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Defects and persistent luminescence in Eu-doped SrAl2O4
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We investigate native point defects and rare-earth (co)dopants in SrAl2O4 using hybrid density-
functional defect calculations. Europium (Eu) and dysprosium (Dy) are found to be mixed valence
and energetically most favorable at the Sr lattice sites. However, unlike Eu where both Eu2+ and
Eu3+ can be realized in synthesis, Dy is stable predominantly as Dy3+, and the divalent Dy2+

may only be photogenerated under irradiation. On the basis of an analysis of Eu-related band–
defect (including charge-transfer) and interconfigurational 5d–4f optical transitions, we assign the
characteristic broad blue (445 nm) and green (520 nm) emission bands in Eu2+-doped SrAl2O4 to
the 4f65d1 → 4f7 transition in Eu2+ incorporated at the Sr1 and Sr2 sites, respectively. Strontium
interstitials (not oxygen vacancies, in contrast to what is commonly believed) and DySr can act
as efficient electron traps for room-temperature persistent luminescence. This work calls for a re-
assessment of certain assumptions regarding specific carrier trapping centers made in all mechanisms
previously proposed for the persistent luminescence in Eu- and (Eu,Dy)-doped SrAl2O4. It also
serves as a methodological template for the understanding and design of rare-earth doped phosphors.

I. INTRODUCTION

Persistent luminescence, previously often referred to
as phosphorescence or long-lasting phosphorescence, is
an intriguing phenomenon in which a material re-emits
light over long periods of time after the excitation has
stopped [1, 2]. Persistent luminescent materials (or per-
sistent phosphors) have numerous applications and po-
tential applications in safety signage and toys, road mark-
ings, solid-state lighting (flicker reduction), bio-imaging,
nighttime solar energy, and photocatalysis [3]. Scien-
tific research on persistent luminescence really took off
since the discovery of (Eu,Dy)-doped SrAl2O4 by Mu-
rayam, Takeuchi, Aoki, and Matsuzawa of Nemoto &
Co., Ltd. (Japan) in 1993; the material was found to pro-
duce extremely bright green and long-lasting (over many
hours) luminescence in the dark [4, 5]. Three decades af-
ter the seminal work of the Nemoto researchers, although
there has been great progress in understanding the phe-
nomenon and in discovering new persistent phosphors–as
it has already been documented in many excellent review
articles and book chapters published in the last several
years [1–3, 6–8], details of the underlying mechanism for
the persistent luminescence observed in rare-earth (RE)
doped SrAl2O4 and similar materials are still under de-
bate, and the search for new or improved persistent phos-
phors, in general, remains largely trial and error.
The optical properties of Eu-doped SrAl2O4 are char-

acterized by a broad green emission band peaking at 520
nm at room temperature [9–11]. At lower temperatures,
another peak occurs in the emission spectrum at 450 nm
(blue) [12]. In addition, a broader excitation band peak-
ing at 276 nm or 250 nm and sharp Eu3+ 4f–4f tran-
sitions in the excitation and emission spectra have also
been reported [13–15]. Co-doping the material with Dy
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does not change the emission spectrum, but strongly en-
hances the afterglow time and intensity [5]. There are
currently about a dozen different mechanisms proposed
in the literature to explain the persistent luminescence
observed in Eu- and (Eu,Dy)-doped SrAl2O4 [5, 16–23].
All these mechanisms involve defect levels induced by
the RE (co)dopants and/or native point defects. Oxy-
gen vacancies, in particular, have been invoked in many
mechanisms as electron trapping centers responsible for
the delayed emission. Figure 1 shows a currently gener-
ally accepted mechanism involving electron trapping and
detrapping processes (a mechanism involving hole trap-
ping and detrapping is similar) [2]. In the context of
Eu2+-doped SrAl2O4, the emission center is expected to
be Eu2+ with the ground and excited states being 4f7

and 4f65d1, respectively, and the trapping center can be
native defects and/or RE co-dopants or other impurities.

Due to the lack of a detailed understanding of de-
fect physics in SrAl2O4, all the proposed mechanisms
[5, 16–23] are highly speculative about specific emission
centers and charge carrier trapping centers. This has
been a major obstacle toward rational design of per-
sistent phosphors with improved performance. Here,
we present an investigation of native defects and RE
(co)dopants in monoclinic SrAl2O4 using first-principles
defect calculations. The hybrid density-functional the-
ory (DFT)/Hartree-Fock method [24] employed here has
been shown to be successful in the study of defects in
semiconductors and insulators in general [25] and RE-
doped materials in particular [26–28]. On the basis of our
results, we identify dominant native defects, discuss the
stable valence states of the RE (co)dopants, and deter-
mine all energy levels induced by the defects. Eu-related
optical transitions, including band–defect and intercon-
figurational Eu2+ 5d–4f absorption and emission pro-
cesses, are investigated to identify sources of the broad
absorption and emission bands observed in experiments,
including the characteristic blue and green emissions.

http://arxiv.org/abs/2211.04355v1
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FIG. 1. Schematic illustration of a persistent luminescence mechanism under (a) band-to-band or (b) below-gap excitation: (1)
excitation: electrons are excited and holes generated under illumination; (2) trapping: the excited electrons (generated holes)
are captured nonradiatively by electron (hole) traps through the conduction (valence) band and/or via quantum tunneling; (3)
detrapping: the trapped electrons are released under thermal stimulation; (4) recombination: the released electrons return to
the emission center and recombine with holes, resulting in a delayed luminescence. Adapted from Xu and Tanabe [2]

II. METHODOLOGY

We model defects (i.e., native point defects and impu-
rities) in SrAl2O4 using a supercell approach in which a
defect is included in a periodically repeated finite volume
of the host material. The formation energy of a defect
X in effective charge state q (with respect to the host
lattice) is defined as [25, 29]

Ef (Xq) = Etot(X
q)− Etot(bulk)−

∑

i

niµi (1)

+ q(Ev + µe) + ∆q,

where Etot(X
q) and Etot(bulk) are the total energies of

the defect-containing and perfect bulk supercells, respec-
tively; ni is the number of atoms of species i that have
been added (ni > 0) or removed (ni < 0) to form the de-
fect; µi is the atomic chemical potential, representing the
energy of the reservoir with which atoms are being ex-
changed, and referenced to the total energy per atom of i
in its elemental phase at 0 K. µe is the chemical potential
of electrons, i.e., the Fermi level, representing the energy
of the electron reservoir, referenced to the valence-band
maximum (VBM) in the bulk (Ev). Finally, ∆q is the
correction term to align the electrostatic potentials of the
bulk and defect supercells and to account for finite-size
effects on the total energies of charged defects [30, 31].
Under thermodynamic equilibrium, the concentration

of a defect is directly related to its formation energy [29]:

c = NsitesNconfig exp

(

−Ef

kBT

)

, (2)

where Nsites is the number of high-symmetry sites in the
lattice (per unit volume) on which the defect can be in-
corporated, Nconfig is the number of equivalent configu-
rations (per site), and kB is the Boltzmann constant. At

a given temperature, a defect with a lower formation en-
ergy occurs with a higher concentration. Note, however,
that when a material is prepared under non-equilibrium
conditions excess defects can be frozen-in and the equi-
librium concentration is only the lower bound.
While the Fermi level in Eq. (1) can be treated as a

variable, it is not a free parameter. The actual Fermi-
level position of the material can be determined by solv-
ing the charge-neutrality equation [29]:

∑

i

ciqi − ne + nh = 0, (3)

where ci and qi are the concentration and charge, respec-
tively, of defect Xi; ne and nh are free electron and hole
concentrations, respectively; and the summation is over
all possible defects present in the material.
The thermodynamic transition level between charge

states q and q′ of a defect, ǫ(q/q′), is defined as the Fermi-
level position at which the formation energy of the defect
in charge state q is equal to that in state q′ [25], i.e.,

ǫ(q/q′) =
Ef (Xq;µe = 0)− Ef (Xq′ ;µe = 0)

q′ − q
, (4)

where Ef (Xq;µe = 0) is the formation energy of the
defect X in charge state q when the Fermi level is at the
VBM (µe = 0). This ǫ(q/q′) level [also referred to as the
(q/q′) level], corresponding to a defect energy level (or,
simply, defect level), would be observed in experiments
where the defect in the final charge state q′ fully relaxes
to its equilibrium configuration after the transition.
Defect-to-band and band-to-defect optical transitions,

including those of the charge-transfer type [32], can be

characterized using the optical transition level E
q/q′

opt that
is defined similarly to ǫ(q/q′) but with the total energy
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of the final state q′ calculated using the lattice config-
uration of the initial state q [25]. For the 5d–4f tran-
sitions in neutral Eu defects, we calculate the energies
based on a constrained occupancy approach and ∆SCF
analysis (SCF: self-consistent field), similar to that used
in previous studies of RE-doped phosphors [33, 34]. In
this approach, we create the excited state Eu 4f65d1 in
SrAl2O4 by manually emptying the highest Eu 4f state
and filling the next state lying higher in energy.
The total-energy electronic structure calculations are

based on DFT with the Heyd-Scuseria-Ernzerhof (HSE)
functional [24], the projector augmented wave (PAW)
method [35], and a plane-wave basis set, as implemented
in the Vienna Ab Initio Simulation Package (vasp) [36].
Along with the CPU version, the GPU port of vasp

(version 6.2.1) is also used. The Hartree-Fock mixing
parameter is set to 0.33 and the screening length to
the default value of 10 Å to match the experimental
band gap. We use the PAW potentials in the vasp

database which treat Sr 4s24p65s2, Al 3s23p1, O 2s22p4,
Eu 5s25p64f76s2, and Dy 5s25p64f106s2 explicitly as va-
lence electrons and the rest as core. Defects are modelled
using monoclinic 2×1×3 (168-atom) supercells and inte-
grations over the Brillouin zone are performed using the
Γ point, except in the constrained occupancy calcula-
tions (using vasp 5.3.3) where 1×1×3 (84-atom) super-
cells and a Γ-centered 2×2×1 k-point mesh are used. In
the defect calculations, the lattice parameters are fixed
to the calculated bulk values but all the internal coordi-
nates are relaxed. In all the calculations, the plane-wave
basis-set cutoff is set to 500 eV and spin polarization is
included; structural relaxations are performed with the
HSE functional and the force threshold is chosen to be
0.02 eV/Å. Spin-orbit interaction is not included as it
has negligible effects on the defect transition levels [28].
The chemical potentials of Sr, Al, and O vary over a

range determined by requiring that the host compound
SrAl2O4 is stable against competing Sr–Al–O phases; see
Sec. III A. Experimentally relevant or representative sets
of µSr, µAl, and µO are adopted to present defect forma-
tion energies. The chemical potential of Dy is obtained
by assuming equilibrium with Dy2O3; that of Eu by as-
suming equilibrium with Eu2O3 (under oxidizing condi-
tions) or EuO (under reducing conditions). It should be

noted that the transition levels ǫ(q/q′) and E
q/q′

opt are in-

dependent of the choice of the atomic chemical potentials.

III. RESULTS AND DISCUSSION

A. Bulk properties

SrAl2O4 crystallizes in the monoclinic P21 space group
[37]; see Fig. 9 in Appendix A. Its crystal structure has
two inequivalent Sr lattice sites, four inequivalent Al
sites, and eight inequivalent O sites. The Sr sites, Sr1 and
Sr2, are in channels along the c-axis formed by the Al–O
framework (hereafter referred to as the Sr1 and Sr2 chan-

FIG. 2. Chemical-potential phase diagram for SrAl2O4. Sr–
Al–O phases that define the stability region of the host, shown
as a shaded polygon, are SrO2 (the AB line), O2 (BC),
Sr4Al14O25 (CD), SrAl4 (DE), SrAl2 (EF ), and Sr3Al2O6

(FA). Points O1, O2, and R are examples of experimentally
relevant oxidizing and reducing environments; see the text.

nels). The calculated lattice parameters are a = 8.4491
Å, b = 8.8159 Å, c = 5.1525 Å, and β = 93.5397◦, in
excellent agreement with the experimental values [37].
The calculated band gap is 6.51 eV, an indirect gap with
the valence-band maximum (VBM) at the X point in
the Brillouin zone and the conduction-band minimum
(CBM) at the Γ point. For comparison, the reported
experimental band gap is 6.5–6.6 eV [5, 38, 39]. The
VBM consists primarily of the O 2p states, whereas the
CBM consists of a mixture of the Sr, Al, and O s states.
The total static dielectric constant is calculated to be
9.36 (taken as the average of the xx, yy, and zz com-
ponents) with the electronic contribution based on the
real part of the dielectric function ǫ1(ω) for ω → 0 ob-
tained within HSE and the ionic contribution calculated
using density-functional perturbation theory [40] within
the generalized-gradient approximation [41].

Figure 2 shows the phase stability of SrAl2O4. The for-
mation enthalpies (calculated at 0 K) of different Sr–Al–
O phases are listed in Table I in Appendix A. The initial
structures of these phases are taken from the Materials
Project database [42]. The stability region of SrAl2O4 is
delineated mainly by Sr3Al2O6 and Sr4Al14O25, which is
consistent with the experimental phase diagram [43, 44].

In the presentation of defect formation energies in the
next sections, we make use of the following points in
the phase diagram: (i) O1, where the host compound
is in equilibrium with Sr3Al2O6 and air (the oxygen par-
tial pressure pO2

= 0.21 atm) at 750◦C, (ii) O2, where
the host is in equilibrium with Sr4Al14O25 and air at
750◦C, and (iii) R, where the host is in equilibrium with



4

FIG. 3. Formation energies of native defects in SrAl2O4, as a function of the Fermi level from the VBM (0 eV) to the CBM
(6.51 eV), calculated at points (a) O1, (b) O2, and (c) R in the phase diagram (Fig. 2). For each defect, only segments of
the formation energy lines corresponding to the lowest-energy charge states are shown. The slope of these segments indicates
the charge state q: positively (negatively) charged defect configurations have positive (negative) slopes; horizontal segments
correspond to neutral defect configurations. Large dots connecting two segments with different slopes mark the defect levels

ǫ(q/q′). For a defect with multiple inequivalent lattice sites, only the lowest-energy lattice site is reported.

Sr3Al2O6 and Ar/H2 5% (pO2
∼ 10−20 atm) at 1400◦C.

Points O1 and O2 (with µO = −1.20 eV) represent oxi-
dizing environments, whereas point R (µO = −5.30 eV)
represents a highly reducing environment. Here, µO is
calculated as half of the Gibbs free energy of O2 gas at the
given T and pO2

values [45]. These conditions are chosen
to reflect the conditions under which undoped and Eu-
doped SrAl2O4 samples are often prepared. Beauger [16]
reported the presence of Sr3Al2O6 as an impurity phase,
indicating that their synthesis environment corresponds
to a point very close to the FA line in Fig. 2.

B. Native point defects

Figure 3 shows the formation energy of native defects
in SrAl2O4. The defects introduce one or more energy
levels in the host’s band gap region (marked by large dots
in the figure; explicit numerical values are listed in Ta-
ble II). Under the experimentally relevant conditions (see
Sec. III A), the dominant defects (i.e., those with the low-
est formation energy) are Sr and O vacancies and inter-
stitials. In the absence of impurities, intentionally doped
or unintentionally present, the Fermi level is “pinned” at
the position µint

e (“int” for intrinsic), determined predom-
inantly by the lowest-energy charged defects, where the
charge neutrality condition (3) is maintained. From one
point in the phase diagram (Fig. 2) to another, the de-
fect landscape in SrAl2O4 changes, leading to a change in
the µint

e value; e.g., µint
e moves toward the CBM in going

from oxidizing (points O1 and O2) to reducing (point R)

synthesis conditions. We find that µint
e varies from 2.28

eV (under the conditions at point C) to 5.36 eV (point
F ). The Fermi level of SrAl2O4, even in the presence
of intentional and/or unintentional impurities, cannot be
close to the VBM (under all synthesis conditions) but
can, in principle, be high up at the CBM (under reducing
synthesis conditions only). This is because the formation
energy of certain native defects, specifically Sr intersti-
tials and O vacancies, is negative in the region near the
VBM (up to Ev+0.94 eV at point C and higher at other
points in the phase diagram), whereas the native defects
can all have a positive formation energy under the reduc-
ing conditions (e.g., those at points D–F and R).

The removal of an O2− results in a positively charged
O vacancy (V 2+

O , spin S = 0). Other charge states, V +
O

(S = 1/2) and V 0
O (S = 0), are also stable. The ener-

getics and electronic behavior of VO are different at the
inequivalent O lattice sites due to the slightly different
local lattice environments. At certain O sites (e.g., at the
O8 site as shown in Fig. 3), V +

O is energetically less favor-

able than V 2+
O and V 0

O in the entire range of the Fermi-
level values. Notably, the energy levels introduced by the
vacancy at the O1 to O8 sites are all about 2.43–3.55 eV
below the CBM; see Fig. 10. The lowest-energy V 2+

O con-
figuration occurs at the O8 site, see Fig. 4(a), indicating
that the Al–O8 bonds are weakest. The highest-energy
V 2+
O occurs at the O1 site. Under reducing conditions

(e.g., at point R), VO occurs in the form of V 0
O with a

high concentration (highest among all native defects).

Our results for the oxygen vacancies are thus in sharp
contrast to those of Finley et al. [47] where the defect
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FIG. 4. Structures of selected native defect configurations in SrAl2O4: (a) V
2+
O at the O8 lattice site, (b) O2−

i , (c) Sr2+i in the
Sr1 channel, and (d) Sr2+i in the Sr2 channel. Large (gray) spheres are Sr, medium (blue) are Al, and small (red) are O. All
the atomic structures in this work are visualized using the vesta package [46].

energy levels introduced by VO were found to scatter all
over the upper half of the host band gap region. Given
the similarity in the bonding environments of the inequiv-
alent O sites (e.g., every single O atom is bonded to two
Al atoms), the almost random distribution of the defect
levels reported in Ref. [47] cannot be justified.

The addition of an oxygen, which results in an oxygen
interstitial (Oi), introduces energy levels near the midgap
region; see also Table II. In the O2−

i (S = 0) configura-
tion, the added O2− is shared between two AlO4 units;
Fig. 4(b) [and Fig. 11(a)]. O−

i (S = 1/2; not visible in
Fig. 3 due to its very small stability range) is a complex
of O2−

i and an electron hole localized at an O site (here-
after referred to as η+O , S = 1/2). The structure of O0

i

[S = 0; Fig. 11(b)] can be described as having the inter-
stitial oxygen bonded to one of the O atoms in an AlO4

unit (the O–O distance is 1.48 Å), resulting in a distorted
AlO5. O

+
i (S = 1/2) is a complex of O0

i and η+O .

The removal of a Sr2+ ion from the host lattice results
in a negatively charged Sr vacancy (V 2−

Sr , S = 0). Other

stable charge states of VSr are V
−

Sr (S = 1/2), V 0
Sr (S = 1),

and V +
Sr (S = 3/2), which can be regarded as complexes

consisting of V 2−
Sr and one, two, and three η+O defects,

respectively. VSr at the Sr1 site is slightly lower in energy
than that at the Sr2 site, e.g., by 0.08 eV in the case of
V 2−
Sr . The defect levels associated with VSr are in the

lower half of the band gap region; see also Table II.

There are two possible sites for Sr interstitials (Sri):

one, Sri1, locating in the Sr1 channel (along the c-axis)
but off the Sr1 chain and between two Al atoms (along
the a-axis), see Fig. 4(c), and the other, Sri2, in the Sr2
channel but off the Sr2 chain and between two Al atoms
(along the a-axis), see Fig. 4(d) [and Fig. 11(c)]. Sri1
and Sri2 are approximately at the interstitial sites V 2
and V 1, respectively, mentioned in Bierwagen et al. [14].
Sri2 is lower in energy than Sri1 (e.g., by 0.19 eV in the
case of Sr2+i , S = 0). The defect introduces three defect
levels: one above the VBM and two just below the CBM.
The other charge states are Sr3+i (S = 1/2; a complex of

Sr2+i and η+O), Sr
+
i (S = 1/2), and Sr0i (S = 0). At µint

e ,

Sr2+i is energetically most stable among the stable charge
states of Sri and one of the lowest-energy native defects.

Antisite defects, AlSr and SrAl, are also considered.
We find that they are higher in energy than the Sr and
O vacancies and interstitials. AlSr is lower in energy at
the Sr2 site than at the Sr1 site, e.g., 0.55 eV lower in
the case of Al+Sr (S = 0); Al2+Sr (S = 1/2) is a complex

of Al+Sr and η+O . SrAl is energetically most favorable at

the Al2 site; Sr0Al (S = 1/2) and Sr+Al (S = 1) are defect

complexes of Sr−Al and one and two η+O , respectively. Fi-
nally, the creation of Al vacancies (VAl) involves breaking
four strongly covalent Al–O bonds, a high energy process.
Such defects, as well as Al interstitials (Ali), have high
formation energies and are thus not included here.
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FIG. 5. Formation energies of Eu- and Dy-related defects in SrAl2O4, calculated at points (a) O1, (b) O2, and (c) R in the
phase diagram (Fig. 2). Large dots connecting two segments with different slopes mark the defect levels. For EuSr and DySr,
the defect configurations at both the Sr1 (dotted lines) and Sr2 (solid lines) sites are included.

FIG. 6. Total and projected densities of states of Eu-doped
SrAl2O4, specifically the Eu0

Sr defect configuration with the
chemical composition EuxSr1−xAl2O4 (x = 0.125). The zero
of energy is set to the highest occupied state.

C. Rare-earth (co)dopants

Figure 5 shows the formation energy of substitutional
Eu and Dy impurities at the Sr and Al sites. Results for
the REs at the interstitial sites are included in Fig. 12.
Table II lists explicit numerical values of the energy lev-
els and stable RE ions. We find that, at and near the
Fermi level determined by the native defects (µint

e ), RESr

is lower in energy than REAl and REi, indicating that
Eu and Dy are incorporated into SrAl2O4 at the Sr sites.

EuSr is stable as Eu
0
Sr (i.e., Eu

2+, with a magnetic mo-
ment of 7µB; spin S = 7/2) and/or Eu+Sr (i.e., Eu

3+, with
a magnetic moment of 6µB; S = 3). The Eu0Sr configu-
rations at the Sr1 and Sr2 sites are almost degenerate in
energy, whereas Eu+Sr at the Sr2 site is 0.09 eV lower in
energy than at the Sr1 site. The (+/0) level of EuSr is
2.69 eV above the VBM when incorporated at the Sr1
site or 2.79 eV when incorporated at the Sr2 site; be-
low (above) this level, Eu3+ (Eu2+) is energetically more
favorable. The Eu2+/Eu3+ ratio thus depends on the ac-
tual position of the Fermi level which, in turn, depends on
the synthesis conditions. The ratio is high under reducing
conditions (e.g., at point R) and decreases as one changes
from reducing to oxidizing conditions. Note that, under
actual synthesis conditions and as Eu-doped SrAl2O4 is
typically prepared using Eu3+ as dopant, an equilibrium
assumption may not hold true, and the trivalent ion may
be frozen in [14]. In other words, Eu3+ may be present
even in samples prepared under less oxidizing conditions.

The mixed valence of Eu in SrAl2O4 can be understood
based on the calculated electronic structure of Eu0Sr, re-
ported in Fig. 6. The HSE calculations of the electronic
density of states are carried out using a smaller, 1×1×2
supercell and a Γ-centered 3× 3× 3 k-point mesh. Eu0Sr
has seven occupied spin-up 4f states in the host band gap
(and seven spin-down unoccupied 4f states deep in the
conduction band). Given the electronic structure, when
one electron is removed from this neutral defect configu-
ration, the electron is removed from the highest occupied
state (which is the highest Eu 4f state). This results in
the divalent Eu2+ (4f7) being oxidized to the trivalent
Eu3+ (4f6), i.e., Eu0Sr to Eu+Sr. Figure 13(a) shows the
localized Eu 4f electron associated with Eu0Sr.

At and near µint
e , EuAl is stable as Eu0Al (i.e., Eu

3+)
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FIG. 7. Total and projected densities of states of Dy-doped
SrAl2O4, specifically the Dy0

Sr defect configuration with the
chemical composition DyxSr1−xAl2O4 (x = 0.125). The zero
of energy is set to the highest occupied state.

under the oxidizing conditions (O1 and O2), and as Eu−Al

(i.e., Eu2+) and/or Eu0Al under the reducing condition
(R). Other electronically stable charge states are Eu+Al

(a complex of Eu0Al and η+O) and Eu2+Al (a complex of Eu0Al

and two η+O). These positively charged states, however,
cannot be obtained during synthesis due to the negative
formation energies of EuSr and the native defects in the
region above the VBM. We find that, at and near µint

e ,
Eui is electronically stable as Eu2+i (i.e., Eu2+) and has
a much higher formation energy than EuSr and EuAl.

The mixed valence of Eu is well discussed in the ex-
perimental literature [14, 16, 19, 48]. The fact that both
Eu3+ and Eu2+ can be realized in as-prepared SrAl2O4 is
consistent with the above results showing the (+/0) level
of EuSr is located near midgap and the stability ranges
of Eu+Sr and Eu0Sr are accessible during synthesis. Wang
et al. [49] found Eu2+ to be distributed almost equally at
the two Sr sites, consistent with the fact that the energies
of Eu0Sr at the Sr1 and Sr2 sites are almost equal. Note
that other valence states of Eu (e.g., Eu+, as proposed by
Matsuzawa et al. [5]) cannot be stabilized electronically.

DySr is energetically favorable as Dy+Sr (i.e., Dy3+; S =
5/2) in almost the entire range of the Fermi-level values
and as Dy0Sr (i.e., Dy2+; S = 3) in a small range below
the CBM. The (+/0) level is located at 6.21 eV (6.13 eV)
above the VBM, i.e., 0.30 eV (0.38 eV) from the CBM, at
the Sr1 (Sr2) site. The defect is slightly lower in energy at
the Sr2 site than at the Sr1 site; the difference is 0.12 eV
for Dy0Sr or 0.05 eV for Dy+Sr. We find that the electronic
configuration of Dy3+ is 4f9, whereas that of Dy2+ is
4f95d1. Figure 7 shows the electronic structure of Dy0Sr.
The nine (seven spin-up and two spin-down) occupied
Dy 4f states are in the valence band, the occupied Dy
5d1 state is in the upper half of the host band gap, and

the five spin-down unoccupied Dy 4f states are in the
conduction band. When one electron is removed from
Dy0Sr, it is removed from the Dy 5d1 state, which leads to
the formation of Dy+Sr. Figure 13(c) shows the localized
Dy 5d electron associated with the Dy0Sr configuration.
DyAl is stable as Dy0Al (i.e., Dy3+), except near the

VBM where it is stable as Dy+Al (i.e., Dy4+ with the elec-

tronic configuration 4f8) or Dy2+Al (a complex of Dy+Al

and η+O). However, given the negative formation energy
of DySr and the native defects in the region above the
VBM, these positive charge states are inaccessible dur-
ing synthesis. Dyi is stable as Dy3+i ; see Fig. 12. At and
near µint

e , DyAl and Dyi are all higher energy than DySr,
indicating that Dy is incorporated at the Sr sites.
The results for the Dy-related defects thus confirm the

stabilization of Dy+Sr, consistent with the fact that Dy is
present as Dy3+ in as-prepared Dy-doped samples. In-
terestingly, Dy0Sr (i.e., Dy2+) is also found to be struc-
turally and electronically stable. Dy0Sr, however, has a
very small stability range that is close to the CBM, and
in that range DySr becomes much less favorable energeti-
cally than Dy0Al (i.e., Dy3+), indicating that the divalent
Dy2+ is almost impossible to obtain during synthesis.
It can be photogenerated under irradiation nonetheless.
Experimentally, Joos et al. [50] reported evidence of the
Dy3+/2+ valence change in (Eu, Dy)-doped Sr4Al14O25

under laser excitation. A similar process for Dy could be
observed in SrAl2O4. Note that Dorenbos [20] estimated
the “ground state of Dy2+” to be at 0.9 eV below the
CBM, based on a semiempirical model. Such a level is
much lower than our calculated (+/0) level of DySr. Our
results also show that Dy4+ is not stable electronically
at the Sr site; the tetravalent ion is stable at the Al site
but energetically unfavorable, as discussed above.
Finally, we consider possible association between EuSr

and DySr or a native defect. Figure 14 shows the for-
mation energy of EuSr-DySr, EuSr-VO, EuSr-Oi, EuSr-
VSr, and EuSr-Sri; see also Table III for details on the
stable charge states of the complexes. Focusing on the
Fermi-level range near the CBM, which is relevant to the
physics under investigation, we find that the electronic
behavior of the complexes is determined predominantly
by the non-Eu constituent. Specifically, (EuSr-DySr)

+ is
a defect complex consisting of Eu0Sr and Dy+Sr and (EuSr-
DySr)

0 is a complex of Eu0Sr and Dy0Sr; (EuSr-VO)
0 is a

complex of Eu0Sr and V 0
O; (EuSr-Oi)

2− is a complex of

Eu0Sr and O2−
i ; (EuSr-VSr)

2− is a complex of Eu0Sr and

V 2−
Sr ; (EuSr-Sri)

2+ is a complex of Eu0Sr and Sr2+i , (EuSr-

Sri)
+ is a complex of Eu0Sr and Sr+i , and (EuSr-Sri)

0 is
a complex of Eu0Sr and Sr0i . Note that we determine the
charge state of a defect configuration by examining the
calculated total and local magnetic moments, electron oc-
cupation, and local lattice environment. The (+/0) level
of EuSr-DySr is 6.11 eV above the VBM, almost the same
as that of the isolated DySr; the (2 + /+) and (+/0) lev-
els of EuSr-Sri are 6.04 eV and 6.21 eV above the VBM,
almost the same as those of the isolated Sri.
Most notably, we find that the binding energy of the
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FIG. 8. Configuration-coordinate diagram illustrating optical absorption (up arrow) and emission (down arrow) processes for
EuSr in SrAl2O4: band–defect transitions involving the (+/0) defect level of EuSr exchanging (a) electrons with the CBM or
(b) holes with the VBM, and (c) interconfigurational 5d–4f transitions in Eu0

Sr. The dash-dotted line indicates the thermal
energy (i.e., ZPL). The values sandwiched between two dotted lines are the relaxation energies (i.e., the Franck-Condon shifts).
The values outside (inside) the brackets are for Eu at the Sr1 (Sr2) lattice site. Axes are not to scale.

Eu-related complexes is very small or even negative, see
Table III, indicating that they are not stable under ther-
modynamic equilibrium, which is also consistent with the
above analysis of the electronic behavior. In other words,
EuSr is unlikely to stay close and form a defect com-
plex with DySr or any of the dominant native defects in
SrAl2O4, and even if it does, e.g., when the constituent
defects get trapped next to each other, the electronic
behavior of the complex in the relevant range of Fermi-
level values is not that different from the isolated con-
stituents. Our results for EuSr-DySr are thus consistent
with experimental observations that, in (Eu2+,RE3+)-
doped SrAl2O4, the RE3+ co-dopant only enhances the
afterglow time and intensity and does not change the po-
sition or the shape of the emission band [5, 51].

D. Eu-related optical transitions

Let us now examine possible band–defect and intercon-
figurational 5d–4f optical transitions involving the EuSr
defect (The intraconfigurational Eu 4f–4f optical tran-
sitions are not explicitly considered in this work).
Figure 8(a) illustrates the optical absorption (defect-

to-band) and emission (band-to-defect) processes involv-
ing the (+/0) level of EuSr exchanging electrons with the
CBM. Under illumination, for example, the Eu0Sr config-
uration (e.g., present in as-prepared Eu-doped SrAl2O4

samples) can absorb a photon and become ionized to Eu+Sr
with the removed electron being excited into the conduc-
tion band. The peak absorption energy (Eabs) related to

the optical transition level E
0/+
opt (the formation energy

difference between Eu0Sr and the Eu+Sr configuration in
the lattice geometry of Eu0Sr) is 4.86 eV (4.71 eV), with
a relaxation energy (i.e., the Franck-Condon shift, deFC)

of 1.04 eV (0.98 eV), when Eu is incorporated at the Sr1
(Sr2) lattice site. With such a large relaxation energy,
the emission is expected to be broad. In the reverse pro-
cess, Eu+Sr can capture an electron from the CBM, e.g.,
previously excited from Eu0Sr (or from the valence band)
to the conduction band. If the recombination is radia-
tive, a photon will be emitted. The peak emission energy

(Eem) related to the optical transition level E
+/0
opt (the

formation energy difference between Eu+Sr and the Eu0Sr
configuration in the lattice geometry of Eu+Sr) is 2.71 eV
(2.70 eV), with a relaxation energy (dgFC) of 1.11 eV (1.02
eV), at the Sr1 (Sr2) site. The thermal energy (Etherm;
also referred to as the zero-phonon line or ZPL) associ-
ated with the Eu0Sr ⇀↽ Eu+Sr + e− transitions is 3.38 eV
(3.25 eV) at the Sr1 (Sr2) site, measured from the CBM.
The ZPL marks the initial onset of the absorption band.

Note, however, that the band-to-defect emission pro-
cess Eu+Sr + e− → Eu0Sr may not occur at all due to an-
other, competing process in which the recombination is
nonradiatively: Eu+Sr + e− → Eu0,∗Sr , where Eu

0,∗
Sr is Eu2+

in its excited state 4f65d1. In this case, Eu0,∗Sr will relax
to its ground state Eu0Sr and release a photon through
the allowed 5d–4f transition (discussed below).

In addition to exchanging electrons with the CBM, the
(+/0) level of EuSr can also exchange holes with the
VBM. Figure 8(b) illustrates the absorption and emis-
sion Eu+Sr ⇀↽ Eu0Sr + h+ processes. In the literature,
these processes are often regarded as involving an O2−

to Eu3+ charge transfer (CT) and referred to as CT pro-
cesses [13, 19]. The hole (h+) state at the VBM con-
sists primarily of the O 2p states, as discussed earlier.
Our calculations show a different set of the absorption,
emission, relaxation, and thermal energies as indicated in
Fig. 8(b). Similar to the earlier case, the band-to-defect
emission Eu0Sr + h+

→ Eu+Sr may not be observed. This
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is because the energy from the recombination of the elec-
tron localized at Eu0Sr and the free hole can quickly be
absorbed into the 4f -electron core of Eu3+ which then
excites the ion and leads to intra-f luminescence, as pre-
viously discussed in the case of RE-doped GaN [52].

Experimentally, Botterman et al. [15] reported a broad
excitation band peaking at 276 nm (4.49 eV); Zollfrank et
al. [13] and Bierwagen et al. [14] reported a similar value,
at 250 nm (4.96 eV). This band has often been assigned to
an O2− to Eu3+ charge transfer [13], which corresponds
to the Eu+Sr → Eu0Sr + h+ process [Eabs = 3.80 or 3.81
eV; Fig. 8(b)] in our work. On the basis of our results,
however, that excitation band should instead be assigned
to the Eu0Sr → Eu+Sr + e− process [Eabs = 4.86 or 4.71 eV;
Fig. 8(a)]. Note that there have been no reports of broad
CT emission bands; and only sharp 4f–4f transitions are
observed in the emission spectrum of Eu3+ in SrAl2O4

[14, 15]. This appears to be consistent with our discussion
regarding alternative emission processes.

Figure 8(c) illustrates similar processes, but now in-
volving the electric-dipole allowed 5d–4f transitions in
the neutral defect configuration Eu0Sr and with the en-
ergies obtained from constrained occupancy HSE calcu-
lations. In the absorption process, Eu0Sr (4f7) absorbs

a photon and becomes Eu0,∗Sr (4f65d1) with an electron
being excited to a higher lying level which is the lowest
Eu 5d1 state (that is now pushed down from the conduc-
tion band due to the occupation of the excited electron).
The peak absorption energy related to the 4f7

→ 4f65d1,
i.e., the total-energy difference between Eu0Sr (4f7) and

the excited configuration Eu0,∗Sr (4f65d1) in the lattice
geometry of the former, is 3.91 eV (3.69 eV), with a re-
laxation energy deFC = 0.22 eV (0.28 eV), when Eu is
incorporated at the Sr1 (Sr2) site. The ZPL, 3.69 eV
(3.41 eV) at the Sr1 (Sr2) site, is the total-energy dif-
ference between the ground state 4f7 [Fig. 13(a)] and
the excited state 4f65d1 [Fig. 13(b)]. In the reverse pro-
cess, the excited electron recombines radiatively with the
hole that has been left behind and emits a photon. The
peak emission energy related to the 4f65d1 → 4f7 pro-
cess, i.e., the total-energy difference between the excited
Eu0,∗Sr (4f65d1) and the ground state Eu0Sr (4f7) in the
lattice geometry of the former, is 3.42 eV (3.05 eV), with
a relaxation energy dgFC = 0.27 eV (0.36 eV), when Eu is
at the Sr1 (Sr2) site. The Stokes shift, ∆S = deFC + dgFC,
is calculated to be 0.49 (0.64) eV at the Sr1 (Sr2) site.

Although there are differences between our calculated
energies for the 4f7 ⇀↽ 4f65d1 processes (summarized in
Table IV) and those obtained in experiments, the emis-
sions at the Sr1 and Sr2 lattice sites can be identified with
the two broad emission bands peaking at 445 nm (2.79
eV, blue) and 520 nm (2.38 eV, green) and the Stokes
shifts of roughly 3000 cm−1 (0.37 eV) and 4000 cm−1

(0.50 eV), respectively, observed in Eu2+-doped SrAl2O4

[12, 15, 53]. We find that the difference between the
two emission energies is 0.37 eV, just like in experiments
(which is larger than that for the band–defect optical
transitions discussed earlier, thus indicating the 5d–4f

transitions are more sensitive to the local lattice environ-
ments). The calculated peak emission energy and Stokes
shift are higher than the reported experimental values by
0.63 eV (0.67 eV) and 0.12 eV (0.14 eV) at the Sr1 (Sr2)
site, respectively, which is an almost constant shift among
the two lattice sites. The discrepancies with experiments
may be ascribed to the electron–hole interaction that is
not included in the constrained occupancy approach we
employ to describe the excited state of Eu2+.
Note that, using constrained occupancy DFT+U cal-

culations, Jia et al. [34] reported much lower values for
the emission energies. For example, they obtained 2.316
(2.547) eV at the Sr1 (Sr2) site and assigned the exper-
imentally observed green and blue luminescence bands
to the Sr1 and Sr2 sites, respectively, which is different
from our assignment and that of Ning et al .[54] based on
multiconfigurational and constrained occupancy calcula-
tions. Our attempts to reproduce the results of Jia et
al. [34] using a similar computational setup are not suc-
cessful. Specifically, in our calculations based on DFT+U
[55] with U = 7.5 eV applied on the Eu 4f states, a
1×1×2 (56-atom) supercell, and a 3×3×3 k-point mesh,
we find the emission energy is 3.52 (3.38) eV at the Sr1
(Sr2) site, which shows the same trend as in our HSE-
based calculations discussed earlier; see also Table IV.

E. Carrier traps for persistent luminescence

Let us now identify charge carrier traps that can play
a role in the persistent luminescence of Eu2+-doped
SrAl2O4. Among the native point defects, we find that
Sri can act as a trapping center for electrons. Being sta-
ble as Sr2+i in as-prepared SrAl2O4, the defect can cap-
ture up to two electrons. The thermodynamic transition
levels (2 + /+) and (+/0) of Sri, at 0.44 eV and 0.30
eV below the CBM, respectively, are sufficient close to
the CBM, and the positively charged carrier-capturing
configurations, i.e., Sr2+i and Sr+i , are electrostatically
attractive to electrons from the conduction band.
Note that, in general, the carrier capture cross section

increases by orders of magnitude in going from Coulomb
repulsive defect centers to neutral centers to attractive
centers [56]. Also note that the error bar in our cal-

culations of the transitions levels, ǫ(q/q′) and E
q/q′

opt , is
about 0.1 eV. A discrepancy of about 0.2 eV should be
expected in a comparison between the calculated and the
experimental values when the energy levels are measured
from the CBM; here, the additional 0.1 eV is to take into
account a possible difference between the calculated and
the actual band gaps and/or measurement uncertainties.
The presence of the Sri-related trapping centers can ex-

plain why the emission observed in Eu2+-doped SrAl2O4

is persistent (albeit with a short afterglow time) even
without Dy3+ co-doping [5, 11, 57, 58]. Notably, our
results indicate that oxygen vacancies cannot act as effi-
cient electron traps for room-temperature persistent lu-
minescence (even when they occur with a high concentra-
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tion, e.g., in samples prepared under reducing conditions)
as their defect levels are too deep in the host band gap.

Finally, with the (+/0) level located at 0.30 (0.38) eV
below the CBM at the Sr1 (Sr2) site as reported earlier,
DySr can be an efficient electron trap. The electron-
capturing configuration, Dy+Sr, is positively charged.
Note that, unlike Sri where the defect state associated
with Sr+i and Sr0i (i.e., Sr2+i after capturing one and two
electrons, respectively) is derived largely from the host
states at the CBM and delocalized over several lattice
sites, that associated with Dy0Sr (i.e., Dy+Sr after captur-
ing an electron) is highly localized Dy 5d states. This
indicates that the DySr-related traps are much more sta-
ble than the Sri-related ones, which is consistent with
the fact that the performance of the afterglow in Eu2+-
doped SrAl2O4 is significantly improved by Dy co-doping
[51, 58, 59]. First-principles calculations of photoioniza-
tion and carrier capture rates [60, 61] can provide a more
quantitative understanding. Also note that the presence
of the (Sri and DySr related) electron traps is consistent
with the fact that the Eu2+ 4f65d1 → 4f7 emission was
observed to be quenched via the conduction band [62].

IV. CONCLUSIONS

We have carried out a comprehensive study of native
point defects and rare-earth (co)dopants in SrAl2O4. The
major conclusions can be summarized as follows:

1. Eu is mixed valence of Eu2+ and Eu3+ and ener-
getically most favorable at the Sr sites. The Eu2+/Eu3+

ratio can be tuned by tuning the synthesis conditions.
Similarly, both Dy2+ and Dy3+ can be stabilized and are
energetically most favorable at the Sr sites. Dy2+ is, how-
ever, always energetically much less favorable than Dy3+

and thus would not be realized in synthesis, although it
can be photogenerated under irradiation.

2. Band–defect and interconfigurational 5d–4f optical
transitions involving the EuSr defect are investigated us-
ing first-principles defect calculations and a constrained
occupancy approach, and alternative processes are dis-
cussed. On the basis of our results, we assign the broad
blue (445 nm) and green (520 nm) emission bands ob-
served in Eu2+-doped SrAl2O4 to the Eu2+ 4f65d1 →

4f7 transition at the Sr1 and Sr2 sites, respectively.

3. Strontium interstitials are found to be efficient elec-
tron traps for room-temperature persistent luminescence.
When the material is co-doped with Dy, the co-dopant

provides an even more stable electron trapping center
due to the stabilization of Dy2+ which can explain the
significantly improved performance of the afterglow in
(Eu,Dy)-doped samples. Oxygen vacancies cannot be ef-
ficient electron traps, in contrast to what is commonly
believed, due to their very deep defect levels.
Our work thus calls for a re-assessment of certain as-

sumptions regarding specific defects previously made in
all the mechanisms proposed for the persistent lumines-
cence observed in Eu- and (Eu,Dy)-doped SrAl2O4. It
also shows a need to go beyond a constrained occupancy
approach in order to obtain more quantitative results for
the interconfigurational 5d–4f optical transitions.

ACKNOWLEDGMENTS

The author gratefully acknowledges Stéphane Jobic
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Appendix A: Supporting figures and tables

FIG. 9. Crystal structure of monoclinic SrAl2O4 (space group
P21). The unit cell is doubled along the c-axis to show the
Sr1 and Sr2 channels. Large (gray) spheres are Sr, medium
(blue) are Al, and small (red) are O.
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TABLE I. Formation enthalpies (calculated at 0 K, in eV per formula unit) of SrAl2O4, Sr–Al–O phases that define the stability
region of SrAl2O4, and Eu- and Dy-related phases employed in the determination of the Eu and Dy chemical potentials.

SrAl2O4 Sr3Al2O6 Sr4Al14O25 SrO2 SrAl2 SrAl4 Eu2O3 EuO Dy2O3

−22.6974 −34.2968 −139.7826 −5.8455 −0.8403 −1.2252 −14.3794 −6.2000 −18.7462

FIG. 10. Formation energies of oxygen vacancies at eight inequivalent O lattice sites in SrAl2O4 (see Fig. S1), as a function
of the Fermi level from the VBM to the CBM, calculated at point O1 in the phase diagram (Fig. 1). For each defect, only
segments of the formation energy lines corresponding to the lowest-energy charge states are shown. The kinks connecting two
energy segments with different slopes mark the defect levels [i.e., thermodynamic transition levels ǫ(q/q′)]. The defect levels
introduced by the vacancies are 2.43–3.55 eV below the CBM. The lowest-energy V 2+

O configuration occurs at the O8 site.

TABLE II. Defect energy levels (in eV, with respect to the VBM) induced by native defects and rare-earth (RE) impurities.

Defect Lattice site Stable RE ions Defect energy levels
VO O8 site ǫ(2 + /0) = 4.08
Oi ǫ(+/0) = 1.29, ǫ(0/2−) = 3.29a

VSr Sr1 site ǫ(+/0) = 0.95, ǫ(0/−) = 1.21, ǫ(−/2−) = 1.73
Sr2 site ǫ(+/0) = 0.94, ǫ(0/−) = 1.24, ǫ(−/2−) = 1.73

Sri Sr1 channel ǫ(3 + /2+) = 0.61, ǫ(2 + /+) = 6.00, ǫ(+/0) = 6.17
Sr2 channel ǫ(3 + /2+) = 0.65, ǫ(2 + /+) = 6.08, ǫ(+/0) = 6.21

AlSr Sr2 site ǫ(2 + /+) = 0.24, ǫ(+/−) = 5.10b

SrAl Al2 site ǫ(+/0) = 1.37, ǫ(0/−) = 1.80
EuSr Sr1 site Eu3+, Eu2+ ǫ(+/0) = 2.69

Sr2 site Eu3+, Eu2+ ǫ(+/0) = 2.79
EuAl Al2 site Eu3+, Eu2+ ǫ(2 + /+) = 0.75, ǫ(+/0) = 0.86, ǫ(+/0) = 4.87
DySr Sr1 site Dy3+, Dy2+ ǫ(+/0) = 6.21

Sr2 site Dy3+, Dy2+ ǫ(+/0) = 6.13
DyAl Al2 site Dy4+, Dy3+ ǫ(2 + /+) = 0.60, ǫ(+/0) = 1.07

aThe ǫ(0/−) and ǫ(−/2−) levels are very close to the ǫ(0/2−) level, at 3.28 and 3.30 eV, respectively.
bThe ǫ(+/0) and ǫ(0/−) levels are very close to the ǫ(+/−) level, at 5.10 and 5.09 eV, respectively.
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FIG. 11. A different view of (a) O2−
i , (b) O0

i , and (c) Sr2+i (in the Sr2 channel; between two AlO4 units when viewed along
the a-axis) defect configurations in SrAl2O4. Large (gray) spheres are Sr, medium (blue) are Al, and small (red) are O.

FIG. 12. Formation energies of Eu- and Dy-related defects in SrAl2O4, calculated at points (a) O1, (b) O2, and (c) R in the
phase diagram (Fig. 1). The results for the Eu and Dy interstitials are also included. µint

e is the Fermi-level position determined
by native point defects; see the main text. The kinks connecting two segments with different slopes mark the defect levels.

FIG. 13. Charge densities showing the localized electron residing at the highest occupied state of (a) Eu0
Sr (4f7), (b) Eu0,∗

Sr

(4f65d1), and (c) Dy0
Sr (4f

95d1); all the three defect configurations are at the Sr2 site. The isovalue for the isosurface is set to
0.03 e/Å3. Larger (red) spheres are Eu/Dy, large (gray) are Sr, medium (blue) are Al, and small (red) are O.
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TABLE III. Stable charge states of Eu-related defect complexes, their constituent defects, and binding energies (Eb).

Complex Constituents Eb (eV) Complex Constituents Eb (eV)

(EuSr-DySr)
2+ Eu+

Sr + Dy+
Sr −0.41 (EuSr-Sri)

3+ Eu+
Sr + Sr2+i −0.69

(EuSr-DySr)
+ Eu0

Sr + Dy+
Sr −0.02 (EuSr-Sri)

2+ Eu0
Sr + Sr2+i 0.01

(EuSr-DySr)
0 Eu0

Sr + Dy0
Sr 0.01 (EuSr-Sri)

+ Eu0
Sr + Sr+i 0.05

(EuSr-VO)
3+ Eu+

Sr + V 2+
O −0.73 (EuSr-Sri)

0 Eu0
Sr + Sr0i 0.05

(EuSr-VO)
2+ Eu0

Sr + V 2+
O 0.07 (EuSr-VSr)

+ Eu+
Sr + V 0

Sr 0.31
(EuSr-VO)

0 Eu0
Sr + V 0

O 0.01 (EuSr-VSr)
0 Eu+

Sr + V −

Sr 0.61
(EuSr-Oi)

+ Eu+
Sr + O0

i −0.06 (EuSr-VSr)
− Eu+

Sr + V 2−
Sr 1.15

(EuSr-Oi)
− Eu+

Sr + O2−
i 1.09 (EuSr-VSr)

2− Eu0
Sr + V 2−

Sr 0.07
(EuSr-Oi)

2− Eu0
Sr + O2−

i 0.00

FIG. 14. Formation energies of possible Eu-related defect complexes in SrAl2O4, calculated at point R in the phase diagram
(Fig. 1). The two constituent defects in a complex are nearest neighbors to each other. µint

e is the Fermi-level position
determined by native point defects. The solid dots connecting two energy segments with different slopes mark the defect levels.

TABLE IV. Peak absorption energy (Eabs), peak emission energy (Em), Franck-Condon shifts (de,gFC), Stokes shift (∆S), and
thermal energy (Etherm) associated with the Eu-related band–defect and 5d–4f optical transitions; all in eV.

Lattice site Eabs deFC Eem dgFC ∆S Etherm Eabs deFC Eem dgFC ∆S Etherm

HSE: Eu0
Sr

⇀↽ Eu+
Sr + e− HSE: Eu0

Sr (4f7) ⇀↽ Eu0,∗
Sr (4f65d1)

Sr1 4.86 1.04 2.71 1.11 2.15 3.82 3.91 0.22 3.42 0.27 0.49 3.69
Sr2 4.71 0.98 2.70 1.02 2.00 3.72 3.69 0.28 3.05 0.36 0.64 3.41

HSE: Eu+
Sr

⇀↽ Eu0
Sr + h+ DFT+U :a Eu0

Sr (4f7) ⇀↽ Eu0,∗
Sr (4f65d1)

Sr1 3.80 1.11 1.65 1.04 2.15 2.69 4.23 0.32 3.52 0.39 0.61 3.91
Sr2 3.81 1.02 1.81 0.98 2.00 2.79 4.00 0.29 3.38 0.33 0.72 3.71

aDFT+U calculations with a computational setup similar to that in Jia et al., Phys. Rev. B 96, 125132 (2017); see text.


