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Tailoring the competition between electric dipole and magnetic dipole emission in
Eu-doped cubic sesquioxide M,0; (M =S¢, Y, La)
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With an explosive increase in demand for efficient luminescent materials in integrated optical sys-
tems, research on lanthanide ion-doped cubic sesquioxide ceramics has become important and attractive.
Because of the large doping capability of lanthanide atoms and a low preparation temperature that is much
lower than the melting point, sesquioxides have demonstrated promising potential as a host matrix in
solid-state laser gain media. Here, for the first time, we demonstrate that two types of cation sites with
different symmetries in cubic sesquioxides could empower effective manipulation of the luminescence
properties of lanthanide dopants, leading to either magnetic dipole (MD) or electrical dipole (ED) emis-
sion, respectively. Using rigorous first-principle calculations, the luminescence properties of Eu-doped
sesquioxide M,03; (M =Sc, Y, La) are systematically investigated, unveiling the underlying competition
mechanisms between MD and ED spontaneous emission. Through analyzing the formation energies of Eu
dopants and intrinsic defects, the impact of strain and temperature on the doping concentration and dopant
sites of Eu in sesquioxide is unambiguously elucidated, facilitating effective and selective manipulation of

MD and ED emission.

DOI: 10.1103/PhysRevApplied.22.014054

I. INTRODUCTION

Sesquioxides represent a special group of metal oxides,
for which the ratio between the number of metal atoms
and oxygen atoms is 2:3. Among them, cubic sesquiox-
ides M,03 (M =Sc, Y, La) are outstanding host materials
for rare-earth lanthanide-based solid-state lasers. Their
large bandgaps naturally lead to high transparency for the
convenient excitation and radiation of lanthanide atoms,
while their low phonon energies serve to inhibit non-
radiative transition processes, potentially improving the
laser signal-to-noise ratio and energy conversion effi-
ciency, respectively. Furthermore, the high solubility of
lanthanide elements in cubic sesquioxides enables strong
laser emission intensity, while the high thermal conductiv-
ity allows for efficient heat extraction and dissipation dur-
ing high-power laser operation. These unique advantages
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have triggered the widespread studies of lanthanide-doped
sesquioxides as efficient luminescent materials and facil-
itated the development of high-power solid-state lasers
for integrated optical systems [1—7]. At present, Eu-doped
cubic sesquioxide Y,0O; has already been utilized as a
commercial red-light source for several decades and is
also widely used in cathode-ray tubes and plasma dis-
play devices [8—10]. Moreover, a substantial number of
studies on other lanthanide-doped sesquioxide systems are
actively being conducted to pursue higher luminescence
efficiency, improved monochromaticity, and more stable
operations [11-14].

Although it might seem that the luminescence proper-
ties of lanthanide-doped sesquioxides have already been
comprehensively studied, the exotic magnetic dipole (MD)
emission feature of lanthanide dopants brings radically
new physical insights. For a long time, MD emission
has been considered to be insignificant at optical fre-
quencies due to its intrinsically much weaker emission
strength compared with that of the electric dipole (ED)
transition counterpart [15,16]. This perception has been
challenged since the discovery of trivalent lanthanide ions

© 2024 American Physical Society
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(i.e., Eu*™,Er’*, and so on), whose incompletely filled
localized f-electron energy levels and heavy atom charac-
ter allow for strong spin-orbital interactions, which exhibit
a strong MD transition that is comparable to the ED tran-
sition [17—22]. In addition, the recent development in
optical metamaterials and nanophotonics grants unrivaled
capability to tailor local optical fields and enhance MD
spontaneous emission by trivalent lanthanide ions, opening
unlimited opportunities beyond convention applications
involving only ED emission, such as optically induced
magnetism, nanoscale magnetic probe, quantum memory
and quantum sensing, among others [23—30]. Regardless,
an efficient emitting material with properly controlled MD
and ED features is the key premise and lays the cornerstone
for both classical and emerging applications.

In the visible regime, Eu’* is promising as an MD or
ED emitter since it exhibits an intrinsic narrow linewidth
MD transition at ~592 nm, corresponding to the intra
f—f electronic transitions of 5D° — 7F!, as well as an
intrinsic ED emission due to the 5D° — 7F? transition at
a nearby wavelength ~612 nm. Although pure MD and
ED emission are highly desirable for certain applications,
it is not easy to manipulate the Eu** transition properties
via conventional approaches since the chemical environ-
ment has minimal influence on the localized. Nevertheless,
it was found that the crystal field symmetry at the Eu’*
site could significantly modify the relative luminescence
intensities of MD and ED emission, by altering the tran-
sition selection rules when embedded in a certain lattice
matrix. The intensity of the 5D° — 7F' MD emission is
strong only when Eu** occupies an inversion site, whereas
the 5D° — 7F? ED transition dominates when Eu** occu-
pies a noninversion site [19]. According to this principle,
the existence of both inversion and noninversion doping
sites in cubic sesquioxides would naturally lead to com-
petition between the emission via an MD and an ED at
Eu’t. However, the luminescence properties of Eu-doped
sesquioxides appear to vary among different experimental
reports. For instance, Avram et al. have reported a strong
MD emission at Eu in Y,03 [31], while Kamal et al. have
found a dominant ED emission peak in the same system
[32]. To maximize the MD or ED emission in Eu-doped
sesquioxides, it is essential to understand its underlying
doping mechanism and, eventually, derive the optimized
doping conditions where Eu’* atoms could selectively
occupy inversion or noninversion symmetry sites as much
as possible [33].

In this work, the Eu’t doping properties in M,Os
(M =Sc, Y, La) sesquioxides are systematically inves-
tigated and the competition mechanisms between the
emission via an MD and an ED are clearly elucidated.
Using rigorous first-principle calculations, the allowable
range of chemical potential values for each element
is obtained under thermodynamic equilibrium doping
conditions, which shows that proper growth strategies of

sesquioxides could be formulated to customize the Eu**
doping proportions to empower selective improvement
of MD or ED emission. It has been found that tensile
strains and high growth temperatures are beneficial for
ED emission from Eu-doped sesquioxides. On the other
hand, compressive strains and low growth temperatures are
preferred to achieve high-purity MD luminescence, while
the suppression of metal vacancy and O interstitial is also
needed.

II. METHODS

Spin-polarized first-principles calculations are con-
ducted under the density functional theory (DFT) frame-
work via the Vienna ab initio simulation package (VASP)
[34] with the projector augmented wave pseudopoten-
tials [35]. The exchange and correlation interaction
between electrons is described using the strongly con-
strained and appropriately normed semilocal density func-
tional (SCAN) meta-generalized gradient approximation
(metaGGA) [36,37]. The hybrid functional theory of
HSEO06, including 25% nonlocal Hartree-Fock exchange,
is manipulated to calculate electronic dispersions to correct
the underestimated bandgaps [38]. Semicore electrons of
Sc (3s23p%4s23d'), Y (4s?4p®5s?4d'), La (5s*>5p°6s25d}),
and Eu (5s>5p®6s24f") are explicitly treated, while a 2s?2p*
configuration is used for O. A kinetic-energy cut-off of
520 eV is set, and electronic energy minimization is per-
formed with a tolerance of 10~¢ eV, while the force on
each atom is converged within 0.02 eV/A. All the calcula-
tions are carried out using a large 2 x 2 x 2 supercell that
contains 320 atoms for a pristine structure.

III. RESULTS AND DISCUSSIONS

Sesquioxides M>03 (M =Sc, Y, La) exhibit bixbyite
structures in the cubic crystal form, belonging to the space
group Ia3 with T, symmetry, where two different M sites
are presented. The unit cell of M;03 contains 24 O atoms
and 16 M atoms; each M atom is bonded to 6 atoms to
build M Og¢ octahedra and each O atom is bonded to 4 M
atoms, as shown in Fig. 1. The M atoms are distributed
across two inequivalent sites: one-quarter of M atoms are
located at S sites, serving as the inversion center of M Og
octahedra, while the other three-quarters of M atoms are
found at C; sites, which lack inversion symmetries.

The calculated lattice constants of the sesquioxides
Sc,03,Y,03,andLa, 03 are 9.839 A, 10.598 A, and
11.315 A, respectively, which are close to the experimen-
tal values of 9.85 A, 10.60 A, and 11.36 A [39,40]. The
bond lengths of the sesquioxides Sc;03, Y,03, and La, O3
are around the range 2.085-2.161 A, 22452332 A,
and 2.389-2.510 A, respectively. Since the elements
Sc, Y, and La belong to the same IIIB group in the
periodic table, the lattice constant and bond length of
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FIG. 1. Lattice structure of sesquioxide M,0; (M =Sc,
Y, La). Red small balls stand for O atoms and blue and
green large balls represent M atoms with S¢ and C, symmetry,
respectively.

the corresponding sesquioxide gradually grow with the
increase of the metal atomic radius. Despite the chemical
similarity of Sc, Y, and La, their sesquioxides demon-
strate distinct electronic structure characteristics. From
the band structures depicted in Fig. 2(a), it is found that
Sc,05 is a direct bandgap semiconductor with valence
band maximum (VBM) and conduction band minimum
(CBM) located at the Brillouin zone center. Since the
sesquioxide structure contains an inversion center and the
electric dipole operator is of odd parity, strong optical tran-
sitions are only allowed between two states that exhibit
opposing parities according to the selection rules. How-
ever, the VBM state at the I" point is threefold degenerate
with T, symmetry, while the CBM state is nondegenerate
with A, symmetry. Thus, a zero optical transition matrix
element at I point prevents direct VBM to CBM tran-
sition. Instead, the transition from VBM to a conduction
band state, which is 0.58 eV above the CBM (T symme-
try), is permissible. Similarly, the transition from a valence
band state, which is 0.74 eV below the VBM (T, sym-
metry), to CBM is feasible. As a result, Sc,03 exhibits a
larger optical gap than the electronic gap, which is sim-
ilar to In,O3 [41]. For Y,05; and La,0s, as shown in
Figs. 2(b) and 2(c), respectively, both behave as indirect
bandgap semiconductors with the CBM located at the I
point. Their difference is that the VBM of Y;,0s is situ-
ated near the midpoint of the '-H high-symmetry line,

whereas the VBM of La, 03 is located at the H point. Con-
sidering that the SCAN function may underestimate the
bandgaps, we manipulated the HSE06 hybrid functional
theory to obtain the bandgap of about 5.69 eV, 5.67 eV,
and 4.96 eV for Sc,03, Y,03, and La, 03, respectively.
The calculated large gaps are consistent with experimen-
tal values around the range of 5.7-6.2 eV, suggesting that
the three sesquioxides are transparent wide-bandgap semi-
conductors [42—44], making them potentially ideal matrix
materials for Eu’T luminescence phosphors in the visible
regime.

When Eu is doped into sesquioxides M,0; (M = Sc,
Y, La), it can be either in the form of substitution or
as an interstitial dopant. Because of the co-existence of
two types of M sites, Eu can serve as two distinct sub-
stitutes: one functions as an inversion center on the Sg
site (referred to as Eu,,y), which may lead to dominant
MD emission, while the other is located on the C, site
(referred to as Euys,) without inversion symmetry, which
may lead to dominant ED emission. As a result, the lumi-
nescent properties of Eu-doped sesquioxides M,03 could
be tailored by appropriately formulating the doping strat-
egy. From Fig. 3(a), it is evident that the doped Eu atom
can form bonds with six O atoms, regardless of whether it
is located at the S¢ site or the C, site. In Figs. 3(b)-3(d),
we compare the Eu-O and the intrinsic M-O bond lengths.
When Eu substitutional doping is present in Sc,03; and
Y,03, it could form bonds with neighboring O atoms that
are longer than intrinsic M-O bond lengths. Conversely,
when Eu is doped into La, 03, the Eu-O bond lengths are
shorter compared with the La-O bonds. This is due to the
fact that the Eu atom possesses a larger radius (0.947 A)
than Sc (0.745 A) and Y (0.9 A), yet a smaller one com-
pared with La (1.032 A). It could also be noticed that the
Euy1-O bonds are the same length, while Euys,-O bonds
could be categorized into three distinct pairs with different
lengths.

To clarify the doping properties, the formation ener-
gies of doped Eu can be evaluated as a function of atomic
chemical potentials and the electron Fermi levels, i.e.,

AHp (a,q) = AE(a,q) + nopo + Ayl
+ neuey + qEF, (1)

where

AE(a,q) = E(a,q) — E(M>03) + noE(O)
+ nyEM) + ngoE(Bu) + gEvem,

where Er is the Fermi level referenced to the VBM of
M,03. Moreover, o, i, and ug, are the chemical poten-
tials of O, M, andEu in terms of their elemental solids with
energies of £(0), E(M), andE (Eu), respectively. The vari-
able n represents the number of atoms transferred from
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FIG. 2. Band structures of (a) Sc,03, (b) Y,03, and (c) La,0s.

the supercell to the reservoirs in the creation of defect
cells, while ¢ denotes the charge state of the defect «. Fur-
thermore, a correction is incorporated to account for the
alignment of the averaged electrostatic potentials by the
core level line-up.

According to Eq. (1), the formation energies of doped
Eu are influenced by the elemental chemical potentials,
which are sensitive to growth conditions. Under ther-
mal equilibrium growth conditions, the permissible val-
ues of each element’s chemical potential u are restricted.
To avoid the precipitation of elemental substances, the
chemical potentials are limited by

M = (Sc, Y, La),
@

lLEu S 09 MO S 05 /-’LM S 05

where ¢=0 is defined as the energy of the most sta-
ble solid or gas phase of each element. Then, in order
to preserve the stable phase of compounds, the combined
chemical potentials of their constituent elements must be
equal to the formation energies of sesquioxides, i.e.,

2up +3po = AHy (M303), M = (Sc,Y,La). (3)

To prevent the precipitation of secondary phases of Eu
oxides, these chemical potentials are further limited by

mpgy + npo < AI—If (Eumon)~ (4)

Here, we take into account the stable phases of metal
oxides. The calculated formation energies of the com-
pounds are compared with experimental values in Table I,
which are in good agreement.

In Fig. 4(a), we have compared the formation energies of
Eu point defects in Sc,O3 under O-poor and O-rich growth
conditions. It is found that the Eu interstitials could be eas-
ily formed in p-type Sc,Oj; since the formation energies
of Eu substitutes are relatively high. This infers that an O-
poor condition is not suitable for Eu doping in M sites. In
contrast, the formation energies of Eu interstitials are too
high to be important under O-rich conditions, and the Eu
substitute doping becomes much more favorable. The for-
mation energies of Eu isovalent doping are about 0.57 eV
on the S¢ site and 0.63 eV on the C, site. Despite the lower
formation energy of Euy,; on isovalent doping, Euys»
could be dominant when the Fermi level is close to VBM
or CBM, where Euy,, exhibits lower formation energy.
This corresponds to the deep (+3|+2), (+2|+1), and
(+1]0) donor transition levels at about Er=0.03, 0.04,
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(a) Geometrical structure of Euy,; at the S¢ site and Euy,, at the C, site. (b) Comparison between Eu-O and Sc-O bond

lengths in Sc, O3 with Eu on the S¢ site and C; site, respectively. (¢) Comparison between Eu-O and Y-O bond lengths in Y;,0s;.
(d) Comparison between Eu-O and La-O bond lengths in La,;Os. Grayscales on the axis correspond to the intrinsic M-O bond lengths
in sesquioxides, while the colored scales correspond to the Eu-O bond lengths.

and 0.38 eV, respectively, and deep (0|—1) acceptor tran-
sition level at about Er=2.78 eV for Eu,,. Furthermore,
Euy, 1 has deep (+2]+1) and (+1]0) donor transition levels
at about £ =0.06 and 0.18 eV, respectively. and a deep

TABLE I. Calculated and experimental formation energies of
metal oxides. Experimental formation energies are from the
Scientific Group Thermodata Europe (SGTE) Solid SUBstance
database [45].

Calculated Experimental
AHy AHy
Compound (eV/atom) (eV/atom)
Sc,03 —4.003 —3.956
Y,0; —4.048 —3.949
La,05 —3.848 —3.722
EuO (Fm-3m) —3.156 —3.057
Eu,03 (P-3ml) —3.125 —3.437

(0]—1) acceptor transition level at about Er=2.75 eV.
Considering the advantages of the exclusion of Eu intersti-
tials and the effective doping of Eu substitutes, an O-rich
growth condition is assumed hereafter.

In Eu-doped Y,05 and La; 03, the situations are similar
to those in Sc,03 under O-rich conditions, as depicted in
Figs. 4(b) and 4(c). As the ionic radius increases from Sc
(0.745 A) to Y (0.9 A) and La (1.032 A), the formation
energies of the Eu substitution slightly decrease, which
means that the Eu doping into these two sesquioxides is
relatively easy. Although the formation energies of inter-
stitials decrease compared with the Sc,O; case, they are
still much higher than that of Eu substitutions. Therefore, it
can be concluded that the Eu interstitial barely exists under
O-rich conditions for all three sesquioxides.

As the formation energies of Eu,; and Euy, are
very close, substitutions cannot be ignored. According
to the aforementioned luminescence mechanism, Euyyq
substitution on the S¢ site mainly exhibits MD emission,
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FIG. 4. Formation energies of Eu doping into (a) sesquioxide Sc,O3 under O-poor and O-rich conditions, (b) Y,03; under O-rich
conditions, and (¢) La;O3; under O-rich conditions. (d) Charge transition levels of substitute Eu in sesquioxides Sc;03, Y,03, and

La203 .

while Euy,, substitution on the C, site displays ED emis-
sion. Thus, tailoring the doping properties of Eu could lead
to competition between the emission via an MD and an
ED. The external strain has been proven to be an effec-
tive method to manipulate the doping properties in many

Doping energy difference (eV)

Strain (%)

FIG. 5. Formation energy difference versus hydrostatic strain
for Eu substitutions in sesquioxides.

semiconductors [46]. To simulate the hydrostatic strain
on the sesquioxide lattice, we change the lattice constants
along three dimensions equally and analyze the strain-
induced changes in the formation energies of Euy;; and
Euyy,. The results are illustrated in Fig. 5, where the forma-
tion energies of unstrained Euy,s; and Euyy, are set as the
references. Similar to dopant formation energies in most
conventional semiconductors [47], the formation energies
of Eu-doped sesquioxides exhibit nearly linear relation-
ships with strain. We noticed that when Eu is doped into
Sc,O3 and Y,0s3, the tensile strain could make Eu sub-
stitutions energetically more favorable. Moreover, for Eu
doping into La;0Os3, the introduction of compressive strain
could increase the energetic favorability of Eu substitu-
tions. This is also because the radius of Eu is larger than

TABLE II. Density of states effective masses of electrons and
holes in sesquioxides.

Unit: electron inertia mass m Sc,03 Y,03 La, 03
my" 1.158 0.736 2.244
my," 8.859 9.889  8.304
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that of Sc and Y and smaller than that of La. In Eu-doped
Sc, 03, the formation energies of Eug; and Eug., decrease
with tensile strain but increase with compressive strain.
In comparison, Eug.; is more sensitive to strain changes,
making it more energetically favorable with tensile strain
and less energetically favorable with compressive strain.
As a result, the application of compressive strain could
increase the MD emission, while a tensile strain could
enhance the ED emission of Eu in Sc,03. These findings
are in line with the experimental results in Ref. [15], which
shows that (Scgg9Eug01)203 with a unit cell lattice con-
stant of 9.849 A displays a much stronger MD illumination
under x-ray excitation compared with (Scg92Eug08)203
with a larger unit cell lattice constant of 9.877 A. In con-
trast, the formation energy differences between Euy,; and
Euy; in Y,0; and La,O; appear small with a strain rang-
ing from —3% to 3%, so simply applying strain might

not be a good approach when tuning their MD and ED
emission.

Besides the hydrostatic strain, other strategies could
influence the Eu doping properties in sesquioxides.
According to our previous reports [33], growth tempera-
ture and doping concentration might have an impact on
doping properties. In order to uncover the connection
between doping properties and physical conditions (i.e.,
growth temperature and doping concentration), detailed
balance equations are adopted to quantitatively describe
the Eu doping mechanism in sesquioxides under O-rich
conditions. We account for defects due to substitutions of
Euy; and Euy, with different charge states, while intersti-
tials with higher formation energies (see Fig. 3) are ignored
for simplicity. Under equilibrium doping conditions, their
densities follow the Boltzmann distributions, which are
governed by

—AHy (Bui, ) /kgT

n(Eu},,) = Ngy

n(Eu),,) = Ngy

_—AH¢ (B, ) /kpT _—AH¢ (Bul ) /kgT’
dim10123&€ T + D ie 101233 X gie” S Fne

3gie

(5a)

—AHy (Bul,,) /kgT

i=—1,0,12,3 8i€

where Ng, is the total doping concentration of Eu in
sesquioxides and g; are the degeneracy factors relating
to possible electron occupations; these are 2, 1, 6, 15,
and 20 for Euy ', Euy®, Euyt', Euy 2, and Euy, ™3,
respectively. The hole density po in the valence band
and electron density n in the conduction band are func-
tions of the Fermi level at a given temperature, which are
given by

2 * I 3/2

o = NeeFetrhan, N, = TED - (ga)
Qum*kgT)>?

Po = Ny~ EF—EulksD N 2Ph—33’ (6b)

where Nc and Nv are the effective density of states of the
conduction bands that can accept electrons and the valence
bands that can accept holes, respectively. Moreover, m,,"
and mp* are the effective masses of electrons and holes in
sesquioxides, respectively, which are derived by fitting the
parabolic relationship of density of states near CBM and
VBM, as introduced by Neufeld et al. (see Table II) [48].

[ i B
—~AHy (Bu)/kgT S o103 3gie M (Buly))/kgT

(5b)

(

Furthermore, the charge neutrality condition requires
that

po+ Y in(Bul) + Y in(Eul,)

=123 i=12,3

= np + n(Buy,)) + n(Euy,)). (7

Solving Egs. (5)~7), we can obtain the Fermi level and the
proportion of Eu substitutions as a function of the growth
temperature and doping concentration. First, the effect of
temperature on the doping properties should be interro-
gated. From Eq. (5), we can evaluate the ratio between
Eusc” and Eugc,” as approximately

Lexp 2t (Eug,,) — AHy (Bug,))

3 kT

Assuming that the defect formation energies are irrelevant
with respect to temperature, AH (Eugcz) — AH; (Eugcl)
should be a positive constant. A high temperature could
lead to a Euge”:Euge,’ ratio close to 1/3, namely, the
Se:C, site ratio. In contrast, Eug.;® could be dominant
at room temperature. Thus, despite a large proportion of
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FIG. 6. Defect proportions of neutral Eu substitutions in Sc,03, Y03, and La, O3 as functions of temperature.

Eusc " (present in over three quarters of the sites) at room
temperature, Eus,’ gains an advantage as the tempera-
ture increases above 750 K, which reaches a two-thirds
occupation of sites at a temperature of 1650 K, as shown
in Fig. 6. Similar conclusions can be obtained for Eu-
doped Y,03 and La,03. The Euy,°:Euy,” ratio changes
from 72.1%:27.9% at room temperature to 32.6%:67.3%
at a temperature of 1650 K, and the Eup,’:Eug,°
ratio changes from 92.1%:7.9% at room temperature to
38.7%:60.8% at a temperature of 1650 K. In short, con-
trolling the temperature provides a powerful tool to manip-
ulate the competition between the emission via MD or ED,
whereby a lower and higher growth temperature leads to a
favorable Eu** doping of the Sq and C; sites and enhanced
MD and ED emission, respectively.

Next, the influence of doping concentration on the dop-
ing properties of Eu needs to be investigated. Figure 7
illustrates the Fermi level, as well as the defect ratio of
Eu substitutions in Sc,O3 under equilibrium growth con-
ditions at a room temperature of 300 K. When the Eu
doping concentration is low, the Fermi level monotonically

decreases until it is pinned at about 1.57 eV above the
VBM for a value higher than 10'®/cm?. When the Fermi
level is close to the center of the bandgap, the dominant
substitutions are Eug,;? and Eug,”. It is found that the Eu
doping concentration can barely change the proportions of

Euge1” (76.4%) and Eug.,? (23.6%), which is also valid
for Y,03 and La,0;. The defect proportions of Euy,° and
Euy;,” are 72.1% and 27.9%, receptively, with the Fermi
level pinned at about 1.52 eV for heavily Eu-doped Y,03.
In addition, the defect proportions of Euy 4 and Euy ,,° are
92.1% and 7.9%, respectively, with the Fermi level pinned
at about 1.23 eV for heavily Eu-doped La,0j3. Thus, tun-
ing the Eu doping concentration alone has a limited effect
when manipulating the competition between emission via
MD and ED.

Based on the emission mechanism, we can estimate
the emission energy of Eu in the sesquioxides. The Eu’*
’F state has six spin-up f electrons in its electronic
configuration, while the >D state, which can be reached
with one spin-flip excitation, has five spin-up and one
spin-down f electrons. Although the ground-state DFT
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FIG. 7. Defect ratio of neutral substitutions and Fermi level as a function of total Eu doping concentration under thermodynamic

equilibrium growth condition in Eu-doped (a) Sc,03, (b) Y,03, and (c) La, O3 at 300 K.

014054-8



TAILORING THE COMPETITION BETWEEN ...

PHYS. REV. APPLIED 22, 014054 (2024)

Energy

Configurational coordinate

FIG. 8. Schematic of a configurational coordinate diagram.

calculation cannot typically handle the excited state, the
energy difference between the "Fy and >D, states can be
accurately calculated as the energy difference of the high
spin state of Fy with 6 ug and the low spin state of >D,
with 4 ug, because of the localized nature of these states
and error cancellation. The Dy — "F emission energies
of Buy 1, AE(Eu$}) = E[Ewy (4 )] — E[Buri (6 up)l,
are schematically illustrated in the configurational coordi-
nate diagram in Fig. 8, which are calculated as 2.163 eV,
2.809 eV, and 2.224 eV in Sc,03, Y,03, and Lay0s,
respectively, and are close to the experimental value of
2.138 eV (580 nm) [17].

Previous discussions have not considered the effect of
intrinsic defects in Eu-doped sesquioxides. Actually, when
the O element is abundant during sesquioxide growth, the
introduction of M vacancy (Vj,) and O interstitial (O;) is
highly probable. The existence of intrinsic defects could

compensate the substitute dopants Eu,,, and even domi-
nate the doping properties of Eu in sesquioxides. Figure 9
shows the formation energies of intrinsic defects, including
substitutes and interstitials in sesquioxides under O-rich
conditions. It is evident that the O interstitials have rela-
tively low formation energies, which could compensate for
the Eu substitutions at lower Fermi levels than previously
estimated. A high O interstitial and M (M =Sc, Y, La)
vacancy concentrations, which have been confirmed by
Ref. [49], might potentially disrupt the inversion symmetry
of Euy, sites, leading to a suppression of MD emission.

IV. CONCLUSION

In conclusion, our systematic investigation of Eu doping
properties in cubic M,03 (M =Sc, Y, La) sesquioxides
has provided valuable insights into the competition mecha-
nism between emission via an MD and an ED. Via rigorous
first-principle calculations, the allowable range of chemi-
cal potential values for each element is determined under
thermodynamic equilibrium doping conditions, allowing
for properly formulating growth strategies to customize
Eu doping proportions involving MD or ED emission. Our
results suggest that tensile strains and high growth temper-
atures are beneficial for the ED emission from Eu-doped
sesquioxides, while opposite growth conditions and sup-
pression of metal vacancy and O interstitial are required
for high-purity MD luminescence. These findings could
provide important guidance for the development and opti-
mization of high-performance Eu-doped sesquioxides for
efficient luminescent applications. Furthermore, through
the refinement of synthesis and growth conditions, there
is potential to accurately regulate the doping ratios of
other lanthanide-doped materials. This could pave the way
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for new avenues that enhance the emission properties of
specific site-selective applications.
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