Li ion substituted was with Ce (structure Ce@Li). See text for a
detailed description of F-center creation.

In the present study, we first carry out DFT calculations on
electronic and optical properties of Ce-containing LBBF
structures where doping atoms are located at different sites
of the host lattice. Previous studies have shown that the
presence of defects such as F-centers is critical in describing
the optical absorption spectra of antizeolite borates.”” For this
reason, in addition to the effect of doping with Ce ions, we
study the contribution of F-centers. We then investigate the
nonadiabatic excited state electronic dynamics in borate
crystals to elucidate electron-relaxation pathways. The on-
the-fly nonadiabatic couplings (NACs) calculations provide
transition probabilities facilitated by nuclear movements.*” The
relaxation rates of electrons and holes are calculated using
Redfield’s them}r48 with the formalism of the reduced density
matrix (RDM)."”~>* Computational PL spectra are calculated
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using MD sampling methods** and time-integrated methods™”
along the excited state trajectory based on NACs. Mechanisms
of PL in LBBF:Ce® crystals are interpreted using both
computational and experimental observations.

2. METHODS

2.1. Theoretical Approaches. Computational character-
ization of materials’ properties is achieved in five directions: (i)
ground state electronic structures, (ii) linear optical
absorption, (iii) thermal motion of nuclei, (iv) nonradiative
transitions, and (v) photoluminescence.

2.1.i. Ground State Electronic Structures. Ce** ions have
one unpaired 4f electron. Accurate analysis of the open-shell
system requires the use of SP or NCS DFT calculations. An
important issue facing theoretical modeling of the considered
materials is the necessity to include SOC due to the heavy Ba
and Ce elements. NCS DFT has been used to calculate the
effects of SOC upon | the ground-state electronic structures of
the modeled systems.”* In the SP basis, spin is a good quantum
number and is conserved for dipole allowed optical transitions.
In contrast, when working in the spinor Kohn—Sham orbitals
(SKSO) basis, the total angular momentum J = L+S is the
conserved quantity and allows for changes in spin during
excited state dynamics, such as the dipole-forbidden triplet—
singlet optical transition or nonradiative spin-flip relaxation.
However, for NCS calculations, spin is not a good quantum
number, and therefore, there are no spin up and spin down
orbitals. Instead, one finds energies of spinor states, which are
composed of both up and down components.

Within the NCS DFT framework, relativistic effects can be
incorporated using second-order scalar relativistic corrections
and SOC

KS
]. 0 S ere
Bolere (1,.5)

22
4m ¢ r Or

~ rel ~ scalar ~SOC  ASOC n
A ="+ 8% 8% =

(1)

where L is the angular momentum operator and S is composed
of Pauli spin matrices. The relativistic Hamiltonian from eq 1 is
composed of two terms: EP°!"" i the scalar relativistic term and
H%°C is the SOC term. H***" term describes relativistic kinetic
energy corrections and H5°C describes energy shifts of spin
occupations. The Kohn—Sham equations for components of a
spinor orbital read

Y (6, V + oD, 1) = &y, ()

o'=a,p (2)
Note that for SP DFT nondiagonal components veff 0, while
for the NCS approach l)eff # 0. The NCS DFT procedure

provides components of spinor orbitals representing two-
component vectors

WiKS(r) — Wia(r)
’//,-/;(1') (3a)

In NCS DFT SKSO electron density has a matrix form
pNCS(r paa paﬂ

Ppac Ppp (3b)

Components within the density matrix are found from

p(m’ = Z fiNCS l//i(l:lcs(r)l’yi(ljcs(r) ( )
i 3c

where fN® is the occupation number of the ith SKSO and
takes values between O and 1. Spin-polarized orbitals of the
same index with opposite spin projections experience mixing
due to spin—orbit interaction. This methodology has been
detailed in a previous work.*

2.1.ii. Linear Optical Absorption. The transition dipole
moment in NCS calculations, D, is calculated within the
independent orbital approximation (IOA)>*~>” between each
set of two specified orbital pairs, i and j, according to

(5, Ry(6))

(5, Ry(6))
(4)

The transition dipole moment is then used to calculate the

D, = [ dr (y(n ROW(E RO

oscillator strength, f;

j» for the corresponding transition using

Anm,g;
fl/ o IDI where ¢; = ¢ —

between i and jt Ji spinor electronic levels; A, ¢, and m, are the

g is the transition energy

Planck constant, elementary charge, and mass of the electron,
respectively. Note that in the NCS approach, there is a
summation over spin indices in a procedure to compute matrix
elements. The linear optical absorption spectrum as a function
of the incident radiation energy ¢ is calculated using the delta
function to provide thermal broadening,

a(e) = Zfl_jé(e — &)
i (5)

2.1.iii. Thermal Motion of Nuclei. Modeling atomic motion
is accomplished by heating and adiabatic MD simulations. The
atomistic system interacts with a thermostat of a chosen
temperature with rescaled momenta, Pj, at each time step

N,,. P}

ions —

=1 g = ,mk T. Upon reaching thermal stability, the
nuclear momenta are used as input to calculate an MD
trajectory of the adiabatic ground state as a function of time by
Newton’s equation of motion. The atomic coordinates are
collected at each time step of the MD trajectory, allowing for a
single-point electronic structure analysis.

2.1.iv. Nonradiative Transitions. The time evolution of the
electronic degrees of freedom is calculated by solving the
equation of motion,

P

wFy) | 3

dp. ;

ij 1

- __ E.p —
o= X, =

diss (6)
Here, the Fock matrix corresponds to the adiabatic

dp,
contribution and (d—t’>

represents the electronic dissipative
diss
transitions that are facilitated by the motion of ions and
computed along the MD trajectory. NACs can be computed
according to the on-the-fly procedure along the nuclear
trajectory as a measure of violation of spinor orbital
orthogonality in eq 3, due to nuclear motion.

https://doi.org/10.1021/acs.jpcc.2c08711
J. Phys. Chem. C 2023, 127, 9213-9224
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Equation 7a does make a summation of the spin projections
and, as a result, coupling Vf}m (t) does not include the spin
index. The autocorrelation function Myy(z) = [§V,(t + 1)
Vjy(t) dt and the following Fourier transform provide elements
of Redfield tensor (R), which controls the dissipative dynamics

of the density matrix

dp.
ij _
[g]d' = Z Riupy

Kl
The solution of eqs 6—7a and 7b provides several observables
including the charge density distribution, rate of energy
distribution, and rate of charge transfer. The nonequilibrium
distribution of charge as a function of time and energy reads

n@P(e, t) = Z pif“’b)é(s —¢€)

(7b)

(8)

where (a,b) is corresponding to the initial photoexcitation
from state a to b. The change in population from the
equilibrium distribution is

A (e, £) = P (e, £) — (e, t) (9)

where An > 0 in the equation describes the population gain
and An < 0 the population loss.

2.1.v. Photoluminescence. One calculates the time-resolved
and time-integrated PL as follows.

E™e, 1) = 31,006 = )(p,(6) = ()

ij (10)

T
PL PL

EP(e) fo EP(e, t) dt -

where T stands for the duration of the time-integration

interval. An emission event between a pair of orbitals may

occur if inverse population conditions are satisfied where p;; >

Piv & > &;

2.2. Computation Details. The electronic structures,
which account for Coulomb, correlation, and exchange
electron—electron interactions and interactions of electrons
with ions, were computed with DFT by self-consistent solving
of the Kohn—Sham equations as implemented in the Vienna ab
initio simulation g)ackage (VASP).>**” The Perdew—Burke—
Ernzerhof (PBE)*’ exchange-correlation functional under the
generalized gradient approximation (GGA)°' and the hybrid
functional Heyd—Scuseria—Ernzerhof (HSE06)®* were used.
The mixing parameter defining the amount of the exact
Hartree—Fock exchange was chosen to be 0.25. This choice
described well the bandgap of the fluoride borate crystals.””**
The on-site Coulomb correlation of f-electrons was taken into
account employing Hubbard corrections in the Dudarev
parametrization with a U—J value of 5.5 eV for cerium.®*®®
Calculations were done using the projector augmented-wave
(PAW)®° formalism, which was developed using the concept of
pseudopotentials in the plane-wave basis.

Ground state electronic structure calculations performed
using HSE06 functional provided more accurate band gap
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energies than PBE. However, because the same trends were
observed, we preferred PBE to HSE06 considering its low
computational cost. For adiabatic MD calculations, geometry-
optimized models were heated to 77 or 300 K by a Nose—
Hoover thermostat with repeated velocity rescaling. Then, 1 ps
microcanonical trajectories were generated using the Verlet
algorithm®” with a time step of 1 fs. Atomic structures were
visualized in the VESTA package.”® We used the VASPKIT
code to postprocess the calculated data from VASP.®

For the numerical study, the Ba;,(BO;)s[BO;][LiF,] unit
cell of P4,bc symmetry containing four formula units was taken
as the initial structure.”® We considered several structural
motifs to incorporate Ce*" into LBBF and to account for F-
centers. (i) One Ce atom replaced one Ba atom in the
framework of the antizeolite lattice. The Ba sublattice consisted
of seven nonequivalent symmetry atoms, five at 8c sites and
two at 4a sites in Wyckoff notation. The five Ba atoms located
at 8c sites form lattice channels. The difference from the
remaining type of atoms was that these atoms were closer to
the complexes enclosed in the lattice cavities. Thus, we
considered the following replacements of Ba atoms with Ce
atoms. Cel@Ba—replacing the Ba atom at position 8c, which
forms a channel in the borate structure; Ce2@Ba—replacing
the Ba atom at another position 8¢, located between the
channels; Ce3@Ba—replacing the Ba atom at the 4a site as
shown in Figure 1c. In each case, one electron was removed to
keep the cerium ion in the +3 oxidation state. (ii) One Ce
atom replaced one Li atom in the cubic cage of the antizeolite
lattice, labeled as Ce@Li (see Figure 1). Two electrons were
then removed to keep the cerium ion in the +3 oxidation state.
(iii) To consider the influence of F-centers, we employed the
simplest case of the LBBF structure, in which one fluorine
atom was removed. In this case, PL spectra were calculated
using a spin-polarized approach, as in the study of Cu-doped
LBBF."!

Note that we consider the contributions of the Ce** ions and
F-centers independently, which corresponds to a low
concentration of these defects. This should lead to a low
probability of finding these defects at a close distance from
each other. In calculations, when Ce?* ions replace Ba®* or Li*
ions, one electron or two electrons must be removed to
maintain the oxidation state of cerium at +3. When one creates
a center of charge for the F-center, namely the removal of one
fluorine atom, the system remains charge neutral, and one
excess electron is localized in the position of fluorine vacancy.

2.3. Experimental Details. Crystal Growth. We used
BaCO;, BaF,, Li,CO;, H;BO;, and oxides of cerium of high
purity grade as starting reagents. The batch (40 g) was melted
in a platinum crucible (40 mm in diameter) at a heating rate of
25 °C/h for crystallization on a platinum loop to grow crystals.
The liquidus temperature was about 760 °C. A platinum rod
with the loop was placed in the central part of the melt surface
at the liquidus temperature to induce crystallization. From the
moment of detection of the first microcrystals, the solution was
cooled at a rate of 2 °C per day to increase crystal size. The
average duration of the growth experiment was about 10 days.
Then the platinum loop with the grown crystals was extracted
from the melt and cooled to room temperature at a rate of 15
°C/h. The weight of grown crystals was about 7 g. Note
measurements of the concentration of cerium in doped crystals
were difficult. The doping concentration of cerium was likely
to be several hundredths of one percent, as suggested by the

https://doi.org/10.1021/acs.jpcc.2c08711
J. Phys. Chem. C 2023, 127, 9213-9224
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Figure 2. HSE06-SOC calculated DOS for (a) Cel@Ba, (b) Ce2@Ba, (c) Ce3@Ba, (d) Ce@Li, (e) F-center, and (f) LBBF structures. Note an
occupied trap state feature near the Fermi energy at the panel e. The interband transition “A” between the trap to the CBM is available for both
linear absorption and emission at transition energy near 2 eV. The intraband transition “B” between VBM and the trap is not available for linear
absorption, since both bands are occupied in the ground state. However, in the excited state, the population inversion condition may enable the
transition “B”. This radiative transition would be available for excited states featuring nonrecombined hole occupying VBM, prior to cascading to
the trap via nonradiative channel. The transition “B” would occur at transition energy near 4 eV or lower, due to nuclear reorganization and thermal

broadening.

doping concentration of other lanthanide ions in borate
crystals grown using similar procedures.’

Optical Spectroscopy. PL spectra of Ce-doped
Ba,,(BO,)s[BO,][LiF,], ie., LBBF:Ce* crystals, were re-
corded with a Horiba JobinYvon-Fluorolog 3 spectrofluor-
ometer equipped with 450 W ozone-free Xe-lamp, cooled
PC177CE010 photon detection module with a PMT R2658,
and double grating excitation and emission monochromators.
Standard correction curves were used to correct excitation and
emission spectra for source intensity and emission spectral
response. Optistat DN was used to investigate the temperature
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dependencies of luminescence properties in the range 77—300
K.

Transmission spectra were measured using UV—vis—NIR
spectrometer UV-3101 PC, Shimadzu. The thickness of the
polished plate made from the crystal and used for measure-
ments was about 1.2 mm.

3. RESULTS AND DISCUSSION

Figure 2 shows the HSE06 functional electronic density of
states (DOS) calculated for the Ce-containing LBBF models,
F-center, and undoped LBBF structures. A characteristic
feature of the electronic structure of all Ce containing models

https://doi.org/10.1021/acs.jpcc.2c08711
J. Phys. Chem. C 2023, 127, 9213-9224


https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08711?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08711?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08711?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c08711?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c08711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

is that near the top of the valence band, occupied levels
correspond to Ce-4f states. The electronic structures
demonstrate a decrease in the energy of conduction band
minimum (CBM) in the interval from 5.3 eV for LBBF to 4.2—
4.5 €V, depending on the lattice site at which the Ce*" ion is
located (Figure 2a—d). This feature will be discussed in more
detail when considering optical absorption in these systems.
The F-center structure is characterized by the appearance of an
electronic level in the band gap due to the presence in the
system of an electron that is not bound to any atom and is
located in the interatomic space of the lattice (Figure 3). This

Figure 3. Partial charge density of the electronic state corresponding
to the F-center model. Yellow clouds represent charge density
isocontours. Atom coloring is the same as it is in Figure 1. This orbital
corresponds to the occupied trap state feature near the Fermi energy
in Figure 2e.

electronic state is located within the band gap of approximately
1.3 eV below the bottom of the conduction band (Figure 2e).
This state specific to the F-center is labeled as the “trap” state.
The interband transition “A” between the trap to the CBM is
available for both linear absorption and emission at transition
energy near 2 eV. The intraband transition “B” between the
valence band maximum (VBM) and the trap is not available for
linear absorption, since both bands are occupied in the ground
state. However, in the excited state, the population inversion
condition may enable the transition “B”. This radiative
transition would be available for excited states featuring
nonrecombined holes occupying VBM, prior to cascading to
the trap via nonradiative channel. The transition “B” would
occur at transition energy near 4 eV or lower, due to nuclear
reorganization and thermal broadening. The presence of
defects does not affect the electronic states of the O-2p and
Ba-5d states, which form states near the top of the valence
band and the bottom of the conduction band in LBBF,
respectively (Figure 2f).

It follows from the DOS values presented in Figure 2a—d
that the optical properties of Ce-doped borates are determined
by Sd—4f transitions on Ce®" ions. Since Figure 2 shows data
for the total DOS on Ce’, it is necessary to consider the
electronic structures of these ions in more detail. For this
purpose, Figure 4 presents projected DOS (PDOS) on Ce?*
ions. It can be seen from the presented data that it is typical for
unoccupied states that Sf states contribute more to DOS. The

9218

densities of 5d states that are important for optical transitions
can have a small value and be relatively uniformly spread
starting from energies of 4.3—4.5 eV and higher in the cases of
Cel@Ba and Ce2@Ba structures, reaching maximum values at
a point of 5.5 eV and higher (Figure 4a,b). For the Ce3@Ba
and Ce@Li structures, the PDOS value for 5d states has a
similar split peak (Figure 4c,d). In this case, for Ce3@Ba and
Ce@Li, these peaks are located in the energy range of 4—4.5
eV and 4.5 eV, respectively. These features in the electronic
structures of Ce®* ions are due to their different local
environments in the crystal.

Differences in the electronic structures of Ce** ions during
their incorporation into the borate lattice also cause differences
in the optical properties of the structures. Figure 5 shows the
optical absorption spectra of the Ce-containing borates
considered in this work compared to the experiment.
According to experimental data, the absorption of LBBF:Ce®**
ranging from 1.5 to 3.0 eV is weak but then rapidly increases
and reaches a plateau at energies from 4.2 to 5.2 eV, after
which it becomes completely opaque. A line corresponding to
the F-center demonstrates absorption at the low transition
energy corresponding to the interband feature “A” in the DOS.

In the case of the Ce@Li structure, calculations predict that
it should be transparent up to an energy of 4.8 eV. Then, up to
an energy value of 5.6 eV, this compound should be practically
transparent. A much better agreement with the experiment is
demonstrated by Cel@Ba and Ce2@Ba structures, in which
Ce* ions occupy 8¢ lattice sites. The optical absorption
spectrum for the Ce3@Ba structure is an intermediate between
the case of Ce@Li and Cel@Ba and Ce2@Ba structures. Here,
it is necessary to consider that of all Ce@Ba configurations, the
Ce2@Ba structure is the most energetically favorable
(Supporting Information). In contrast, the Cel@Ba and
Ce3@Ba structures have a relative energy of 0.218 and 0.646
eV, respectively. Based on these data, the structures Cel@Ba
and Ce2@Ba of the considered variants are most likely to be
realized in the experiment.

Figure 6 shows the excited-state dynamics of electron—hole
pairs for the F-center, Ce2@Ba, and Ce@Li models. The
results are obtained by processing NACs from adiabatic MD
trajectories using SP DFT for the F-center and NCS DFT for
the other models. The blue and orange colors represent the
gain of population for holes and electrons, respectively, as
introduced in eq 9. The green color represents no change, i.e.,
ground-state charge density. The solid and dashed lines
indicate the energy expectation values for holes and electrons
in the excited states, respectively.

Each panel displays the distribution of electronic popula-
tions as a function of energy and time. At the initial time of
each panel, there is an instantaneous excitation, which excites
electrons to the LU+y (yth orbital above lowest unoccupied
molecular orbital) in the conduction band and introduces
holes to the HO—x (xth orbital below highest occupied
molecular orbital) orbital in the valence band. These
excitations HO—x — LU+y correspond to optical transitions
with high oscillator strengths. After the excitation, the excited
electrons relax to the LU and the holes to the HO through the
nonradiative process of vibrational relaxation. Note here the
electron—hole pairs remain at the frontier orbitals for a certain
time prior to relaxing back to the ground electronic state.

The left panels of Figure 6 illustrate the dynamics at 77 K,
while the right panels show the dynamics at 300 K. For each
row, the same initial condition is used to compute dynamics at
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Figure 5. Absorption spectra of LBBF, Ce@Ba, Ce@Li, and F-center
structures calculated with HSE06-SOC compared with experiment.
The orange line corresponding to the F-center has several low-energy
transitions, interpreted as the “A” transition from the trap to the CBM
(LU) and a progression of subsequent transitions from the same
group “trap”— LU+1, “trap”— LU+2 etc.

different temperatures. Comparing the dynamics at different
temperatures, one finds similar relaxation patterns but
noticeably different relaxation rates. Electrons and holes at
the room temperature, in most cases, show much larger
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relaxation rates than that at 77 K. This is due to larger values of
Redfield tensor elements from NACs calculations at higher
temperatures, which describe state-to-state population transfer
rates (see Supporting Information). The temperature depend-
ence of nonradiative relaxation rates is due to resonance
coupling between lattice vibrations and sublevels among
electronic states.

Comparing the dynamics for various models, one finds the
spin up component of F-center shows different relaxation
patterns. There is a trap state between CBM and VBM for the
spin up component of F-center, which is not observed for
other models. The subgap between the trap state (HO) and
VBM (HO-1) is about 3.7 eV, which requires multi-phonon
mechanism of relaxation and thus greatly slows down the
relaxation of holes. Due to the presence of long-lived trap state,
one expects an intraband transition HO-1 — HO (labeled as
“B”), which contributes to the PL of F-center in addition to
Kasha emission LU — HO (labeled as “A”). Among all
models, the largest relaxation rates of electrons are observed
for Ce@Li, whereas the largest relaxation rates of holes are
observed for the spin down component of F-center. The
relaxation rates of electrons and holes are mainly affected by
orbital overlap and subgaps between electronic states. Table 1
summarizes the nonradiative relaxation rates corresponding to
Figure 6.

We have studied the nonradiative transitions of electron—
hole pairs for various models. Here, we focus on radiative
transitions that is competing with nonradiative transitions.
Figure 7 shows the time-integrated PL spectra computed along
the excited-state dynamics trajectories for the F-center, Ce2@
Ba, and Ce@Li models. The initial excitation conditions are
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expectation values for holes and electrons in the excited states,
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center. Feature “A” represents Kasha emission LU — HO, whereas
feature “B” represents an intraband transition HO—1 — HO.

the same as in Figure 6. There are two general observations:
the spectra at 77 K are similar to the ones at 300 K and Kasha
emission features LU — HO dominate over other optical
transitions. This is because the time the hot carriers take to
reaching frontier orbitals is much shorter than the recombi-
nation time and the duration of the time-integration interval.

Intensity, a.u.
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Figure 7. Time-integrated PL spectra computed along the excited-
state dynamics trajectories for F-center, Ce2@Ba, and Ce@Li models.
The results are obtained by processing NACs from adiabatic
molecular dynamics trajectories using SP DFT for F-center and
NCS DFT for the other models. The initial excitation conditions are
the same as in Figure 6. Spectra from panel a correspond to dynamics
at 77 K, while spectra in panel b correspond to dynamics at 300 K.

For the spin up component of F-center, features at 3.7 and 5.4
eV are also strong. The former corresponds to the intraband
transition HO—1 — HO, whereas the latter corresponds to the
interband transition LU — HO-1. These features are due to
the presence of the long-lived trap state, as discussed in Figure
6. For the spin down component of F-center, Ce2@Ba, and
Ce@Li models, intensities of non-Kasha transitions are several
orders of magnitude weaker than the Kasha emission.

The PL spectra from excited-state trajectories in Figure 7
allow us to identify the most probable transitions. However,
this method generates PL features with narrow line widths as a
result of using averaged transition energies. To find a better
agreement with experimental PL spectra, one should take into
account the effect of thermal broadening. Such a method

Table 1. Nonradiative Relaxation Rates for Hot Electrons and Holes Following the Initial Photoexcitaions

model initial excitation transition energy, eV
F-center (1) HO-13 — LU+24 6.9079
F-center ({) HO-9 — LU+20 6.7610
Ce2@Ba HO-10 — LU+23 6.2291
Ce@Li HO-17 — LU+22 6.2921

oscillator strength temperature, K k., ps~" Ky, ps™
0.6933 77 0.1384 0.0069

300 0.4792 0.0056

0.6748 77 0.1729 1.3984

300 0.5632 2.5146

0.0128 77 0.3391 04731

300 0.6265 2.0056

0.009S 77 1.7397 0.1939

300 3.1246 0.8499
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(molecular dynamics photoluminescence or MDPL) has been
reported by a few of us.**’’ Figure 8 shows comparison
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Figure 8. Comparison between experimental PL spectra for
LBBF:Ce*" crystals and computed MDPL spectra for the F-center,
Cel@Ba, Ce2@Ba, Ce3@Ba, and Ce@Li models. Molecular
dynamics calculations are carried out using SP DFT for the F-center
and NCS DFT for the other models. For MDPL spectra of the F-
center, one combines the contributions from spin up and spin down
components. Spectra from panel a are obtained at 77 K, while spectra
in panel b are obtained at 300 K.

between experimental PL spectra for LBBF:Ce®" crystals and
computed MDPL spectra for F-center, Cel@Ba, Ce2@Ba,
Ce3@Ba, and Ce@Li models. Note that the MDPL spectra are
computed using PBE functional, thus showing smaller
transition energies than time-integrated PL spectra in Figure
7 based on HSEO6 functional. MD calculations are carried out
using SP DFT for the F-center and NCS DFT for the other
models. MDPL spectra of the spin up component of F-center
include three transitions i.e. HO-1 - HO, LU — HO-1, and
LU — HO, whereas MDPL spectra of other models only
include LU — HO transitions, as suggested by the time-
integrated PL spectra along excited-state trajectories. For
MDPL spectra of the F-center, one combines the contributions
from spin up and spin down components.

The top (a) and bottom (b) panels of Figure 8 show PL at
77 and 300 K, respectively. The experimental PL spectra
display two emission bands: the one with maximum at ~2.3 eV
(feature i) and the other ranging from ~2.5 to 3.7 eV (features
band i to intrinsic defects and bands ii-iv to the Ce®
emission.”” The MDPL spectra display three distinct features,
namely the interband transition “A” and intraband transition
“B” from the F-center model, and transition “C” mainly
contributed by Ce** containing models. Here we propose two
hypothetic explanations for the similarities and differences
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between experimental and computed PL spectra. The first
hypothetic explanation is that features i and ii—iv correspond to
features “B” and “C”, respectively. The range of energies below
~2.3 eV is not studied experimentally. Therefore, the feature
“A” is predicted to be possible by theory but is not observed on
experiment. At 77 K, there is an offset of about 0.4 eV between
MDPL and experimental PL spectra. MDPL spectra at 300 K
show redshifts of emission and line-width broadening
compared to the ones at 77 K and agree better with
experimental PL in terms of transition energies. Feature iii
can be mainly attributed to transitions of Ce@Li and Ce3@Ba,
while feature iv to transitions of Cel@Ba and Ce2@Ba. The
second hypothetical explanation is that feature i corresponds to
feature “A”. Feature ii is not resolved and can be attributed to
features “B” and “C” at 77 K. Features iii and iv correspond to
features “B” and “C” at 300 K, respectively. In this case, the
transition energy difference between features “A” and “B” is
about 1.7 eV, which is much larger than the corresponding
experimental values (~ 1.0 eV between features i and ii or ~0.5
€V between features i and iii). However, one should bear in
mind that this transition energy difference depends on the
energy level of trap states, which is expected to change by
adopting different exchange-correlation DFT functionals.
Further experiments are needed to determine which of these
hypothetical explanations is correct. Nonetheless, these
explanations both suggest the broad emission band of
experimental PL is mainly due to emission of Ce®, whereas
the presence of F-center contributes to the low intensity
features at higher wavelengths.

4. CONCLUSIONS

In summary, we perform DFT calculations to obtain ground
state electronic structures of various Ce-containing LBBF
models where doping atoms are located at different sites of the
host lattice. It is found that the optical properties of Ce-doped
borates are determined by Sd—4f transitions on Ce** ions. We
also consider the presence of the F-center, which exhibits a
trap state with energy within the band gap. NACs are
calculated in the basis of adiabatic MD trajectories to obtain
nonradiative relaxation rates of electrons and holes. Time-
integrated PL spectra based on NACs and MDPL spectra are
generated, the latter oneshows a qualitative agreement with
experimental PL spectra by accounting for the effect of thermal
broadening. One finds that relaxation rates, transition energies,
and intensities of Ce-containing LBBF models depend on the
spatial location of doping sites. Our study shows that the broad
emission bands of experimental PL of Ce®" doped LBBF have
two components. The one at the lower transition energy is
attributed to transitions from trap state of F-center, whereas
the other one at the higher transition energy is mainly due to
Kasha emission from Ce®* species. This combined exper-
imental and computational effort contributes to the identi-
fication and interpretation of probable and promising synthetic
pathways to create efficient light emitters.
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