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Enhancing magnetic dipole emission in Eu-doped SrMO; (M = Ti, Zr, Hf):
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Magnetic dipole (MD) spontaneous emission plays a vital role in the field of optical magnetism, which has
been observed in trivalent lanthanide ions. In this case, the luminescence properties of the MD are largely affected
by the crystal field symmetry at the embedding trivalent lanthanide ion site, but the correlation between the
doping properties and the MD emission has not been fully understood. Here, we systematically investigate the
doping properties of Eu in StMO; (M = Ti, Zr, Hf)) using first-principles calculations, in order to maximize the
MD emission efficiency of the Eu-doped perovskites. By analyzing the formation energies under the accessible
growth conditions, we determine the ideal conditions for Eu-doped perovskites that could maximize the MD
emission. We also theoretically demonstrate the spin flipping emission mechanism of Eu**. Our study thus
provides a guideline for the design of highly efficient MD emission materials.
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I. INTRODUCTION

Spontaneous light emission is the foundation for a broad
range of applications in both classic and quantum optics,
such as the light-emitting device, sensing and imaging, and
the single photon source among the others [1-3]. During the
past decades, spontaneous electric dipole (ED) induced emis-
sion has been the mainstream research since the majority of
the emitters (e.g., fluorescence dyes, quantum dots, etc.) are
ED transition in nature. On the other hand, for a long time,
magnetic dipole (MD) transition is believed to be unimpor-
tant because its emission strength is typically several orders
of magnitude weaker than that of ED transition at optical
frequency [4]. This perspective has been overthrown since
the discovery of emission induced by rare earth trivalent lan-
thanide ions [5,6], which are proven to possess a strong MD
transition that is comparable to the ED transition [7-10]. Re-
cent development of optically induced magnetism has further
rekindled the research interest on the MD-induced emission
owing to its unique capability to interact with the optical
magnetic field at the atomic level [11-13], whereas the ED
can only interact with the optical electric field. However, the
origin of the spontaneous MD-induced emission is not clear
and, more importantly, it is not clear how to effectively control
the MD transitions.

Among various trivalent lanthanide ions, europium ion
(Eu**) complexes are the most common materials for study-
ing luminescence property in the visible light regime. The
characteristic MD emission and the adjacent ED emission of
Eu’* are at 592 and 612 nm, respectively, corresponding to
the intra-atomic f-f electronic transitions of Dy — ’F; and
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3Dy — "F [14]. Because of the localized nature of the f
electrons, the chemical environment has little influence on
Eu’* transition energies. However, its luminescence proper-
ties such as the intensity are largely impacted by the crystal
field symmetry at the Eu** site when it is embedded in some
lattices because of the transition selection rules. For exam-
ple, the intensity of Dy — ’F MD emission is strong only
when Eu*" occupies an inversion site, while the Dy — "F»
ED transition dominates when Eu** occupies a noninversion
site [15]. This rule has been widely used to determine the
ratio between Eu on inversion and noninversion sites in host
materials. Thus, to maximize the MD emission of a material
doped with Eu, one should optimize the doping condition such
that Eu™? atoms occupy inversion symmetry sites as much
as possible. This requires that the host material has inversion
centers as well as a large band gap to allow the excitation and
emission from the luminescence center. It is noticed that some
ABOj3 perovskites fulfill these conditions as candidate host
materials for MD emission of Eut, but clear MD emission
of these materials has yet to be elucidated [16-20].

In this work, we systematically investigate the Eu dop-
ing properties in StMOs (M = Ti, Zr, Hf) perovskites and
develop strategy for maximizing MD emissions. Using first-
principle calculations, we determine the accessible values of
the chemical potential range of each element for thermo-
dynamic equilibrium doping, and identify the ideal growth
condition for the perovskites to maximize the Eu occupation
at the M site as Euy(—1) for MD emission applications.

II. METHODS

Spin-polarized first-principle calculations are performed
within the density functional theory (DFT) framework, as
implemented in the Vienna ab initio simulation package

©2021 American Physical Society
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FIG. 1. Perovskite structures of /4 /mcm phase and Pnma phase.

(VASP) [21] with the projector augmented wave (PAW)
pseudopotentials [22]. The exchange and correlation inter-
action between electrons are described with the strongly
constrained and appropriately normed semilocal density func-
tional (SCAN) meta generalized gradient approximation
(metaGGA) [23,24]. Semicore electrons are explicitly treated
for Sr(4s24p65s2), Ti(3s23p64s23d2), Zr(4s24p65s24d2),
Hf (5525p%6s25d?), Eu(55s*5p°6s24f7), and O(2s*2p*). The
kinetic-energy cutoff is set to 520 eV. Electronic energy min-
imization is performed with a tolerance of 1077 eV, while
the force on each atom is converged within 0.03 eV/A.
All the calculations are performed with a large supercell of
160 atoms. Because of large dielectric constants of SrTiOj,
SrZrO;, and SrHfOs, the charge corrections are expected to
be smaller than 0.01 eV with charge of £1. For simplicity, the
charge correction is not included in our calculation. Because
the SCAN exchange and correlation potential underestimates
the band gap, we use the HSE06 hybrid functional with 25%
nonlocal Hartree-Fock exchange to calculate the band gaps
of perovskites [25]. The calculated emission energy of Eu
is in good agreement with experiments. We find that for
SrZrO; and SrHfOs;, the most stable phase is the orthorhom-
bic phase (space group Pnma). Although cubic phase (space
group Pm-3m) is stable for SrTiO; at room temperature, the
tetragonal phase (space group /4/mcm) is observed when
doped with Eu at room temperature [26-28]. So, we consider
the tetragonal phase for SrTiOj; in the following study. These
structures are shown in Fig. 1.

III. RESULTS AND DISCUSSION

At first, we compare the lattice parameters and band gaps
of SrTiO3, SrZrOs3, and SrHfOj5 calculated with PBE, SCAN,
and HSEQ06 functionals. In Tables I and II, we could notice
that the SCAN functional can give a better description of
lattice parameters and band gaps than PBE results. Despite

TABLE II. Band gaps of StTiO3, StZrOs;, and StHf O3 (unit: eV)
(HSEO6 band gap calculations are based on the SCAN optimized
lattices).

PBE SCAN HSEO6 Experimental
SrTiOs 1.858 2273 3.379 3.25[32]
S1ZrO; 3.626 4.279 5.332 5.6 [33]
SrHfO; 4.177 4.735 5.808 6.1 [34]

higher accuracy on the band gaps, the HSE06 calculations of
Eu-doped perovskites are computationally costly. So, we will
use SCAN functional in the following discussion.

In these distorted perovskites, the doping configurations of
Eu in the perovskites include substitution on the Sr site (Eug;),
substitution on the M site (Euy), and on the interstitial site
(Eu;) [35,36]. Only the Euy site has inversion symmetry as
the center of the M Qg octahedral. Therefore, Euy; rather than
Eu; or Eug; are preferred for maximizing the MD emission.
The formation energies of doped Eu can be calculated as a
function of atomic chemical potentials and the electron Fermi
level [37]:

AHf(a, q) = AE(a, g) + nscfbsy + nmpm + nEaMes + gEF,
(D
where
AE(x, q) = E(a, q) — E(StMO3) + ns E(Sr) + nqE(M)

+ng.E (Bu) + gEvpwMm,

Er is the Fermi level referenced to the valence band max-
imum (VBM) of StMOs. s, v, and pg, are the chemical
potentials of Sr, M, and Eu referenced to their elemental solids
with energies of E(Sr), E(M) and E(Eu). n is the number of
atoms transferred from the supercell to reservoirs in forming
the defect cell and g is the charge state of the defect «. We also
include a correction based on the alignment of the averaged
electrostatic potentials by core level lineup.

Equation (1) indicates that the formation energies of doped
Eu depend on the elemental chemical potentials, i.e., growth
conditions, sensitively. Under thermal equilibrium growth
conditions, the allowable values of each element’s chemical
potential p are constrained. First, to avoid the formation of
elemental substances, the chemical potentials are bounded by

MEU < 07 H«Sr g 0’ MO < 07 MM < 0 M = (Tlv Zr’ Hf)s (2)

where ;1 = 0 is defined as the energy of the most stable solid
or gas phase of each element. Second, to maintain the stable

TABLE I. Lattice parameters and band gaps of SrTiO;, StZrOs;, and StHfO; calculated with PBE, SCAN, and HSEO6 functionals. Lattice

parameters of SrTiO;, StZrO;, and StHf O3 (unit: A).

SCAN Experimental

PBE
S1TiO; a =5.568, c =7.907
S1ZrO; a=5847,b=5912,c =8.298
SrHfO5 a=5.800,b=5.832,c =8.213

a=5.516,c =7.834
a=5.790, b = 5.836, c = 8.209
a=5.750,b=5.768, c = 8.138

a=5.511,c="17.796 [29]
a=5.791,b=5.811, c = 8.196 [30]
a=15.752,b=15.765, c = 8.134 [31]
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TABLE III. Calculated and experimental formation energies of
metal oxides. Experimental formation energies are from Scientific
Group Thermodata Europe (SGTE) Solid SUBstance database [38].

Calculated AH; Experimental AH

Compound (eV/atom) (eV/atom)
SrTiO; (I14/mem) —-3.623 —3.463
S1ZrO; (Pnma) —3.763 —3.663
StHf O3 (Pnma) —3.834 —3.702
SrO (Fm-3m) —3.111 —3.063
SrO, (14 /mmm) —2.262 —2.188
EuO (Fm-3m) -3.156 —3.057
Eu,03 (Ia-3) —3.125 —3.437
TiO, (I41/amd) —3.505 —3.261
Ti, O3 (R-3) —-3.322 —3.153
Tiz0s (C2/m) —3.394 —3.186
ZrO, (P21/c) —3.936 —3.801
HfO, (I141/amd) —4.004 —3.854

phase of perovskites, the sum of the chemical potentials of
their constituent elements must be equal to the formation
energies of perovskites,

Use + um + 3 x o = AH/(StMO3), M = (Ti, Zr, Hf).
3

Finally, to prevent the precipitation of secondary phases of
metal oxides, chemical potentials are limited by

m X fts; +n X o < AHp(S1,0,), (4a)
m/ X UEu + I’l/ X o < AHf(Eum’On/)v (4b)
m// X um + }’l// X o g AHf(an”On”)~ (40)

We take into account the stable phases of metal oxides. The
calculated formation energies of the compounds are compared
with experimental values in Table III, which are in good
agreement.

Based on the constraints of chemical potentials, we can
compute the accessible regions for the equilibrium growth
of perovskites, as highlighted in Fig. 2. Outside the shaded
areas, the growth processes of pure perovskites are unstable,

and competing phases could form as we have labeled. The
chemical potential of O can be decided by Eq. (3), so the
points with a certain value of (o form a line with slope of
—1. o is closer to zero for the line far away from the origin,
corresponding to the O-rich condition. Similarly, the line close
to the origin corresponds to the O-poor condition.

Because Ti, Zr, and Hf are the elements in the IVB column
of the periodic table, many properties of the three SrM O3
perovskites are similar. Therefore, we take SrZrOj; as the ex-
ample to discuss the doping properties of Eu. In Fig. 3(a), we
compare the calculated formation energies of Eus;, Euz;, and
Euy; in StZrO; under the different conditions corresponding
to A, B, and C points in Fig. 2. Under the O-poor condition
corresponding to the A point, we scan the Fermi level through
the whole band gap of StZrO;, and find that instead of the
Euy, defects with inversion symmetry, Eug, emerges as the
most stable defect of Eu in a large part of the band gaps
of SrZrOs. This is not ideal for developing MD emission
materials. Under the O-rich condition corresponding to the B
point, the formation energy of Eu is relatively high due to the
large size of the Eu atom. This indicates that the concentration
of Eu; would be low. We therefore neglect Eu; in the following
discussion and only investigate the competition between the
two substitutional sites, Eus, and Eugz,. The valences of Sr and
Zr in StZrO3 are +2 and +4 in perovskites, respectively. So,
for Eug, with the charge states of +2, +1, and 0, it corre-
sponds to +4, 43, and +2 valence states of Eu, respectively.
Similarly, for the charge state of —2, —1, and 0 of Eug,
the valence of Eu should be +2, +3, and +4, respectively.
Because of the large band gap, initially, carrier densities of the
perovskites are relatively low, and the Fermi levels are close
to the middle of the band gap. When a large amount of Eu
is introduced into the perovskites under the O-rich condition,
Eu prefers to occupy at Zr sites and a significant amount of
holes can be formed and the Fermi level shifts down to the
VBM. As the Fermi level reaches the crossing point of the
formation energy curves of Eug, and Euy,, it will be pinned
by the self-compensation effect [31]. As a result, most of the
Eu atoms have a valence of +3, either in the Eug(+1) charge
state or in the Euz.(—1) charge state. We also include the C
condition with the lowest value of ©z — us; in the allowable
region. Then the difference between formation energies of
Eug; and Euyz, is maximized. Although the Euy curve is

Apg/eV  1i0.4Ti0, Apg/eV Apg/eV
218 <15 12 -9 -6 -3] 0_-Ti0; 18 -15 -12 -9 3 0A -18 <15 <12 9 -6 -3 0
L 1 1 1 1 1 O 1 1 1 1 1 O 1 1 1 1 1 1 0
TiO,+Ti,0,+Ti,0; i L3 -3
7r0, HfO,
-6 F-6 -6
SrO > StO > St0 >
(] o o
9 = F9 ~ r-9 =
TiO,+Ti,0 X N T
LT 11,05 = =11 =
. ) 2 | ., < ; L2 <
Tlozs (])3 Sr0+8r0, [-12 B9, =12 B9 8r0+810, 12
r0, s S0, L 15 SrO, L_15
18 F-18 ks

FIG. 2. Calculated stability diagrams of StMO; (M = Ti, Zr, Hf). The highlighted areas are the allowable chemical potential domain for

the growth of StMOs.
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FIG. 3. (a) Formation energies of Eu in SrZrO; under conditions corresponding to A (O poor), B, and C (O rich) points in Fig. 2. (b), (c)
Formation energies of Eu in StHfO; and SrTiO; under B and C conditions.

lowered while Eug; curve is raised comparing with at con-
dition B, the formation energies of the crossing point in C are
the same as in B at about 0.753 eV. So, both the B and C are
acceptable growth conditions for SrZrOs:Eu phosphor, and
we will not include the O-poor condition in further discussion.

The doping property of Eu in SrHfO; is similar to that
in SrZrO;3. The crossing point of curves of Eug.(4+1) and
Euge(—1) has a formation energy of 0.830 eV, as shown in
Fig. 3(b). But Eu shows a different doping property in SrTiOs.
In Fig. 3(c), under the B and C conditions as labeled in
Fig. 2, the Fermi level is allowed between the Eug,(+1/0)
transition level and the crossing point of Eug; and Eur; curves.
Within this range, the Eug.(0) with +2 valence defects is
relatively dominant. Considering that the formation energies
of Eug,;(+1) and Eup;(—1) are close to Eug,(0), the existence
of Eu in +3 valence is also important. This is why Eu in
both the +2 and +3 valences has been reported in SrTiO3
experimentally [26,39]. Thus, SrTiO; is not an ideal host
material for Eu*>* phosphor.

For SrZrO3 and SrHfOs3, using the detailed balance equa-
tions [40], we find that under the O-rich growth conditions

of point B in Fig. 2, the Fermi level is already pinned at
the crossing points of the formation energy curves of Eug;
and Euy, even for dopant density as low as 10°/cm?. At the
crossing point, the concentrations of Eug,(+1) and Eup(—1)
are equal because they have the same formation energy.
Therefore, simply increasing the concentration of Eu cannot
effectively improve the ratio between Euy(—1) and Eug(+1)
concentrations. This can be overcome by techniques such as
applying strain during the growth of Eu-doped perovskites to
suppress the donor defects Eug; (+1) and enhance the acceptor
defect Eup(—1), thus leading to a larger ratio of Eup(—1)
to Eus;(4+1). When Eu substitutes Zr and Hf as Eugz.(—1)
and Euyg(—1), it would stretch the perovskite lattices. On the
other hand, when Eu substitutes Sr as Eug.(+1), the lattices
tend to shrink. So, tensile strain can lower the formation
energy of Euy(—1), while it raises that of Eug.(4+1) [41].
To prove this, we calculate the formation energy difference
of Euz.(—1) and Eug,(+1) under biaxial strain, as shown in
Fig. 4. Thus, applying biaxial tensile strain during growth
could effectively increase the concentration of Euy(—1) and
suppress the formation of Eug;(+1) in SrZrO3 and SrHfO3.
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FIG. 4. Formation energy difference versus biaxial strain for
Eug, (+1) and Euz.(—1) in SrZrOs.

Moreover, raising the growth temperature and then quench-
ing it to a working temperature could be another effective
way to increase the concentration of Euy(—1) and suppress
the formation of Eug,(4+1) in SrZrO;z and SrHfOj;. This is
because at high growth temperature, high thermal excitation
of electrons from valence bands to the conduction bands will
push the Fermi level towards the center of the band gap.
As shown in Fig. 3(a), under the oxygen rich condition, the
formation energy of Euy(—1) is significantly lower than that
of Eug,(4+1) when the Fermi level is close to the center of
the band gap, so the defect concentration of Euy(—1) can be
significantly enhanced compared to that of Eug,(+1) when it
is grown at high temperature and then quenched to a working
temperature.

Finally, we estimate the emission energy of Eu in the
perovskites. The electronic configuration of the Eu’t 7F
state has six spin-up f electrons, and the 3D state that
can be reached with one spin flip excitation has five spin-
up and one spin-down f electrons, as shown in Fig. 5.
Although the ground-state DFT calculation usually cannot
deal with the excited state, the energy difference of ’F
and °Dy states can be calculated with relatively good ac-
curacy as the energy difference of the high spin state of
"Fy with 6up and the low spin state of Spo with 4ug,
because of the localized nature of these states and error can-
celation. The Dy — " F emission energy, AE[Eus/'(—1)] =

4f electrons of Eu®*

- 2 spin-up spin-down
25
=T 0
2 202
= e =6
5
05
3
2
1
0.0~ 0

FIG. 5. Emission mechanism and 4f electron occupancy of Eu®*.

E[Euy (—1)|4up]—E[Euy (—1)|6up], is labeled as the red
arrow in Fig. 5, which is calculated to be 1.922, 2.195, and
2.130 eV in SrTiOs3, SrZrO3, and StHf O3, respectively, and is
close to the experimental value of 2.138 eV (580 nm) [17].

IV. CONCLUSION

In summary, we have systematically investigated the dop-
ing properties of Eu in SrTiO3, StZrOs, and SrHfO; using
first-principles calculations. We have illustrated the desired
growth conditions of Eu, obtained the formation energies of
Eu impurities under different growth conditions, and provided
various approaches to control the doping. We have explained
the p-type dopability of Eu and the +3 valence state of Eu
in both substitutional sites in SrZrO; and SrHfOs. The cal-
culated emission energies of Eu’' are in good agreement
with experiment value. Our results provide a guideline for
improving the Dy — 7F, MD emission in Eu**-doped per-
ovskites, which could be beneficial for optomagnetism related
applications.
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