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titution of sodium host ions with lithium ions can occur easily.
formation of lithium interstitials is likely accompanied by the substitution of F- with O2- ions.
ium substitution has little impact on the electronic structure of the fluoride host and the 4f orbital energ
lent lanthanides.
presence of ILi-OF defect pairs may cause self-absorption losses in lanthanide luminescence or populate lanth
ates by ligand-to-metal charge transfer.
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A B S T R A C T
Lithium doping has been widely employed to modulate the photoluminescence of lanthanide
crystals. Despite its effectiveness, the underlying mechanism remains debatable. Using cubic
yttrium fluoride as a model crystal, first-principles calculations indicate that neutral subs
of host sodium with lithium ions can occur, irrespective of synthesis conditions. Unlike
substitution, the formation of lithium interstitials is likely accompanied by the substitution of
O2- ions. The lithium substitution shows negligible influence on the electronic structures of t
crystal and the 4f orbital energies of lanthanide ions. By comparison, the lithium- and oxygen
defect pairs could induce self-absorption losses in lanthanide luminescence or produce ligand-t
charge transfer states that could populate lanthanide 4f states.

duction
nide photoluminescence originating from intra-4f
has been witnessed in a wide range of applica-
ding three-dimensional display, data encryption,
g, and high-energy photodetection, as well as
ided therapeutics (1; 2; 3). Despite the great
e luminescence intensity of given lanthanide-
hosphors remains low, mainly due to the parity-
nature of the intra-band transition (4). To this
derable effort has been made to enhance lan-
inescence, such as core-shell passivation, isova-

alent co-doping, dye sensitization, and plasmonic
; 6; 7).

incorporation has widely proven effective in
lanthanide luminescence. However, the under-

hanism remains elusive. For instance, lithium-
hancement has been ascribed to distortion of

pic site symmetries, improvement of crystallinity,
n of quenching centers, or shrinkage of lattice
(8; 9; 10). Notably, it has been reported that
incorporation of lithium ions largely depends

ic approaches (11). Specifically, Li+ ions were
lanthanide-doped Y2O3 microparticles prepared

ate reactions, while the particles prepared by wet
approaches involving centrifugation and washing
free of Li+ dopants. In this regard, identifying the
nd distribution of lithium dopants in host lattices
t from both scientific and practical perspectives.
xperimental characterization of lithium incorpo-
e atomic level remains challenging, impeding its
chanistic study of luminescence enhancement.

onding author
inx@nus.edu.sg (X. Qin); chmlx@nus.edu.sg (X. Liu)
): 0000-0001-8569-7721 (X. Qin); 0000-0003-2517-5790 (X.

By virtue of their ability to characterize defects,
principles calculations have been widely used to predi
identify lattice defects in solids (12; 13). Herein, we
tigate the doping of lithium ions in fluoride crystals
first-principles calculations based on the frame of d
functional theory (DFT). The cubic sodium yttrium flu
crystal (𝛼-NaYF4) was chosen for its generalizabil
host lanthanide emitters and its structural simplicity.
the same valence electrons, lithium ions can easily re
sodium ions. In addition, we hypothesize that lithium
could form interstitial defects owing to their small ioni
and low packing density of the cubic lattice.

Fig. 1. Atomic illustration of substituted and inter
lithium ions in a cubic sodium yttrium fluoride lattic
the calculated thermodynamic stability diagram. Δ𝜇N
Δ𝜇F are the relative chemical potentials of sodium
fluoride, respectively, relative to their elemental substa
Points A, B, and C denote fluoride-rich, fluoride-me
and fluoride-poor conditions, respectively.

2. Results and discussion
We employed a cubic NaYF4 supercell model co

ing 144 atoms to investigate the thermodynamic sta

of lithium incorporation. Lithium substitution (LiNa) and

r et al.: Preprint submitted to Elsevier Page 1 of 6
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(ILi) were generated by replacing one Na atom
tom and inserting one Li atom into the interstitial
ectively (Fig. 1 and Supplementary Fig. S1).

ated phase diagram indicates that 𝛼-NaYF4 can
in a narrow range of relative chemical potentials.
ch (point A), fluoride-medium (point B), and
or (point C) conditions were selected to estimate
on energies of the LiNa and ILi defects.
ium substitution, the optimized atomic structure

egligible lattice distortion, as manifested by the
nkage in the first coordination environment of
ared with Na+ ions (Fig. 2a). In contrast, the
on of Li+ at interstitial sites generates a marked
rtion. For example, host fluoride ions underwent

le rearrangement upon lithium intercalation, even
ant fluorides (Fig. 2b). By plotting the formation
s a function of relative chemical potentials and
l (𝜖F), we found that singly positively charged
ts are not stable over the entire range of 𝜖F and
tively charged LiNa defects can form only when
close to the host conduction band edge (Fig. 2c).

, the neutral LiNa defects dominate, irrespective of
ic conditions. Notably, these neutral substitutions
likely to form owing to their moderate formation

0.68 eV. In the case of ILi defects, the formation
sus the Fermi level suggests that the neutral
is not stable over the whole range of 𝜖F and a
itively charged interstitial dominates (Fig. 2d).
y, this charged interstitial has a higher formation
when the 𝜖F shifts toward the valence band edges

.
t investigated the effect of these defects on the

structures of 𝛼-NaYF4. The calculated density of
s that LiNa does not introduce mid-gap states and
p remains unaltered (Fig. 3a). This suggests that
stitution has little impact on the optical properties

ride host. We further studied the electronic inter-
een Li and lanthanide dopants. Nd3+ and Yb3+

n as model ions because their ionic sizes are larger
r, respectively, than that of Y3+. From an energetic
ew, lanthanide ions randomly replace Y3+ host
ective of the presence of lithium ions. As a result,
s can be close to lithium ions or far from them. By

density of states of crystals containing Li-Nd or
ters, we found that lithium ions exert a negligible
n 4f orbital energies (Fig. 4b and c).
ase of 𝛼-NaYF4:ILi systems, we only considered
positively charged lithium interstitial because of
ynamic stability. Similarly, such charged defects
oduce mid-gap states (Supplementary Fig. S2).
g that crystals are electrically neutral, charged
generally compensated by defects with opposite
luoride interstitials or substitution of F- with

F) may be effective in neutralizing the charged

lithium interstitials in 𝛼-NaYF4 crystals. We exclude
fluoride interstitial-mediated charge compensation be
fluoride interstitials are unlikely to form under F-po
medium conditions (14).

Despite the use of an inert atmosphere during synt
the presence of oxygen impurities has been observ
sodium yttrium fluoride phosphors, making them prom
for charge compensation (15). Instead of well separated
each other, ILi and OF defects tend to form ILi-OFdue to the electrostatic attraction between these oppo
charged defects. The calculated formation energies in
that an ILi-OF cluster can form under F-medium or F
conditions (Fig. 4a). In contrast, it is nearly impossi
replace fluoride with oxygen ions under F-rich cond
(Supplementary Fig. S3). Unlike LiNa defects, single
tive and negative ILi-OF clusters are more stable than
neutral counterpart when 𝜖F shifts toward the valenc
conduction band edges of the host, respectively. No
the thermodynamic transition level of (0/+) is loca
1.57 eV above the host valence band edge, and the
of (-/0) is at 1.28 eV below the host conduction
edge. These transition levels suggest that the defectiv
may participate in lanthanide-activated photolumines
processes. For example, lanthanide emission could i
electronic transitions at these defect sites.

The calculated density of states shows that the pre
of ILi-OF pairs leads to multiple mid-gap states carri
O 2p orbitals (Fig. 4b). Further substitution of Nd3
Y3+ in the first coordination shell of an ILi-OF pair sl
affects the energies of the Nd 4f orbitals (Fig. 4c). No
we found hybridization between Nd 4f and O 2p or
suggesting relaxation of the parity selection rule to
extent. Additionally, it is likely that electronic trans
from O 2p to Nd 4f orbitals occur upon photoexci
(Fig. 4d and e). This shows a close resemblance to li
to-metal charge transfer in lanthanide complexes (16; 1
the case of Yb3+, we found stronger hybridization be
Yb 4f and O 2p orbitals compared with Nd3+, whic
be ascribed to the more migratory nature of Yb 4f ele
(Supplementary Fig. S4) (18). Moreover, a consid
change occurred in the energy gap between the occupie
empty 4f orbitals upon oxygen incorporation. This sug
that ILi-OF pairs could alter the 4f-4f transition energ
Yb3+ ions and Yb-involved energy transfer processes.

3. Conclusion
In conclusion, we have systematically investigate

formation of lithium-associated defects in cubic so
yttrium fluoride crystals and their influence on the o
properties of lanthanide ions using first-principles
lations. The moderate formation energy suggests th
substitution of host Na+ by Li+ can easily occur, even
sodium-rich conditions, mainly due to the close va
similarity between Na+ and Li+ ions. Moreover, li
r et al.: Preprint submitted to Elsevier Page 2 of 6
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