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The poor understanding of the optical transitions and luminescent mechanisms critically hindered the develop-
ment of near-infrared (NIR) Fe**-activated phosphors, and efficient luminescence from Fe(Oh) has rarely been

reported. In our study, we delve into these challenges and realize their correlation with the quenching mechanism
of Fe*™ luminescence. First-principles calculations are utilized to analyze energy levels and electron-phonon
coupling parameters, further elucidating potential deactivation pathways and factors influencing the occurrence
of photoluminescence. A heuristic rule based on ligand-field strength, determined by the absorption wavelength
of Cr** occupying the same octahedral site in oxides, is proposed to facilitate the prediction of both the potential
and wavelength of Fe** emission. Our study offers consistent and reliable interpretations for the difficulties and
challenges of iron-doped crystals, and provides valuable insights on the design and optimization of Fe**-based

phosphors.
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I. INTRODUCTION

The exploration of transition metal ions, specifically Fe**,
activated near-infrared (NIR) phosphors offers a compelling
avenue in the development of environmentally friendly, chem-
ically stable, and biocompatible optical materials [1-4] with
applications ranging from plant growth and food analysis to
biomedicine and night vision technologies [5—7]. However,
achieving efficient Fe**-based NIR phosphors remains chal-
lenging. Only a limited number of high-efficiency systems
have been reported, such as the well-known LiGaO,:Fe’*
[8,9] and LiGasOg:Fe3t [10-12], along with a few recently re-
ported systems like the Srz,yCay(InSb)I_ZSnzzoste3+ [4]
series, SroGa(PQO,)7:Fe’t [3], Li,ZnSiO4:Fe’t [2], and
I<A11101721:“637L [1]

A significant barrier to the advancement of iron-containing
phosphors is the poor understanding of the luminescence
mechanisms, which involves site occupancy, valence states,
and optical transition processes. EPR studies have revealed
that Fe3* ions occupy both tetrahedral and octahedral sites in
various crystals [13—15], which will be referred to as Fe(Td)
and Fe(Oh), respectively. However, for a significant period,
only emissions peaking between 670-830 nm were observed,
primarily attributed to Fe(Td) [16], albeit some emissions
at similar ranges were tentatively associated with Fe(Oh).
Considerable efforts have been dedicated to exploring the
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luminescence of Fe3t in octahedral sites, such as in «-Al,O5
[17], Ga,O3 [18], MgO [19], and LiGasOg [10,11,20]. Chal-
lenge increases with the interference of inevitable native
defects and trace impurities.

In our recent work [16], we investigated the site occupancy
and valence states of Fe3t in solids, and further predicted
their optical transition energies. In iron-doped normal spinel
ZnAl,Oy4 crystal, EPR results indicate the presence of Fe’*
in octahedral and tetrahedral sites [15], which has also been
supported by first-principles calculations [16]. Two emissions
centered at around 445 nm and 745 nm were previously iden-
tified as originating from Fe(Td) and Fe(Oh) due to their
high defect concentrations [15], but were reassigned to in-
trinsic defect and Fe(Td), respectively [16]. In the iron-doped
yttrium gallium garnet, the zero-field splittings of the high-
spin state of Fe(Oh) and Fe(Td) were interpreted [21], and
the absorption spectra of both Fe(Td) and Fe(Oh) were con-
firmed [22]. However, only one emission peaked at ~805 nm
was observed, which was attributed to the Fe(Td) [16], and
the emission from Fe(Oh) was absent. Similar phenomena
have been widely reported in other iron-doped crystals, such
as LiAlsOg and M Al1,019 (M = Ba, Sr, Ca) [20,23,24]. In
the inverse spinel LiGasOg, a weak luminescence with a
sharp zero-phonon line at 1115 nm was observed. This was
originally identified as Fe(Oh), but was later found to be asso-
ciated with Ni** trace impurity based on the spectral features
[16]. Therefore, the puzzling scarcity of efficient lumines-
cence of systems activated by Fe(Oh) persists, especially
given the EPR evidence confirming the site occupancy. More
recently, luminescence around 1000 nm from Fe(Oh) has

©2024 American Physical Society
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FIG. 1. Schematic illustrating luminescent quenching. (a) Electron thermal ionization to the conduction band, or hole to the valence band
(not shown). (b) Energy transfer (ET) to a quenching center. (c) Sequential nonradiative decay via intermediate energy levels. (d) Multiphonon

nonradiative relaxation.

been reported in hosts with weak ligand field, such as Int-,
Sn**-, Lu**- and Mg?*-based double-perovskite [4,25,26],
Sc3t-based NaScSi,Og host [27], and Ga3*-based structure
confinement SroGa(POy); hosts [3].

In this study, the energy level structures and electron-
phonon coupling of iron in solids were detailed and discussed
by combining first-principles calculations and the Tanabe-
Sugano diagram analysis, and then the presence or absence
nature of the photoluminescence from Fe*" were uncovered.
Ultimately, we have established a heuristic rule to aid in pre-
dicting the emission wavelength based on existing structural
angl luminescence data of other transition metal ions such as
Crt.

II. METHODS

First-principles calculations were performed based on the
density functional theory (DFT) implemented in the Vienna
ab initio simulation package code (VASP) [28,29]. The rec-
ommended projector augmented wave (PAW) method [30]
was adopted to treat the interaction between ion core and
electrons. The generalized gradient approximation of the
Perdew-Burke-Ernzerhof (PBE) functional [31] was used for
the exchange correlation functional. The conjugate gradi-
ent method was used to perform the geometric optimization
until the Hellmann-Feynman forces on atoms less than
0.01 eV/A. The crystal hosts were optimized by an energy cut-
off of 400 eV. The comparison of experimental and calculated
lattice parameters were listed in Table S1 of the Supplemental
Materials (SM) [32] (including Refs. [33-39]). The defect
calculations were performed based on the supercell method.

In the DFT framework, some multiplet excited states are
approximated by a combination of single determinants, which
can be calculated by spin-multiplicity control or constrained
occupancy methods. By calculations, the *T; — ®A; emis-
sions of tetrahedral and octahedral Fe** in a series of hosts
can well reproduce the experimental results, and the basic
parameters A and B have been studied in comparison with ex-
periments in our previous work [16]. Here we further consider
2T, excited states to discuss the presence or absence nature of
photoluminescence of Fe** in solids. The main components,
calculational details, and their Coulomb interactions of *T;
and *T, excited states are elaborately discussed in Note S1
of the SM [32] for Fe*T activators with 3d> electronic con-
figuration. The excited states and optical transition energies

were calculated by combing first-principles calculations based
on hybrid HSEO6 functionals and Tanabe-Sugano theory. As
a compromise between accuracy and computational resources
of hybrid functional calculations, only one I'-centered point
was used to sample the Brillouin zone for the defect calcula-
tions in supercells. The convergence test of our calculational
method have been performed [16].

III. RESULTS AND DISCUSSIONS

A. First-principles calculations on excited states

Figure 1 outlines the mechanisms of luminescent quench-
ing in solids. The mechanism in Fig. 1(a) is generally ruled
out due to the much higher energy of the charge transfer
excited state (Fe’* 4 hypy or Fe*™ + ecpy, by over 2 eV)
compared to the *T; states in many systems with lumines-
cence being absent [16]. De-excitation via energy transfer to
quenching centers, as shown in Fig. 1(b), can be controlled
through experimental designing and is thus excluded from
consideration, given the general nature of the quenching.
Concerning the mechanism illustrated in Fig. 1(c), the com-
petition of low-spin (S = 1/2) and high-spin (S = 5/2) states
of iron compounds in earth’s mantle under pressure has led
us to consider the possible involvement of the intermediate
low-spin states of Fe** dopants in relaxation processes [40].
These low-spin states of Fe’* in solids are not observable
in absorption spectra, as their forced electric-dipole transi-
tions are more thoroughly spin-forbidden than § = 3/2 states.
Therefore, first-principles calculations for the energy levels of
Fe* in solids become necessary.

We choose MgAl,O,4 as a prototype host. EPR and first-
principles calculations show the presence of Fe3* at both
octahedral and tetrahedral sites in these spinels. However,
there was only one emission peaked at ~700 nm from Fe(Td),
and the emission from Fe(Oh) was absent in experiments
[41]. Here, we focus on the energy levels, excited-state re-
laxations, and optical processes of octahedrally coordinated
Fe** by first-principles calculations. The optical transitions
of tetrahedral coordinated Fe** have been discussed in our
previous work [16]. ®A; ground state and *T; excited state are
separately calculated by spin multiplet setting with |£n¢60¢€|
and |9&n¢ | electronic configurations, where £, n, ¢ are the
components of #, orbitals, and 6, € are the components of e or-
bitals [42]. At the ground-state equilibrium structure, labeled
as Q(6A1), the *T, state is 0.86 eV higher than the 5A, state.
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The emission energy 4T, — YA, is calculated as 0.65 eV, and
the thermal activation energy to reach the “T; — %A crossover
point is 0.44 eV, too high to convincingly explain the lack
of luminescence due to the nonradiative decay in Fig. 1(d).
Then we consider the lowest spin doublet excited state 2T
by |En¢E7| electronic configuration. 2T, and *T, states are
comparable in energy in our direct calculations. At the Q(°A;)
geometric structure, the 2T, state is 0.95 eV above the °A;
ground state, and the activation energy of 2T,, as determined
by the intersection of its potential curve with that of the A,
is only about 0.20 eV.

The energy of the *A; /*E state relative to the ground
state A is dominated by the Coulomb interaction and almost
independent of the ligand-field splitting. The calculated ener-
gies of A /*E are usually underestimated by about 0.1 eV
with respect to the experimental results [16], showing the
underestimation of the Coulomb interaction in calculations.
Regarding the energy of the Fe**’s *T; state, both the under-
estimation of Coulomb interaction and the spin contamination
[43] contribute to its energy being underestimated. Compari-
son to experimental results indicates that the energies of *T;
for Fe(Oh) are underestimated by less than or about 0.1 eV
[16].

It is necessary to consider the mixing of different Slater
determinants due to the Coulomb interaction, i.e., con-
figuration interaction. In principle, the electronic charge
density rearrangements of the exact excited states in-
duced by the configuration interaction are influenced by
the wavefunction mixing of different Slater determinants
with different electronic occupancy. Neglecting this inter-
action leads to a minor overestimation of the energy of
“T), but significantly overestimates the energy of ’T,. In
detail, the energies under single Slater determinant approx-
imation are E(4T1[t§(3T1)e]) —E(°A)=10B+6C — A
and E(’Ta2[t51) — E(°A;) = 15B + 10C — 2A [44]. How-
ever, the mixing with #;(3T;)e and #3(*T2)e?('A;) due to
Coulomb interaction significantly downshifts the 2T, level by
about 3.42B by using A ~ 27B, C/B ~ 5 [44]. Meanwhile,
the configuration interaction only leads to a downshift of
*T[t3(3T1)e] by around 0.81B [44] (refer to Note S1 in the
SM [32] for details). After these corrections, at the Q(°A;)
geometric structure, 2T, is shifted to 0.64 eV above the °A;
ground level, which is 0.16 eV lower than the corrected *T;.

Besides, the impact of electron-phonon coupling is dis-
cussed, as shown in Fig. 2. The total Huang-Rhys (HR) factors
are respectively 1.93 and 3.54 for *T; and T, states, with
corresponding Stokes shifts of 0.21 eV and 0.41 eV, which
are notably larger for >T,. 2T, exhibits a more significant cou-
pling with high-energy phonons compared to “T;. Hence, T,
provides the intermediate state to quench the excited Fe(Oh).

Finally, the potential energy surfaces of Fe** are depicted
in Fig. 3. An excited Fe>" thermalizes quickly to the T states
at Q(*T) geometry, and then nonradiatively relaxes to the >T,
state, which is lower in energy, has a higher electron-phonon
coupling strength, and involves coupling with high-energy
phonons more than *T;. Subsequently, Fe** is nonradiatively
relaxed from 2T, at Q(*T,) to the A, ground state. Hence,
the favorable 2T, <> °A; nonradiative relaxation makes 2T,
an efficient intermediate state for the quenching mechanism
as illustrated in Fig. 1(c).
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FIG. 2. Partial HR factors (S;) of the *T; (a) and >T (b) states of
Fe’* in MgAl,O,. The shaded regions [S(%w)] represent the convo-
lutions of the sticks with a full width at half maximum of 0.01 eV to
guide eyes.

B. Energy levels based on the Tanabe-Sugano diagram

Here we discuss the excited energy levels of Fe’* deter-
mined by the Tanabe-Sugano theory based on the ligand-field
parameter A for e—t, splitting, alongside the Racah parameter,
B and C. Utilizing the free-ion value for the ratio of the Racah
parameter, i.e., C/B = 4.73, and using B as the energy unit,
the Tanabe-Sugano diagram for the energy levels of Fe’' is
depicted in Fig. 4(a). It’s worth noting that for the Fe(Td), the
electron-hole duality of d° is employed to make A positive.
In Fig. 4(a), we observed that as the ligand-field strength
increases, the energy of the *T; state decreases almost linearly,
while the T, energy experiences an even sharper decrease,
approximately twice as much as the former. The luminescent
quenching by 2T, intermediate energy level would be severe
for Fe®* in the lattice site with large ligand field strength. The
critical ligand-field strength of comparable *T; with >T; state
is predicted as A/B = 21 in Fig. 4(a).

The A, B, and A/B values of tetrahedral and octahedral
Fe* activator in the experimentally reported hosts have been
detailed calculated and shown in Table I and Fig. 4(a). B
is only weakly dependent on host in oxides, and the energy
levels dominate by the ligand field strength A. The tetrahedral
Fe** in oxides show a small A/B ranging from 11-13, while
the A/B values of octahedral ones are much higher ranging
from 16-27, depending on the crystal host structures and ionic
radii. Thus, the luminescence of tetrahedral Fe>* in oxides is
potentially observable due to small A/B, unless suppressed
by factors like structure relaxation in soft crystals, strong
ionization, or unidentified quenching centers, while the occur-
rence of luminescence of octahedral Fe** is rigorous. For the
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FIG. 3. (a) Configuration coordinate diagram surfaces of the Fe

345

s ground state %Ay, and excited states *T; and 2T,. (b) Contour lines of

potential energies for the excited states “T; (blue) and 2T, (red), delineated on the x-y plane encompassing their displacements. (c) One-
dimensional configurational coordinate diagram along equilibrium configurations Q(*T;) — Q(°A;) — Q(*T»), where mass-weighted
displacements x, y, and Q are given in units of /amuA, with “amu” the atomic mass unit.

large A/B case, generally at octaheral sites, the luminescence
would possibly be quenched through intermediate 2T, excited
states.

Among the lattice sites without reported luminescence
from Fe**, the A/B value of Fe(Oh) in the MgAl,Oy host
is the largest and that of Fe(Oh) in the Y3Gas0;, (YGG)
host is the smallest; while among the hosts with observable
Fe’* luminescence, the A/B value of Fe(Oh) in the CaSnO;
host is the largest. Generally, with small A /B value, the lumi-
nescence would potentially occur. We then discuss the above
three typical cases based on Tanabe-Sugano theory.

For Fe(Oh) in MgAl,Oy, the parameters A, B, and their
ratio are calculated as 2.05 eV, 0.076 eV, and 27.0, respec-
tively. >T, excited state is significantly lower than the “T,
leading to luminescent quenching. In contrast, the >T»[#;] and
*T1[£3(°T1)e] levels under single-Slater-determinant approx-
imation, plotted as dotted lines, are closer to each other in
energy, highlighting the importance of configuration interac-
tion. It is noted that the parameter B can be estimated using
the calculated energy of *T; or A, with E(*T; —%A;) =
(104 6C/B)B — A and E(*A; —°A;) = (10 + 5C/B)B, re-
spectively. However, due to the strong ligand field, obtaining

the energy of the *A state via the occupation matrix control
methodology with spin quartet setting has proven challenging,
as it tends to relax to *T; with much lower energy. Hence,
we employ B = [E(*T; — A1) + A]/(10 4+ 6C/B) with the
ratio C/B = 4.73. The parameters A, B, and A/B can also be
obtained from experimentally measured absorption or exci-
tation spectra based on the correct energy level assignment.
The d <« d interconfigurational excitations of octahedral
Fe’* should be much weaker than that of tetrahedral Fe’*
due to the further forbidden by even parity, and the former
was rarely reported, except the case in the YGG host in
the following paragraph. For Fe(Td), the parameters were
fitted by experimental absorption spectra at low temperature
in the YGG host as A =0.81eV, B=0.092¢V, and C =
0.317eV [22], comparable with our calculational results in
Table I. In the Mg, Al4Sis0,3-Al,03-MgAl,04-SiO; host, the
parameters were fitted as A = 1.01eV, B = 0.067¢eV, and
C =0.365eV [48]. In the Zn,Si04 host, the parameters of
tetrahedral Fe’t were A = 0.92 eV, B=0.066eV, and C =
0.391 eV according to the low temperature excitation spec-
tra [49]. The experimentally fitted ligand field strength and
Racah parameter B of Fe>* at tetrahedral Mg?* or Zn** are
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FIG. 4. (a) Tanabe-Sugano diagram of Fe3* (3d°), with A/B value ranges of tetrahedrally (light purple) and octahedrally (orange)
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TABLE 1. A (eV), B (eV), A/B values, and emission energies
(eV) of Fe** in various tetrahedral and octahedral lattice sites.

A B A/B Emission
LiGasOg Fe(Td) 0.79 0.069 11.6 1.84[11,12]
LiAlsOg Fe(Td) 0.89 0.072 124 1.70-1.80[10,11]
Y;Al50,, Fe(Td) 0.85 0.069 123 1.58[45,46]
Y3Gas0y; Fe(Td) 0.82 0.069 12.0 1.54[21,46]
Lu;GasO, Fe(Td) 0.85 0.070 12.2 1.50[46]
MgAL O, Fe(Td) 0.89 0.070 12.7 1.73[41]
Sr,InSbOg Fe(Oh) 1.13 0.068 16.6 1.40[4]
Sr,ScSbOg Fe(Oh) 1.17 0.069 17.0 1.37[47]
Ca,InSbOq Fe(Oh) 125 0.069 17.9 1.33[4]
Ca,ScSbOg Fe(Oh) 1.30 0.070 18.6 1.30[47]
CaLaMgSbO, Fe(Oh) 1.44 0.077 18.7 1.25[25]
SrgGa(PO,); Fe(Oh) 1.44 0.074 194 1.36[3]
CaSnO; Fe(Oh) 146 0.072 20.1 1.23[4]
Y;Gas0, Fe(Oh) 1.69 0.077 21.9
Y;Al50,, Fe(Oh) 1.77 0.076 23.3
LiGasOq Fe(Oh) 1.86 0.075 24.7
LiAlsOg Fe(Oh) 195 0.074 264
MgAL O, Fe(Oh) 2.05 0.076 27.0

consistent with our calculations presented in Table I. For Fe*
at the octahedral site in the SroGa(POy); host, A = 1.38¢V,
B =0.080eV, and C = 0.376eV have been obtained by fit-
ting experimental excitation spectra, and are comparable with
our calculations [3].

For the case of Fe(Oh) in YGG, the ligand-field strength
A 1is calculated as 1.69 eV, and the estimated value of B is
0.077 eV. Consequently, the ratio of A/B is determined to be
21.9. In comparison, fitting the experimental absorption spec-
trum from § = 5/2to § = 3/2 states leading to A = 1.62¢eV,
B =0.066eV, and C = 0.384 eV [22]. Therefore, Fe(Oh) ex-
ists in MgAl,0O4 and YGG without producing NIR emission
with a large A/B, consistent with the first-principles calcu-
lations complemented by configuration interaction correction
with lower level energy and larger electron-phonon coupling
of 2T, than *T states, as discussed in the following section.

Conversly, for the case of Fe(Oh) in CaSnOs, the parame-
ters A, B, and their ratio are calculated as 1.46 eV, 0.072 eV,
and 20.1, respectively. Fe(Oh) in CaSnO3 was reported to emit
NIR light with a relatively small A/B, also consistent with
our calculations of higher 2T, than *T; by 0.19 eV. If the A/B
value is lower than that in CaSnOs, the luminescence from
Fe’* would be potentially observable, unless suppressed by
other factors such as large structure relaxation in soft crystals,
strong ionization, or unexpected quenching centers.

As B is only weakly dependent on host in oxides (data in
Table S3 in SM [32]), a critical (upper) ligand-field strength
of 1.60eV is estimated for the presence of photolumines-
cence using the typical value B = 0.076eV. This critical
value varies within the range of 1.50-1.70eV for C/B ~
4-5 and E(*A;-°A;) = (104 5C/B)B ~ 2.5-2.7eV. Fur-
thermore, the larger relaxation energy of T, compared to *T;
results in a decrease in the critical value. Using MgAl, Oy as a
reference, this decrease is estimated to be about 0.1 eV.

C. Connection between Fe** and Cr** optical transitions

Finally, we explore a series of crystal hosts for the potential
luminescence of octahedrally coordinated Fe>* by connecting
it with Cr>* activators. These hosts include spinels, garnets,
tantalates, double-perovskites, stannates, borates, and phos-
phates. Figure 4(b) illustrates a linear relationship between
the ligand-field strength A of Fe’* and the experimentally
observed excitation of Cr**. Notably, the latter is primarily
determined by the A associated with Crl}. The smaller A
value for Fel! compared to that of Cr2} can be attributed to
the reduced effective radius of the d orbital in the former.

In spinels AB,O4 and inverse spinels LiBsOg (A = Zn,
Mg; B = Ga, Al), octahedrally coordinated Cr?* ions exhibit
sharp ’E — A, emissions at wavelengths around 700 nm and
the first excitation peak is in the range of 2.05 to 2.35 eV
[50-53]. The energy of *T; is higher than E as a result of the
large ligand-field strength of Cr**, resulting in the observed
sharp emission from 2E. For Fe*" ions, the large ligand-field
strength leads to lowering of 2T, to underneath *T;, providing
the pathway for the nonradiatively relaxation and quenching
the T, emission. Therefore, in these hosts, only emission of
Fe(Td) (where Aps+ < 1eV) has been reported, while that
of Fe’* from the octahedral site (where Apar > 1.7eV) is
absent. It’s worth noting that previously reported near-infrared
emission beyond 1 um from Fe(Oh) in the LiGasOg host has
been clarified as Ni** impurities [16]. The poorly understand-
ing of luminescent and quenching process of Fe** ions leads
to massive efforts for luminescence from Fe(Oh) [54,55].

Recently, researchers have been searching near-infrared
emission about 1 pum in perovskites. In perovskites such
as CaSnO;, (Ca/Sr),InSbOg, (Ca/Sr),LaLiTeO¢, and
CaLaMgSbOyg, the calculated Apgs+ at the octahedral site
falls in the range of 1.13-1.46 eV. This results in a higher
2T, and shorter *T; — ®A; emission wavelength compared
to that of the octahedral sites in spinels and garnets. The
luminescence of Fe(Oh) falls within 1.23-1.40 eV [4,25].
Meanwhile, Cr>* in SrInSbOg, which has a relatively small
ligand-field strength, was reported to emit broad NIR light of
4T, — %A, transition [56]. Furthermore, in NaScSi,Og, the
value of Agg+ is 1.47 eV, comparable to that in perovskites.
However, due to weak covalent bonding, the Racah parameter
is larger, resulting in an emission energy that is higher by
about 0.14 eV.

In the A3B,C30, garnet series (B = Al, Ga, Sc, In), the
emission of Cr** evolves from the sharp R-line emission of
’E — %A, transition in a strong ligand field to the broad band
emission of the *T, — *A, transition in a weak field. This
evolution occurs when APt or Ga’t at the B site, where
Cr’* resides, is replaced by Sc** or In** ions [57-62]. For
iron doping, the Ap+ values at octahedral B sites are around
the critical ligand-field strength, 1.77 eV in Y3AlsO;, and
1.69 eV in Y3GasOy;, hosts. Experimentally, no luminescence
from Fe(Oh) has been observed. The ligand-field strength
can be modified by ion regulation, where the Ap.i+ value
changes from 1.64 to 1.58, 1.55, 1.46, and then 1.40 eV in
Ca3GHQSi3012, Ca38028i3012, Ca3InQSi3012, SI‘3II12$i3O]2,
and Sr3In,Ge;Oj; hosts, respectively. The luminescence
from tetrahedral and octahedral Fe3* in large A, B, and C

095201-5



CHEN, QUAN, AND DUAN

PHYSICAL REVIEW MATERIALS 8, 095201 (2024)

ion systems can be further studied for dual-mode optical
devices.

Finally, we discuss the phosphates SroM (PO,); [63] and
LiMP,07 [64], as well as the tantalates MTa,Og and borates
MBO; (M = Ga, Sc, In). It has been reported that Cr*t in
SroM (PO,); crystals exhibit T, — *A, broad emissions due
to structure confinement [63]. Calculations obtain Aps+ =
1.42—1.44 eV and predict the possible luminescence of Fe**
at site M, which has been confirmed experimentally for
M = Ga [3]. Similar structure confinement has been noted in
LiMP,0; crystals, where Fe* is predicted to emit NIR light
with Aps+ = 1.46—1.56eV in LiMP,O; (M = Ga, Sc, In).
Furthermore, the change in emission energies of Cr’* along
M = Ga, Sc, In in tantalates and borates is more pronounced
compared to that in LiMP,07 and SroM (PO4)7. In borates,
the primary Cr** emission changes from a sharp ’E — *A,
emission in GaBOj to broad *T, — %A, transitions in ScBO;
and InBOj; [65,66]. Meanwhile, the primary emission remains
4T, — %A, in MTaO3 (M = Ga, Sc, In, Lu) [67,68]. Our cal-
culations yield the ligand-field strengths of Aps+ as 1.73,
1.59, 1.53 eV in MBOj and 1.45, 1.34, 1.30 eV in MTaO;
for M = Ga, Sc, In, respectively. Consequently, while the lu-
minescence of Fe’' is potentially observable in MTaOs3, it
should be absent in GaBOj3. Furthermore, since the predicted
ligand field strengths are near the threshold, experimental
exploration is necessary to determine if Fe>* in octahedral site
emits in LiMP,0O7, ScBO3, and InBOs.

The comparative discussion on Cr** and Fe*" shows that
in hosts where octahedral Cr** sites exhibit high-efficiency
broadband NIR emission, attributed to *T, — 2A, transition
as a result of weak ligand field, there is a tendency for NIR
emission from the Fe(Oh) at around 900 nm or longer wave-
lengths.

IV. CONCLUSIONS

Our comprehensive theoretical analysis, based on first-
principles calculations on Fe** ions in solids, has elucidated
that the primary factor determining the presence or ab-
sence of luminescence for Fe(Oh) is the host-dependent
ligand-field strength. Additional contributions come from the
nephelauxetic effect on the Coulomb interaction and the
electron-phonon coupling. Specifically, the 2T, level de-
scends below the “T; level when the ligand field surpasses
a critical value (approximately 1.5 to 1.7 eV), enabling a
nonradiative relaxation pathway that suppresses the lumines-
cence. Conversely, in cases of weak ligand field, particularly
for Fe(Oh) replacing ions with large ion radii (e.g., Sc, In,
Lu, Y), NIR luminescence is anticipated. Additionally, we
have established a heuristic rule, depicted in Fig. 4(b), for
predicting the emission potential of Fe(Oh) and estimating its
emission wavelength based on the absorption wavelength of
Cr** occupying the same octahedral site, for which extensive
data are available across various hosts.
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