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Lithium doping has been widely employed to modulate the photoluminescence of lanthanide-doped crystals.
Despite its effectiveness, the underlying mechanism remains debatable. Using cubic sodium yttrium fluoride as
a model crystal, first-principles calculations indicate that neutral substitution of host sodium with lithium ions
can occur, irrespective of synthesis conditions. Unlike lithium substitution, the formation of lithium interstitials
is likely accompanied by the substitution of F- with O ions. The lithium substitution shows negligible influence
on the electronic structures of the host crystal and the 4f orbital energies of lanthanide ions. By comparison,

the lithium-oxygen defect pairs could induce self-absorption losses in lanthanide luminescence or produce
ligand-to-metal charge transfer states that could populate lanthanide 4f states.

1. Introduction

Lanthanide photoluminescence originating from intra-4f transitions
has been witnessed in a wide range of applications, including three-
dimensional display, data encryption, microlasing, and high-energy
photodetection, as well as imaging-guided therapeutics [1-3]. Despite
the great success, the luminescence intensity of given lanthanide-
activated phosphors remains low, mainly due to the parity-forbidden
nature of the intra-band transition [4]. To this end, considerable effort
has been made to enhance lanthanide luminescence, such as core—
shell passivation, isovalent/anisovalent co-doping, dye sensitization,
and plasmonic coupling [5-7].

Lithium incorporation has widely proven effective in enhancing
lanthanide luminescence. However, the underlying mechanism remains
elusive. For instance, lithium-induced enhancement has been ascribed
to distortion of spectroscopic site symmetries, improvement of crys-
tallinity, suppression of quenching centers, or shrinkage of lattice con-
stants [8-10]. Notably, it has been reported that successful incorpo-
ration of lithium ions largely depends on synthetic approaches [11].
Specifically, Li* ions were detected in lanthanide-doped Y,O5 mi-
croparticles prepared by solid-state reactions, while the particles pre-
pared by wet chemistry approaches involving centrifugation and wash-
ing steps were free of Li* dopants. In this regard, identifying the pres-
ence and distribution of lithium dopants in host lattices is important
from both scientific and practical perspectives. However, experimental
characterization of lithium incorporation at the atomic level remains
challenging, impeding its ensuing mechanistic study of luminescence
enhancement.
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By virtue of their ability to characterize defects, first-principles cal-
culations have been widely used to predict and identify lattice defects
in solids [12,13]. Herein, we investigate the doping of lithium ions in
fluoride crystals using first-principles calculations based on the frame
of density functional theory (DFT). The cubic sodium yttrium fluoride
crystal (a-NaYF4) was chosen for its generalizability to host lanthanide
emitters and its structural simplicity. Given the same valence electrons,
lithium ions can easily replace sodium ions. In addition, we hypothesize
that lithium ions could form interstitial defects owing to their small
ionic size and low packing density of the cubic lattice.

2. Results and discussion

We employed a cubic NaYF, supercell model containing 144 atoms
to investigate the thermodynamic stability of lithium incorporation.
Lithium substitution (Liy,) and interstitial (I;;) were generated by
replacing one Na atom with a Li atom and inserting one Li atom into
the interstitial space, respectively (Fig. 1 and Supplementary Fig. S1).
The calculated phase diagram indicates that a-NaYF, can only form in
a narrow range of relative chemical potentials. Fluoride-rich (point A),
fluoride-medium (point B), and fluoride-poor (point C) conditions were
selected to estimate the formation energies of the Liy, and I;; defects.

For lithium substitution, the optimized atomic structure suggests
negligible lattice distortion, as manifested by the slight shrinkage in the
first coordination environment of Lit compared with Na* ions (Fig. 2a).
In contrast, the incorporation of Li* at interstitial sites generates a
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Fig. 1. Atomic illustration of lithium substitution and interstitial defects in a cubic
sodium yttrium fluoride lattice and the calculated thermodynamic stability diagram.
Ay, and Apg are the relative chemical potentials of sodium and fluoride, respectively,
relative to their elemental substances. Points A, B, and C denote fluoride-rich,
fluoride-medium, and fluoride-poor conditions, respectively.

marked lattice distortion. For example, host fluoride ions underwent
considerable rearrangement upon lithium intercalation, even for the
distant fluorides (Fig. 2b). By plotting the formation energies as a
function of relative chemical potentials and Fermi level (e), we found
that singly positively charged Liy, defects are not stable over the entire
range of ¢p and singly negatively charged Liy, defects can form only
when e is highly close to the host conduction band edge (Fig. 2¢). As
a result, the neutral Liy, defects dominate, irrespective of the synthetic
conditions. Notably, these neutral substitutions are highly likely to form
owing to their moderate formation energies of ~0.68 eV. In the case of
I;; defects, the formation energy versus the Fermi level suggests that
the neutral interstitial is not stable over the whole range of e¢; and a
singly positively charged interstitial dominates (Fig. 2d). Specifically,
this charged interstitial has a higher formation probability when the ¢
shifts toward the valence band edges of the host.

We next investigated the effect of these defects on the electronic
structures of a-NaYF,. The calculated density of states shows that Liy,
does not introduce mid-gap states and the bandgap remains unaltered
(Fig. 3a). This suggests that lithium substitution has little impact on
the optical properties of the fluoride host. We further studied the
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electronic interaction between Li and lanthanide dopants. Nd3* and
Yb3* were chosen as model ions because their ionic sizes are larger
and smaller, respectively, than that of Y3*. From an energetic point
of view, lanthanide ions randomly replace Y3* host ions, irrespective
of the presence of lithium ions. As a result, lanthanides can be close
to lithium ions or far from them. By plotting the density of states of
crystals containing Li-Nd or Li-Yb clusters, we found that lithium ions
exert a negligible influence on the 4f orbital energies of lanthanides
(Fig. 4b and c).

In the case of a-NaYF,:I;; systems, we only considered the singly
positively charged lithium interstitial because of its thermodynamic
stability. Similarly, such charged defects do not introduce mid-gap
states (Supplementary Fig. S2). Considering that crystals are electrically
neutral, charged defects are generally compensated by defects with op-
posite charges. Fluoride interstitials or substitution of F~ with 0%~ ions
(Og) may be effective in neutralizing the charged lithium interstitials in
a-NaYF, crystals. We excluded the fluoride interstitial-mediated charge
compensation because fluoride interstitials are unlikely to form under
F-poor or medium conditions [14].

Despite the use of an inert atmosphere during synthesis, the pres-
ence of oxygen impurities has been observed in sodium yttrium fluoride
phosphors, making them promising for charge compensation [15]. In-
stead of well separated from each other, I;; and Oy defects tend to form
I;;—OF pairs due to the electrostatic attraction between these oppositely
charged defects. The calculated formation energies indicate that I;;—Og
clusters can form under F-medium or F-poor conditions (Fig. 4a). In
contrast, it is nearly impossible to replace fluoride with oxygen ions
under F-rich conditions (Supplementary Fig. S3). Unlike Liy, defects,
single positive and negative I;;-Oy clusters are more stable than their
neutral counterpart when e shifts toward the valence and conduction
band edges of the host, respectively. Notably, the thermodynamic tran-
sition level of (0/+) is located at 1.57 eV above the host valence band
edge, and the level of (—/0) is at 1.28 eV below the host conduction
band edge. These transition levels suggest that the defective host may
participate in lanthanide-activated photoluminescence processes. For
example, lanthanide emission could induce electronic transitions at
these defect sites.

The calculated density of states shows that the presence of I;;-Og
pairs leads to multiple mid-gap states carried by O 2p orbitals (Fig. 4b).
Further substitution of Nd3* for Y3* in the first coordination shell
of an I};-Op pair slightly affects the energies of the Nd 4f orbitals
(Fig. 4c). Notably, we found hybridization between Nd 4f and O 2p
orbitals, suggesting relaxation of the parity selection rule to some
extent. Additionally, it is likely that electronic transitions from O 2p to
Nd 4f orbitals occur upon photoexcitation (Fig. 4d and e). This shows
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Fig. 2. Optimized atomic structures of a-NaYF, crystals containing (a) Liy, and (b) I;; lattice defects. (¢, d) Calculated formation energies of Liy, and I;; (charged and neutral)
as a function of Fermi energy under F-medium conditions. Gray spheres represent fluoride atoms. Note that sodium and yttrium atoms are removed for better visualization.
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Fig. 3. Calculated total density of states of (a) a-NaYF, and a-NaYF,:Li, (b) a-NaYF,:Nd and «-NaYF,:Li,Nd, and (c) a-NaYF,:Yb and a-NaYF,:Li,Yb crystals. Insets shown in (b)
and (c) are the optimized atomic structures of Li-Nd and Li-Yb clusters, respectively. Gray spheres represent fluoride atoms.
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Fig. 4. (a) Calculated formation energies of I;-O; defect complex (charged and neutral) as a function of Fermi energy under F-medium conditions. (b, ¢) Calculated total and
projected density of states of a-NaYF,:Li,O and «-NaYF,:Li,O,Nd crystals, respectively. Inset is the optimized atomic structure of an I;;-Oy cluster. (d) Optimized atomic structure
of a Li—~O-Nd cluster. (e) Schematic energy transfer diagram from ligand-to-metal charge transfer (LMCT) states to lanthanide 4f states. Solid thick, solid thin, and dashed arrows
represent absorption, emission, and nonradiative decay, respectively.
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a close resemblance to ligand-to-metal charge transfer in lanthanide
complexes [16,17]. In the case of Yb3*, we found stronger hybridiza-
tion between Yb 4f and O 2p orbitals compared with Nd3*, which
can be ascribed to the more migratory nature of Yb 4f electrons (Sup-
plementary Fig. S4) [18]. Moreover, a considerable change occurred
in the energy gap between the occupied and empty 4f orbitals upon
oxygen incorporation. This suggests that I;;-Op pairs could alter the
4f-4f transition energies of Yb3* ions and Yb-involved energy transfer
processes.

3. Conclusion

In conclusion, we have systematically investigated the formation of
lithium-associated defects in cubic sodium yttrium fluoride crystals and
their influence on the optical properties of lanthanide ions using first-
principles calculations. The moderate formation energy suggests that
the substitution of host Na* by Li* can easily occur, even under sodium-
rich conditions, mainly due to the close valency similarity between Na*
and Lit ions. Moreover, lithium substitution barely affects the elec-
tronic structures of the host lattice and the positions of lanthanide 4f
orbitals. Unlike the point defect of Liy,, the calculation shows that the
formation of Li interstitials is probably accompanied by the substitution
of F~ by 0%~ ions. The presence of thermodynamic transition levels of
I;;—Or pairs suggests that self-absorption may occur in lanthanide lumi-
nescence. Additionally, the ligand-to-metal charge transfer transitions
could contribute to lanthanide luminescence through energy transfer.
These findings provide atomic insights into the Li-mediated tuning of
lanthanide luminescence that could apply to other dopant-activated
luminescent materials.

4. Computational methods

The energetic and electronic DFT calculations were performed using
the Vienna ab initio simulation package (VASP) with the projector
augmented wave method [19,20]. Perdew-Burke-Ernzerhof general-
ized gradient approximation was employed to describe the exchange—
correlation interactions between electrons [21,22]. The screed-
exchange hybrid functional HSE06 with 12% Hartree-Fock exchange
interaction was employed to calculate the electronic structures of
systems under study [23,24]. The energy cutoff of the plane wave basis
expansion was set at 520 eV, and the energy and force convergence
criteria were set at 1 x 1076 eV and 0.01 eV/A, respectively. A
gamma-centered k-point sampling of 1 x 1 x 2 was used for the
supercell. Methodologies used for the calculation of formation energy
and thermodynamic transition level are illustrated in refs [14,25]. For
determining the chemical potential of lithium and oxygen elements,
O, gas, lithium bulk, LiF, and Y,03; were considered as secondary
competing phases.
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