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Mixed Microscopic Eu?* Occupancies in the Next-Generation
Red LED Phosphor St[Li,Al,O,N,]:Eu?* (SALON:Eu?*)

Freia Ruegenberg, Amador Garcia-Fuente, Markus Seibald, Dominik Baumann,
Gregor Hoerder, Tim Fiedler, Werner Urland, Hubert Huppertz, Andries Meijerink,

and Markus Suta>

Red-emitting narrow-band phosphors are of utmost importance for
next-generation white-light phosphor-converted light-emitting diodes
(pc-wLEDs) for improved efficacy and optimized correlated color tempera-
tures. A promising representative crystallizing in an ordered variant of the
UCr,C, structure type is Sr[Li,Al,O,N,]:Eu?* (SALON:Eu?*) emitting at a
desirable wavelength of 614 nm. Despite an expected eightfold coordina-
tion of the Eu?* ions by four N3~ and O?" ions, respectively, the exact local
coordination symmetry and a 1:1 ratio between the two types of ligands is
not straightforwardly proven by X-ray diffraction. Low-temperature lumi-
nescence spectroscopy in conjunction with ligand field theory are powerful
alternatives to resolve local features of Eu?* as its excited 4f°5d’ configura-
tion reacts sensitively to the polarity of the ligands. The dominant emission
at 614 nm shows pronounced vibronic fine structure at 10 K. In addition,
weak emission bands can be resolved at 570 and 650 nm even at a low
doping concentration of 0.5 mol% and are assigned to Eu?* ions being eight-
fold coordinated by N3~ and O? ions in a ratio different from 1:1. Due to the
feature of vierer ring-type channels in SALON:Eu?*, those Eu?* centers are
sufficiently close for mutual energy transfer, which is characterized by time-

1. Introduction

Eu?*-based phosphors have emerged as
fruitful candidates for application in next-
generation  phosphor-converted — white
light-emitting diodes (pc-wLEDs).l2l 1f
Eu’" is embedded in structures with only
a few possible metal ion sites, a highly
condensed network backbone and high
structural rigidity, these phosphors consist-
ently show narrow-band emission.’# This
structure—property relationship has been
brought close to perfection in the case of
St[LiAl;N,J:Eu?t (SLA:Eu?*), which crystal-
lizes in an ordered variant of the UCr,C,
structure type with the space group P1
(no. 2).51 This structure type is characterized
by so-called vierer ring channels that lead to
an approximately cubic eightfold coordina-
tion of the incorporated cations. Due to the
soft covalently binding N3~ ions in the coor-
dination environment that exhibit a strong

resolved luminescence at 10 K.

nephelauxetic effect, SLA:Eu?* emits at
650 nm close to the edge of the eye
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Figure 1. Structure of Sr[Li,Al,O,N;] (SALON).B a) View of the crystal structure along the crystallographic [001] direction showing the relation to
the UCr,C, structure type and the vierer rings containing the Sr?* cations. b) Emphasis of the columnar structure along the [001] direction showing
the embedding of the Sr?* cation channels in the condensed backbone of [LiOsN]*~ and [AION;]®~ tetrahedra. c) View on the cube-like coordination
sphere of the Sr?* ions with the different types of O>~ and N*- ligands resulting in a local Cy,(x) symmetry at the Sr sites. Note that the angles in the
cube actually slightly deviate from 90° (thus resulting in C,;, and not Dy, symmetry). The x denotes the twofold axis running parallel to the [100] direction.

sensitivity for red light with an effective full width of half max-
imum (FWHM) of only 1180 cm™ (50 nm).B! According to stand-
ards in the lighting industry, a desirable emission wavelength
for a red-emitting phosphor in next-generation pc-wLEDs is
between 610 and 620 nm where the eye sensitivity is higher.”]
Using the successful structural feature of SLA:Eu?* together with
a different crystal structure and incorporation of slightly harder
0% anions, Hoerder et al. were able to synthesize a phosphor
that fulfills the desired criteria with a retained narrow FWHM.
This resulted in the phosphor Sr[Li,Al,0,N,]:Eu** (SALON:Eu?*,
see Figure 1) emitting at 614.5 nm with a FWHM of 1286 cm™
(48 nm) at room temperature® representing an illustrative
textbook-type example of the exploitation of structure—property
relationships and variation in the nature of the chemical bond to
generate an applied material with desired properties. Additional
exchange with O%" finally results in the UCr,Ctype narrow-band
emitting phosphor Sr[Li;AlO,]:Eu?*.’l Another fully oxide-based
class of materials of the UCr,C, structure family are the litho-
silicates,'®l which were originally prepared by Hoppe’s group!'l
and have become prominent as potential cyan- and green-emit-
ting phosphors with wide color gamut for display applications. >3]

A special feature of SALON:Eu?* is the slightly asymmetric
emission band at room temperature. A number of theoretical
studies have been published on SALON:Eu?" to explain both
the emission wavelength and asymmetry of this emission
band."*B] A strong argument arises by the vicinity of the Sr?*
ions (Sr—Sr distance: 3.184 A) that lead to an extended vibronic
coupling including collective motion of the cations within the
channels. A remaining challenge is the unambiguous proof for
the location of and compositional ratio between the N3~ and
0% ions within the first coordination sphere of Eu?*. Usually,
single-crystal X-ray diffraction is the most straightforward struc-
ture resolving method for such purposes. However, not only are
N and O weak X-ray scatterers based on their low atomic
number, but also hard to distinguish because they are neigh-
boring elements in the periodic table. In addition, the presence
and exact position of Li* cations in this structure are hard to
prove by means of X-ray diffraction and is accompanied by
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strong disorder effects or split positions in case of mobility.
In addition, no indications for a super-structure formation are
observable in the X-ray diffraction data of SALON:Eu®*, justi-
fying the assignment of O and N positions in the chosen space
group in combination with electrostatic calculations.?®! Neverthe-
less, short-range anion ordering cannot be handled with such
average-structure models. Thus, despite its simplicity, X-ray dif-
fraction is pushed to its limitations for such a specific research
question. Another method with the capability to resolve the dis-
tribution of light elements is electron energy loss spectroscopy
(EELS). EELS can potentially discriminate nitrogen from oxygen
but is usually only surface-sensitive, requires an advanced high-
resolution transmission electron microscopy setup, and the
samples need to withstand the incident energies of the electron
beam. In fact, SALON:Eu?* decomposes under the conditions
of a conventional EELS experiment according to our experience.

High-resolution luminescence spectroscopy can offer a com-
petitive and insightful alternative here. Since the 5d orbitals of
Eu?* react sensitively to the local chemical environment and
especially to the covalency of the Eu-ligand bonds based on the
nephelauxetic effect, it is a suited method to distinguish hard
surrounding O%~ anions from softer N>~ anions despite their
isoelectronic character by means of the emission wavelength of
the respective 4f°5d' — 4f’ transition of Eu?*. These can be well
correlated to advanced ligand-field calculations to gain infor-
mation about the ratio of different ligands and symmetry in
a heteroleptic coordination sphere around Eu?* ions. Resolved
vibronic fine structure at cryogenic temperatures (T < 10 K)
can additionally reveal important structural information if the
doping fraction is kept sufficiently low (x < 0.5 mol%) to avoid
inhomogeneous broadening effects, which has been recently
impressively demonstrated in several solid solutions of iso-
structural alkaline earth fluorides and hydrides, for example.['%]
Finally, time-resolved luminescence at various temperatures
helps elucidate energy transfer interaction or quenching effects
that could also be correlated to the local structure of the Eu?*
ions. We have recently shown the power of a combination of
single-crystal X-ray diffraction, high-resolution luminescence
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spectroscopy and ligand field calculations for resolving delicate
structural problems in the case of the UCr,C,-type lithooxidosil-
icate “K,Na,[Li;Si0,];Eu?"”, which actually has the composition
K ¢Na, 1Lig 3[Li3SiO4)4:Eu®* also containing small Li* ions in the
cation channels and not only in the tetrahedral network back-
bone.”l This motivated us to investigate both the steady-state
and time-resolved luminescence of SALON:Eu?* with several
doping concentrations (0.1 mol% and 0.5 mol%) at different
temperatures and to demonstrate the often still underestimated
power that lies in luminescence spectroscopy in conjunction with
ligand field calculations to solve structurally advanced problems.

2. Results and Discussion

2.1. High-Resolution Luminescence Spectra of SALON:Eu?*
at Low Temperatures

Figure 2a,b depicts the luminescence spectra of SALON:
0.5 mol% Eu?* at 10 K. Note that the regarded Eu2+ concentrations
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of 0.1% and 0.5% within this work are lower than what is
typically used in commercial LED phosphors (>1%) to avoid
inhomogeneous broadening that would obscure vibronic fine
structure. The photoluminescence excitation spectra are char-
acterized by two broad bands with maxima at 290 and 450 nm,
respectively. This demonstrates that SALON:Eu?* can be effi-
ciently excited with a conventional blue-light In, ,Ga,N LED.
SALON:Eu?" crystallizes in an ordered variant of the UCr,C,
structure type with the space group P4,/m (no. 84). The Sr?* or
Eu’* ions are located within channels along the [001] direction
that are composed by both [AION;]*~ and [LiO;N]J*~ tetrahedra
and are coordinated by four N3~ and four O?" ions in a cube-
like arrangement according to the single-crystal X-ray diffrac-
tion data. The cation positions are centrosymmetric according
to the space group/site symmetry and give rise to an unusual
coordination pattern with four 0%~ and four N3~ ligands in a
Cyn(x) symmetry (see Figure 1c; x denotes that the C, axis lies
along the [001] direction within the crystal structure) given the
slight deviation of the angles within the cube-like coordination
sphere from 90°. However, the very similar Sr/Eu-ligand bond
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Figure 2. Photoluminescence properties of SALON:Eu?" at cryogenic temperatures (T = 10 K). a) Photoluminescence emission (red, A, = 290 nm)
and excitation (black, A.m, = 660 nm) of SALON:0.5% Eu?* at T =10 K. The spikes marked with an asterisk stem from Xe lamp lines. The zero-phonon
line (ZPL, 0’-0 transition) is indicated. b) Enlarged view to the spectra converted into the wavenumber domain (with Jacobian intensity correction) for
the analysis of the vibronic fine structure in the emission (red, A, = 290 nm) and excitation (black, A, = 609 nm) spectra. c) Temperature-dependent
emission spectra (A, = 450 nm) of SALON:0.1% Eu?* indicating the thermal broadening of the 4f°5d' — 4f’-based emission of Eu?* between T =7
and 220 K. The spectra have been normalized for better clarity. d) Temperature dependence of the FWHM of the Eu?*-based emission in SALON:Eu?".
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lengths (Sr—N bond length: 2.760(5) A; Sr—O bond length:
2.659(4) A) and the diffuse nature of the 5d orbitals could allow
the assumption of an apparently experienced cube-like coordi-
nation sphere with Oy, site symmetry by the Eu?" ions. Under
this assumption, the two broad bands of the excitation spectra
could be interpreted as the ligand field splitting 10Dg between
the lower energetic “e,” and the higher energetic “t,,” ligand
field states of the 5d orbitals in a decoupled scheme with an
energy difference of around 10Dg.g = 13 330 cm™! [estimated
from the energy difference between zero-phonon line (ZPL,
at 16 393 cm™) and onset of the “t),"-labelled excitation band
at 29 720 cm™]. It is important to stress, however, that this is
only an approximation and the real, lower Cy,(x) symmetry
leads to additional removal of degeneracy of the 5d orbitals.
Another characteristic feature is the staircase-like fine structure
on the lower energetic excitation band that is usually regarded
as a signature of the ’F; (J = 0...6) levels of the 4f° core in the
excited 4f°5d! configuration. It has, however, been recently
demonstrated by Joos et al.'®l (and earlier by Weakliem [%) by
relativistic embedded-cluster CASSCF calculations that this
interpretation in a decoupled scheme should be taken with
caution and is not strictly applicable but may merely serve as
an approximation. In particular, the chemical bonds in the
[EuO,N,]**~ polyhedron have an appreciable covalent character,
which should intuitively lead to a stronger interaction between
the 4f electrons and the 5d electron. This is in competition to a
reduced overlap given the more diffuse nature of the 5d orbitals
and the comparably localized character of the 4f orbitals.

Both the low-energy side of the excitation spectrum and high
energy side of the emission spectrum of SALON:Eu?* show a
pronounced vibronic fine structure and a well-resolved ZPL at
16 393 cm™ (610 nm). It is blue-shifted compared to the reported
ZPL of SLA:Eu?* at 15 797 cm™ (633 nm),P! which is explained
by the partial presence of harder 0% ions in the immediate
coordination sphere of Eu?". From the 4f°5d! — 4f’-based emis-
sion band at 10 K, a vibronic progression frequency of Avgs =
(113 £ 1) cm™ can be derived, which is high compared to the
progression reported in other oxidic host compounds such as
SrB,O.:Eu?* (AV = 85 cm™).2% Tt is also in very close agree-
ment to the value reported for SLA:Eu®" of around 100 cm™.
This implies strong Eu?*-ligand bonds, as was also recently
found in the structurally related oxidosilicates with Eu?* in the
smaller cation channels containing Li* ions that give rise to a
green luminescence with similar vibronic fine structure at 10 K.
From the intensity ratio of the 0" — 1 and 0" — 0 vibronic
line, it can be derived that the Huang-Rhys-Pekar parameter S
must be around 1.4 being very small. Only few examples such
as REPO Eu’", Zr** (RE =Y, Lu) U or selected perovskite-
derived hydrides and deuterides?? are known to give rise to
4f°5d! — 4f-based luminescence with even smaller Huang-
Rhys-Pekar factors (S < 1). Thus, the Eu-ligand equilibrium
bond length in the lowest excited emissive 4f°5d! state and
the 47 (3S;,,) ground level is very similar and barely changes.
This is a consequence of the highly condensed network back-
bone of [AION;® and [LiO;NJ® that introduces structural
rigidity and does not mechanically allow strong changes in
the Eu-ligand distance. In the low energetic part of the excita-
tion spectra of SALON:Eu?", there is also some vibronic fine
structure visible, which allows the derivation of an estimated
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vibronic progression frequency of AV = (135 = 7) cm™.. The
higher value than that derived from the emission spectra is an
indication that the chemical bond between Eu?* and the sur-
rounding ligands in the lowest excited 4f°5d! state is slightly
stronger than in the 4f’ ground state and should give rise to a
slightly smaller Eu-ligand equilibrium distance. This has been
consistently found in several other 4f*15d! — 4f"-emitting lan-
thanoid ions (including Eu?*) in highly symmetric coordination
environments both theoretically and experimentally.?*]

The small effective FWHM of 860 cm™ (37 nm in the wave-
length domain) of the emission band at 10 K also agrees very
well with the expected value according to the derived Huang-
Rhys-Pekar parameter (880 ¢cm™) from the vibronic fine
structure, which can be calculated as:14

FWHM (0) = 8/SIn2-ho.g (1)

Both the FWHM and the derived Stokes shift of only around
350 cm™! (derived from the position of the ZPL) at 10 K are
expected according to the strong structural rigidity of SALON.
It is noteworthy, however, that the 4f°5d' — 4f’ emission band
shows an asymmetry. This is partially attributed to the low
Huang-Rhys-Pekar parameter that leads to a Pekarian or Poisso-
nian lineshape rather than a Gaussian one at low temperatures.
However, we will discuss the full origin of this asymmetry in
more detail below. The Huang-Rhys-Pekar parameter for the
respective 4f°5d! — 4f emission in SLA:Eu?* is slightly larger
(S = 2.5) as estimated from the reported spectra at 10 K.l This
is reasonable given the softer nature of the N*~ ions that allow a
slightly higher degree of mechanical flexibility upon excitation/
emission than is the case in the SALON partially containing
harder O? ions. At elevated temperatures, the FWHM increases
(see Figure 2c,d), which is related to the thermal occupation of
the higher vibronic levels in the electronic excited state, from
which also Franck—Condon transitions to the electronic ground
state can occur. For that purpose, the dilute 0.1 mol%-doped
sample was regarded to minimize inhomogeneous broadening
effects. Another potential source for the thermal broadening
may be a thermal population of higher energetic 4f°5d! elec-
tronic levels.

2.2. Potential Anion Disorder within Powdered SALON Samples

Upon variation of the excitation wavelength to a wavelength
region where the absorption by the main Eu?* site is low, addi-
tional emission bands are observed at both lower and higher
energies than the dominant red emission with maximum at
614 nm (see Figure 3). The corresponding excitation spectra
are similarly broad and imply the presence of Eu?* with a dif-
ferent coordination pattern than the one with four 0>~ and four
N3~ ligands arranged in Cy,(x)-symmetric fashion. Since the
structure of SALON only allows incorporation of Eu?* in eight-
fold coordinated sites arranged in a cubic-like geometry, these
results must be interpreted as sites with different N:O ratios.
The two identified additional emission bands have roughly the
same integral and it can be assumed at this low doping concen-
tration of only 0.5 mol% that the respective Eu?* centers must
have mutually similar concentrations. While the emission bands
at higher energies should contain an excess in the harder O
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Figure 3. Detection of additional emission bands in SALON:0.5% Eu?* by selective excitation with A, = 386 nm (red) at T = 10 K. The respective
excitation spectra upon detection of the different emission bands (A, = 575 nm, orange; Ae, = 614 nm, grey; Ao, = 660 nm, brown; A, = 690 nm,

black) are also depicted.

ions, those at lower energies should be related to sites, in which
Eu?* is coordinated by more N3~ than O?" ions. Accordingly,
there appears to be a microscopically present change in the N:O
ratio in the coordination spheres around the Eu?" ions within
powdered samples of SALON. While ordered SLA:Eu®* leads to
an ZPL emission at 633 nm and a maximum of 653 nm at 10 K,
a respective emission in the fully oxygen ordered congener
St[Li;AlO4):Eu" is expected in yellow or orange range. It was
shown that lithooxidoaluminates with compositions close to the
indicated one also crystallize in a UCr,Cy-type structure with a
tetragonal crystal system (space groups P4/n [no. 85] or I4/m
[no. 87]).2°) Based on the positions of the emission bands in
SALON:Eu®" (614 nm) and SLA:Eu?* (653 nm) at room temper-
ature, it is possible to estimate that the expected peaking posi-
tion in anion-ordered Sr[Li;AlO,):Eu?" lies at around 575 nm,
in good agreement with experimental findings (4., = 570 nm,
FWHM = 1540 cm™, or 46 nm in the wavelength domain).l’!
In this context, it is also important to mention that Hoerder
et al. have prepared a series of SALON-related Eu?*-doped
phosphors with both cation and anion disorder in the con-
densed network built up by the tetrahedra and the composi-
tion SrAly,,Liy ;051 Ny(1—z), in which the 4f°5d' — 4f’-based
emission of Eu?" can be tuned from the orange (z = 0.66) to
the deep red (z = 0.12) range.”®! As expected, however, the
anion disorder leads to an inhomogeneous broadening of the
Eu?*-related emission bands at room temperature and a much
lower effective quenching temperature of around T, = 450 K.
In contrast, both SLA:Eu?* and SALON:Eu?* are characterized
by quenching temperatures well above 600 K,># This demon-
strates the relevance of anion ordering in these structures for
the efficiency of these phosphors for pc-wLEDs. Since thermal
quenching at such low temperatures has not been observed for
our investigated powdered sample of SALON:Eu?*, we expect a
strong anion ordering of the compound.

A possible structural interpretation for the observation of the
additional emission bands is the following. Upon incorporation
of higher doping fractions of Eu?* into SALON, substitution of
the occupied Sr sites is expected. In powdered SALON:Eu®*,
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the actual microscopic anion composition within these occu-
pied channels may vary and there could also be local cube-
like environments with different O:N ratios than 1:1. This is a
microscopic effect and not readily expected for a single crystal
of SALON:Eu?* with a clearly defined and fully ordered anion
composition of the occupied channel. However, even in a crys-
talline powder, a major part of the Sr sites is fully anion-ordered
with a well-defined O:N ratio given the observable vibronic
fine structure and the known high thermal quenching tem-
peratures. This is also suggested by Rietveld refinement of the
X-ray powder diffraction patterns (see Figure S1, Supporting
Information). It is noteworthy that the structure of SALON also
incorporates channels that contain vierer rings coordinated by
solely N3~ or O%7, respectively, but without any occupied cation
sites.l®l Occupation of these originally empty cation sites with
Eu?* could also explain the observation of additional emis-
sion bands at around 600 (pure O%-based coordination) and
650 nm (pure N3~-based coordination, similar to SLA:Eu?* Bl).
However, single-crystal structure refinement found no evidence
for the presence of Eu?" in these channels in any of the lumi-
nescent UCr,Cytype compounds being studied in detail so
far. Moreover, considering the cube-like polyhedra that Eu?*
would occupy in this case, it becomes clear that the additional
emission bands do not match with previous experience on the
relationship between emission properties and volumes of the
coordination polyhedra.l?’!

The solely N-coordinated unoccupied site in one of the empty
channels in the SALON structure has an estimated volume of
only 24.3 A3 (see Figure S2, Supporting Information), which
would expectedly give rise to a strongly red-shifted lumines-
cence upon occupation by Eu?* ions. As a demonstrative
example, the size of the coordination polyhedron in SLA:Eu?*
is 36.9 A% at red luminescence with an emission maximum at
650 nm.l Tt is important to note that the calculated polyhedral
volumes do not necessarily represent the eventual conditions
in the real structure. It can be assumed that the presence of an
activator ion leads to a slight distortion of the polyhedra, but
nevertheless a significant red shift of the Fu?*-based emission
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into the near infrared would be expected when incorporated
into this otherwise unoccupied nitride channel in SALON. The
situation is similar for the potential Eu?* position with exclu-
sive O coordination in the otherwise unoccupied channel: here,
the polyhedron in eightfold coordination would have a volume
of 30.7 A>. Known UCr,C, oxide phosphors such as the alkali
lithosilicate K;¢Na,;Lij3[Li3SiO4):Eu?" emit in the cyan wave-
length range with comparable polyhedral volumes containing
Eu?*.l”] Consequently, it can be assumed that the additional
emission bands at 575 and 660 nm are not due to an incorpo-
ration of Eu?* within the unoccupied channels of the SALON
structure but likely arise from Eu?* substituting the cube-like
St sites.

In order to assess whether Eu?* substituting Sr sites within
a coordination polyhedron with deviating O:N ratio could
account for the additional emission bands and also to give an
idea about the quality of the analyzed samples, Rietveld refine-
ment was performed. For this purpose, single-crystal data
of SALON were first used as a starting model for the refine-
ment of the main phase. As a secondary phase, a theoretical
disordered Sr[Li,Al,O,N,] was simulated based on the crystal
structure of Sr[Mg,Al,N,], a UCr,C,type compound crystal-
lizing in the space group I4/m (no. 87) with cation/anion dis-
order (mixed site occupation).l’] Replacing the Mg position by
Li and splitting the N position into O and N with a site occupa-
tion factor of 0.5 each, the simulated phase has the same mean
composition as SALON but without any ordering effects. This
average structure model enables the possibility of local O:N
variation around the Sr position at first approximation in the
real structure while maintaining the mean composition of the
material. The Rietveld refinement resulted in 4.49(4) wt% phase
fraction of SALON simulated in [4/m (no. 87), which supports
the hypothesis that locally varied anionic environments around

(a) ‘ : ; : . .

Intensity (arb. units)

‘ ‘ 0
| sl | | ‘ 1N 1
300 350 400 450 500 550 600

Wavelength / nm
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the activator ion site in the Sr polyhedron could cause the addi-
tional emission bands as the Rietveld fit can be significantly
improved by adding such a secondary phase. Nevertheless, a
small inhomogeneity in the powder sample would cause the
same effect on the refinement as the O:N ratio in the final phos-
phor is mainly affected by the mixing process of the starting
materials which cannot be fully controlled on an atomic level.

2.3. Ligand-Field Calculations for Different Anion Compositions
in the [EuO;z_,N,]™™)- Polyhedra

We performed density functional theory (DFT) and ligand
field simulations of SALON:Eu?* to independently assess the
effect of possible different O:N ratios in the cube-like coordi-
nation environment of Eu?" ions on the emission wavelength
of the 4f°5d' — 4f’ transition. For that purpose, we simulated
a SALON supercell with Eu?* occupying a Sr site both in the
ground ([Xe]4f’) and excited ([Xe]4f°5d") configuration. The dis-
tance between the Eu?* ion and the ligands are dg,.o = 2.614 A,
dpan = 2.743 A in the 4f-based ground and dp,o = 2.601 A,
dpan = 2712 A) in the lowest excited 4f°5d'-related state. The
average equilibrium Eu-ligand bond lengths are slightly shorter
in the lowest excited state, which agrees with earlier theoretical
and experimental findings.?%l

To reproduce the luminescence properties of Eu?*, we need
to go beyond mean-field methods that do otherwise not allow to
obtain the complete Eu** manifolds.® Instead, we use our DFT
results to generate a multielectronic Hamiltonian in the basis
of the different 4f and 4f°5d configurations that includes the
effect of electron—electron interaction, spin-orbit coupling and
the ligand field.”®] In Figure 4a, we show the simulated excita-

tion spectra, where we find a gap between “¢,” and “t,,” similar

g

0

O QO O N O 0 NN N © & & O

FFPEP &S E&EFE LS
Wavelength / nm

Figure 4. a) Simulated excitation spectra of SALON:Eu?* (black curve) with red vertical lines showing the wavelengths of the different transitions
between multielectronic states. Their height is proportional to the transition probability. The underlying grey spectrum is an experimental excitation
spectrum of SALON:0.1% Eu?" at T=10 K (Aem = 615 nm). b) Different emission wavelengths obtained for different cube-like distributions of O?~ and
N3~ ions around Eu?* with ratios 3N:50 ([EuOsN;]""), 4N:40 ([EuO4N,]'*7), and 5N:30 ([EuO;Ns|""). The counts on the ordinate denote the number
of symmetry-equivalent possibilities to place the O~ and N3~ ligands in a given ratio on the corners of the slightly distorted cube. Arrows show the
emission wavelengths obtained for the expected 4N:40 distribution and for the 3N:50 and 5N:30 distributions obtained by simple O <> N exchange
from the Cy,(x)-symmetric coordination entity according to the structural refinement.
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to that shown in the experimental data. In fact, the ligand field
levels extracted from DFT show 10Dg = 13 000 cm™!, which is
in very good agreement with the estimated value (13 330 cm™)
from the experimental spectra at 10 K (see Figure 2).

As the real symmetry around Eu?' in SALON is actually
Cyn(x) (see Figure 1c), the 5d orbitals lose their degeneracy com-
pletely. This allows us to rewrite the ligand field matrix of the
system in terms of the angular overlap model (AOM).2%) We
obtain e4(0) = 9024 cm™, e4(N) = 8058 cm™, ¢,(O) = 3826 cm™},
and e,(N) = 1925 cm™. As expected, it generally is e, > e, indi-
cating that the o-type orbital overlaps between the 5d orbitals
of Eu?* and the 2p ligand orbitals of 0>~ and N*- is stronger
than the 7-type overlap. Additionally, the smaller values for the
N3~ ligands are a consequence of the larger size of this anion
and the related longer Eu-ligand bond, which also leads to a
decrease in the orbital overlap and thus, the AO parameters.

Based on the structural input of the Eu-ligand distances and
arrangement within a [EuOg_N, ]~ (x = 0...8) unit, we can
reassemble the ligand field matrix by varying desirable coordi-
nation patterns with different O:N ratios around the Eu?* ion.

The different emission wavelengths are obtained by exact
diagonalization of our multielectronic Hamiltonian with the
new ligand field matrix and defined by the energy difference
between the lowest excited 4f°5d' state and the 4f ground
state in the excited state equilibrium geometry. The results are
depicted in Figure 4b. We have also varied the different possible
relative arrangements of the O>~ and N3~ ligands for a given
fixed ratio of the two anions within the cube-like environment
of Eu?". Out of the 28 = 256 possibilities to set up a cube-like
environment around the Eu?* ions with two types of ligands

(0%~ and N*), for example, ( i ) =70 include a configuration

with four O?~ and four N3~ ligands, out of which only selected
configurations are symmetry-equivalent (see Figure 4b).
It is found that arrangements of 0%~ and N3~ in a 1:1 ratio
([EuO4N4™®), but with other symmetries than the elucidated
Cyp(x) symmetry with alternating O>7/N3~ ligands according to
X-ray diffraction only slightly affect the emission wavelength
(see different green bars in Figure 4b). This is, however, not suf-
ficient to explain the additionally observed peaks in the experi-
mental emission spectra. On the other hand, variation of the
O:N ratio to 5:3 ([EuOsN;3]7~) or 3:5 ([EuO;Ns]'*) leads to calcu-
lated emission wavelengths in the range of 570 (excess O%7) and
650 nm (excess N>7) dependent on the type of symmetry of the
respective arrangement. The emission wavelengths resulting
from arrangements of the ligands with slight O or N excess
show a much closer agreement to the experimentally observed
emission wavelengths of the additional low-intensity bands (see
Figure 4a). It should be noted that the current parametrization
only includes the anionic ligand contributions to the overall
ligand field potential, while the proximity of the repulsive
Sr?* cations with only 3.184 A may also have a non-negligible
impact on the calculated overall emission energy encoded in
a negative e, contribution. An impact of the surrounding Sr?*
cations within the channel of SALON was also anticipated by
Bouquiaux et al.,' and similar features were already reported
for advanced AOM of CsMgBr;:Eu?* B% and also indicated in
the AOM of the absorption spectra of lazulite-type oxidephos-
phates such as 3-Fe,O(PO,) or FeTi,0,(PO,),."
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2.4. Time-Resolved Luminescence and Energy Transfer between
Eu?" Sites of Different Anion Composition in SALON

Besides steady-state spectra, time-resolved luminescence
studies are an important diagnostic tool to confirm or even iden-
tify the nature of radiative transitions and elucidate potential
interaction processes. Figure 5 depicts the representative lumi-
nescence decay curves of SALON:0.1% Eu®* and SALON:0.5%
Eu?* acquired upon excitation at A = 441 nm and detection
of the emission at A, = 614 nm at 10 K. The luminescence
decay is single exponential for both doping fractions of 0.1%
and 0.5% Eu®" (see Figure 5a). In SALON:0.1% Eu?*, a radiative
decay time of 7= (0.83 + 0.03) us is observed at 10 K, which is
in very good agreement with what is expected for a 4f°5d! < 4f’
transition of Eu?* in inorganic hosts. Even for a doping concen-
tration as low as x = 0.5 mol%, a slight decrease in the lumi-
nescence decay time to 7= (0.75 + 0.02) us is observed. The
slight decrease of the luminescence decay time with increasing
doping concentration is an indication for energy transfer
between different Eu?* ions. Given the structural feature of
large columnar cation channels with mutual cation distances of
only 3.184 A within one channel, energy transfer between dif-
ferent Eu®" ions is structurally strongly favored.

At room temperature, the luminescence decay times in both
SALON:0.1% Eu?" and SALON:0.5% Eu?' are slightly higher
than at 10 K. This is representatively shown for the 0.1%-doped
sample in Figure 5b. Such an observation is a well-known fea-
ture of Eu’*-related luminescence and explained by the fact
that the lowest excited states in the 4f°5d! configuration have
dominant spin octet character based on Hund’s rules. Thus,
the 4f°5d' — 4f(8S;,) transition has a slightly more spin-
allowed character at low temperatures. At elevated tempera-
tures, there is an increasing population of excited 4f°5d’ states
with stronger spin sextet (S = 5/2) character, which leads to a
slightly elongated luminescence decay time at room tempera-
ture (SALON:0.1% Eu?*: 7= (0.86 £ 0.01) us; SALON:0.5% Eu?*:
(0.79 % 0.02) ps).[1132

It should be noted, however, that spin is already only inter-
mediately well-defined for the excited 4f°5d! states of Eu?* since
spin-orbit coupling is non-negligible anymore for this ion.

Unlike the dominant red emission, the small blue-shifted
and red-shifted emission bands assigned to Eu?* ions with
slightly different N:O ratios in their coordination sphere
in SALON:0.5% Eu?" show luminescence decay curves
with clear signatures of an energy transfer (see Figure S5c).
Upon detection of the emission at 575-600 nm, the lumi-
nescent decay is multiexponential with components of
7, = (0.07 £ 0.01) ps, 7, = (0.55 £ 0.01) ps (Aey = 575 nm) and
7= (0.10 + 0.01) s, 7, = (0.54 % 0.02) US (Ao = 600 nm).

The presence of an initial fast average decay and a slower
decay component are typical signatures of a donor ion in an
energy transfer process. The long component of this decay is
still slightly shorter than the (radiative) decay time of the main
emission at 614 nm. This is attributed to a photonic effect as
the radiative decay time usually increases with increasing
emission wavelength due to the lower photon density of states
at longer wavelengths (T,.4 = Ady),>¥! which is even generally
quantitatively fulfilled for the different emitting Eu?* centers in
SALON:0.5% Eu?* (see Figure S3, Supporting Information). It

© 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

85U8017 SUOLULLOD BA 1810 3ceoldde ayy Aq peusenob ae saoile VO ‘8sn JO se|ni Joj AfeldT8UlUO A8]IAA UO (SLORIPUOD-PUR-SLUR)ALI0O" AB 1WA eq 1 |Bu JUO//:SANY) SUORIPUOD pUe Swie | 8L 88S *[£202/60/TT] o Akeiqiauluo A8|Im ‘(-ouleAnde ) aqnopesy Aq Z£.£202202 WOope/Z00T 0T/I0p/Wod A8 | im Aeiq1jeuljuo//:sdiy wolj pepeoumoq ‘6 ‘€202 ‘TL0TS6TZ



ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

(a) 100
Ny
2
@ 107 E
=
£
O
(0]
N
ERr! :
g SALON: x% Eu?* (T = 10 K)
ZO Aex = 441 nm, A, = 614 nm
x=0.1,7=(0.83+0.01) us
x=0.5, 7= (0.75 £ 0.01) us
10-3 1 1 1 1
0 1 2 3 4 5
Delay time / ys
(€) 10° ; : . '
SALON: 0.5% Eu?* (T = 10 K)
- Aex =441 nm, A, =575 nm
-‘a Aex = 441 nm, A, = 600 nm
T 107k ;
=
£
o
o
N
©
£ 102F 5
—
o]
prd !
|
i
1073 1 L ko

0 1 2 3 4 5
Delay time / ys

www.advopticalmat.de

(b) 10°
>
=
2
110" ©
2
£
o
[0}
N
L, ®
F SALON: 0.1% Eu?* 110° €
Aoy = 441 nm, 4., =614 nm (ZD
10K, 7= (0.83 +0.01) ps
298 K, 7= (0.86 + 0.01) ps
1 1 1 1 10-3
0 1 2 3 4 5
Delay time / ys
(d) F T T T T ] 100
Ty
>
=
(2]
C
)
9
| | =
o
ot
N
©
£
SALON: 0.5% Eu?* (T = 10 K) S
| Aex =441 nm, A, =650 nm || 102
Aoy = 441 N, A,y = 690 NM ?
0 1 2 3 4 5
Delay time / us

Figure 5. Time-resolved photoluminescence studies on SALON:Eu?" upon excitation with a pulsed laser source at A, = 441 nm. a) Luminescence
decay curves of the main emission at e, = 614 nm in SALON:x% Eu?" with x= 0.1 (cyan) and x=0.5 (blue) at T=10 K indicating the shortening upon
increase in doping fraction. Solid lines correspond to single exponential fits (including constant background terms). b) Luminescence decay curves of
the main emission at A, = 614 nm in SALON:0.1% Eu?" at T=10 K (blue) and T =298 K (red) illustrating the increase in decay time upon increasing
temperature. Solid lines correspond to single exponential fits (including constant background terms). c) Luminescence decay curves of the orange
emission at ., = 575 and 600 nm in SALON:0.5% Eu?" at T=10 K. Solid lines correspond to biexponential fits. d) Luminescence decay curves of the
deep red emission at 4., =650 and 690 nm in SALON:0.5% Eu®* at T=10 K. Solid lines correspond to single exponential fits of the decay component.

See Table 1 for values of the decay times.

should be noted, however, that there are also other contribu-
tions to the luminescence decay time. Variations in the refrac-
tive index n(4) also affect the luminescence decay time. How-
ever, in the red range of the visible spectrum, the dispersion
of the refractive index is usually very weak only. In addition,
there is a contribution from the electric dipole transition matrix
element |ugpl? o |(4f]r|5d)|* to the luminescence decay time

Table 1. Extracted decay components from the time-resolved studies on
SALON:x% Eu?* (x = 0.1, 0.5) of the main emission at A, = 614 nm
(excitation at A, = 441 nm).

Temperature/doping fraction x% x=0.1 x=0.5

10K 7=(0.83£00) us 7= (0.75+0.01) us

298 K 7=(0.86£00l) us 7= (0.79+0.02) us

Adv. Optical Mater. 2023, 11, 2202732 2202732 (8 of 1)

according to the Golden rule by Dirac and Fermi. A more cova-
lent Eu-ligand bond is related to a spatially more extended 5d
wave function, which generally reduces the overlap between 4f
and 5d orbitals. However, as has been shown in an extensive
study on different Eu?*-activated (complex) oxides, the general
variation in this transition dipole matrix element is surprisingly
minor (usually less than 20%) even if the emission wavelength
varies over the whole visible range.?¥ The general correlation
of the observed luminescence decay times in SALON:Eu?* with
Adn (see Figure S3, Supporting Information) also confirm that
the contribution from the emission wavelength appears to be
the dominant one in this host compound.

In the longer wavelength domain at 650-690 nm, the time-
resolved luminescence shows an initial rise component fol-
lowed by an exponential decay (see Figure 5d). Such a behavior
is typical for an acceptor in an energy transfer process. It is
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helpful to quantitatively assess this. As the rise components
were too short within the regarded time range to allow reason-
able fits, we regarded the well-detectable maxima of the lumi-
nescence decay curves. The expected maximum after an initial
rise is given by:

ln(ﬂ)
7 (2)

tmaxvest Tl—l _ Til

where 7, < 7,. If we insert the found components from the mul-
tiexponential decay at 575-600 nm into Equation (2), we find
taxest = 0.16 Us and tp. e = 0.20 us using the decay compo-
nents for Ae,, = 575 nm and A, = 600 nm, respectively. These
values are close to the experimentally observed maximum
in the time-resolved luminescence of the centers emitting at
650-690 NM (tayexp = 0.12 Us for Aeyy = 650 nm and tay ey =
0.21 ps for Ao, = 690 nm). This confirms that the weak emis-
sion bands at 575-600 and 650-690 nm belong to Eu?* donor
and acceptor ions mutually interacting in an energy transfer
process, respectively. The decay component of the acceptor ions
is longer (7= (0.98 £ 0.01) us (Aey, = 650 nm) and (1.37 +0.02) us
(Aem = 690 nm)) than the luminescence decay time of the Eu?*
ions emitting at 614 nm (see Table 2), which is again attributed
to a photonic effect. Thus, the Eu?* ions at sites with different
N:O ratios in SALON cannot be microscopically far apart and
interact via an energy transfer. The nearest-neighbor distance
between two cation sites within different occupied cation chan-
nels is 5.628 A according to the single-crystal structural data.
If we now consider two Eu?" ions within one cation channel
with a mutual distance of only 3.184 A, a simple shortening of
the luminescence decay time based on an intra-channel interac-
tion is reasonable. In contrast, the efficiency of a hypothetical
energy transfer between Eu®* ions in the otherwise empty fully
O%-coordinated and the fully N3 -coordinated sites, respec-
tively, is already lowered by a factor of (5.628/3.184)° = 30 solely
based on a distance dependence argument. The observation of
a rise component in the time-resolved signal of the emission
band beyond 650 nm despite an otherwise efficient electric
dipole—electric dipole-type energy transfer can be related to the
low doping fraction of only 0.5 mol% that reduces the prob-
ability for close contact or clustering of Eu?" ions with coordi-
nation environments with different O:N ratios in the occupied
vierer ring channel. On the other hand, the mutual nearest-
neighbor cation distance within this channel in the structure
of SALON:Eu?" is very small. In agreement to that, the time-
resolved signal of the main emission at 614 nm due to Eu?* ions

Table 2. Extracted decay components from the time-resolved studies on
SALON:0.5 mol% Eu?" of the other emission bands at 10 K (excitation
at Ae, =441 nm).

Emission wavelength A.,,/nm 7/us T,/us

575 0.07 +0.02 0.55+0.01
600 0.10+£0.01 0.54+0.02
650 =% 0.98 £0.01
690 =% 1.37£0.02

*not accurately measurable
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in an eightfold coordination by both 0%~ and N*" in a 1:1 ratio
already shortens upon a concentration increase from 0.1% to
only 0.5%. In summary, we assign the asymmetry of the Eu*-
based emission in powdered SALON not only to the Pekarian
lineshape arising from the structural rigidity. Another aspect is
the presence of other emitting Eu?* ions in an eightfold coor-
dination with different O:N ratios. These results demonstrate
the power that a combination of steady-state and time-resolved
luminescence studies in conjunction with advanced ligand field
calculations have together with advanced single-crystal and
powder diffraction methods to elucidate local structural effects
with cost-effective and simple methods.

3. Conclusions

We have investigated the luminescence properties of
St[Li,Al,O,N,]:Eu?* (SALON:Eu?") with low doping fractions
(x* < 0.5 mol%) at 10 K and demonstrated that high-resolution
luminescence spectroscopy can serve as a complementary
structural tool in cases, in which X-ray diffraction comes to its
limitations. It was shown that SALON:Eu?" shows a similarly
well-resolved vibronic fine structure as SLA:Eu?* with a zero-
phonon line at 16 390 cm™ (610 nm) and a Huang-Rhys-Pekar
parameter of S = 1.4. This low value and the consequently
low emission FWHM of 860 cm™ (31 nm) and Stokes shift of
350 cm™! at 10 K can be related to the highly condensed network
of [AION;]®~ and [LiO;N®" tetrahedra and the related structural
rigidity. Upon variation of the excitation wavelength, additional
low-intensity emission bands were observed in SALON:Eu?*
at elevated doping concentrations both at lower (575-600 nm)
and higher wavelengths (650-690 nm) than the dominant emis-
sion band with maximum at 614 nm. This result indicates that
microscopically, the Eu?* ions cannot be solely coordinated by
four O~ and four N3~ ions in a C,j(x)-symmetric fashion, but
that there must be also eightfold coordinated sites with dif-
ferent N:O ratios present in powdered microcrystalline SALON.
Both Rietveld refinement on powdered samples and ligand
field simulations also suggest such a possibility. In contrast, the
structural solution based on single-crystal X-ray diffraction sug-
gests a fully anion-ordered structure, which is generally in line
with the observation of a well-resolved vibronic fine structure
at 10 K, small FWHM (860 cm™) and Stokes shift (350 cm™).
According to time-resolved luminescence studies at 10 K, these
centers also mutually interact via energy transfer processes,
which mean that they cannot be far apart within the struc-
ture of SALON. Overall, the luminescence properties of Eu’*
within this compound can be closely correlated to the local
surrounding structure of this emissive ion and are a comple-
mentary tool to X-ray diffraction, which comes to its limitations
in the local structure elucidation of this compound.

4. Experimental Section

Synthesis: A powder sample of Sr[Li,Al,O,N,]:Eu" was obtained by a
solid-state reaction similar to reference.®l The starting materials Al,O3
(15.69 g, 153.8 mmol, Sinochem Hebei type C), LizN (5.37 g, 154 mmol,
Materion), EuF; (0.238 g, 1,14 mmol, Materion), and a pre-synthesized
aluminate precursor (28.75 g, synthesized using Sr;N, [Materion] and
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AIN [Tokuyama]) were mixed and placed inside of a Ni crucible. They were
then heated in a tube furnace to 700 °C in a stream of forming gas (7.5%
H, in N,) and held at that temperature for 3 h. The resulting product was
ground, refilled into the Ni crucible, and heated for a second time. After
heating to 775 °C in a stream of forming gas (7.5% H, in N;) and holding
this temperature for another 3 h the final product was obtained as a fine
red powder. Washing in ethanol yielded a sample of high purity.

Powder X-Ray Diffraction: Powder data were collected on a STOE
STADI P diffractometer (Mo-K, radiation, 4 = 0.7093 A) with a
Ge(111) monochromator and in transmission mode with a Mythen 1K
detector (PSD). Rietveld refinement was performed using the software
TOPAS 4.2 to evaluate the presence of a secondary phase.

Steady-State and Time-Resolved Photoluminescence Spectroscopy: All
photoluminescence excitation and emission spectra were acquired
on a FLS920 Edinburgh Instruments spectrometer, equipped with a
450 W Xe lamp as the excitation source, a double Czerny-Turner excitation
grating monochromator (0.22 m) blazed at 300 nm and a single
Czerny-Turner emission monochromator (0.11 m) blazed at 500 nm.
An R928 Hamamatsu photomultiplier tube was used as a detector.
All spectra were corrected for lamp intensity, detector response, and
grating efficiency. For cryogenic (T = 10 K) and temperature-dependent
measurements below room temperature, the samples were cooled in an
Oxford Instruments Liquid Flow He cryostat with an external temperature
control unit. Luminescence decay measurements were also recorded on
the same setup using a pulsed diode laser (441 nm, temporal pulse width
=75 ps, Edinburgh Instruments) with adjustable repetition rate as the
excitation source and an H74220-60 photomultiplier as the detector. The
time-resolved signal was detected using a time-correlated single-photon
counting card (Edinburgh Instruments) connected to the photomultiplier.

Simulations: DFT simulations were performed with the Vienna ab initio
simulation package (VASP) B3 exploiting the projector-augmented wave
(PAW) methodB® to reproduce the interaction between the valence and
the core electrons.’”) The Perdew—Burke—Ernzerhof (PBE) approximation
was used for the exchange—correlation potential.® Structural relaxation of
supercells containing 288 atoms with periodic boundary conditions was
performed. Atomic positions were allowed to relax until all Hellmann—
Feynman forces where smaller than 5 x 107 eV A~ The results of
eigenenergies and eigenstates obtained from Vienna ab initio simulation
package (VASP) were used to parametrize a multielectronic Hamiltonian
that includes electron—electron, spin-orbit, and ligand field interactions
finally parametrized in the angular overlap framework.[28l
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