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A B S T R A C T

In this paper, we investigated the electronic structures and defect states of SrLaMgTaO6 (SLMTO) double per-
ovskite structures by using resonant inelastic x-ray scattering. Recently, Eu3+ doped SLMTO red phosphors have
been vigorously investigated due to their higher red emission efficiency compared to commercial white light
emitting diodes (W-LED). However, a comprehensive understanding on the electronic structures and defect
states of host SLMTO compounds, which are specifically related to the W-LED and photoluminescence (PL), is far
from complete. Here, we found that the PL spectra of SLMTO powder compounds sintered at a higher tem-
perature, 1400 °C, were weaker in the blue emission regions (at around 400 nm) and became enhanced in near
infrared (NIR) regions compared to those sintered at 1200 °C. To elucidate the difference of the PL spectra, we
performed resonant inelastic x-ray spectroscopy (RIXS) at Ta L-edge. Our RIXS result implies that the micro-
scopic origin of different PL spectra is not relevant to the Ta-related defects and oxygen vacancies.

1. Introduction

Although white light emitting diodes (W-LEDs) were successfully
fabricated by using a yellow phosphor (YAG:Ce) coated on the blue LED
chips, the white light with a combination of blue and yellow has a
drawback: it exhibits high correlated color temperature (CCT) and low
color rendering indices (CRI) due to deficiency of the red light (above
600 nm) [1–5]. To overcome the drawback, many researchers have
vigorously investigated and developed red phosphors with high effi-
ciency and chemical stability. Of the many red phosphors, Eu3+ doped
SrLaMgTaO6 red phosphors have been reported to emit a higher red
emission efficiency than the commercial Y2O3:Eu3+ red phosphors
[6,7]. Nevertheless, the relationship between the photoluminescence
(PL) spectra and relevant defect states of SrLaMgTaO6 (SLMTO) host
lattice (structure of formula AA'BB'O6 [8,9]) needs further investigation
in order to achieve the realization of W-LEDs with better CRI.

The physical and chemical properties of perovskite compounds are
closely related to the oxygen vacancies, cation stoichiometry, the con-
figuration of the A and/or B cations, and octahedral rotations [10,11].
For instance, small oxygen vacancies or cation stoichiometry can induce
different electronic structures and defect states of the SLMTO com-
pounds. Previous studies, however, lack direct experimental evidence
and a clear understanding on how specific defect states in the SLMTO
host lattice improves the red emission light in the photoluminescence
(PL) spectra. Therefore, monitoring oxygen vacancies or element-

specific defects in the compounds can unveil the microscopic origin of
PL spectra.

Resonant inelastic x-ray scattering (RIXS) is a powerful tool to
monitor the change of defect states related to the elements in SLMTO
compounds [12]. As a photon-in and photon-out, RIXS at the Ta L3-
absoprtion edge (9.881 keV) is able to detect and verify electronic ex-
citation in Tantalum double perovskite compounds in a non-destructive
way. Ta ion in stoichiometric SLMTO has 5 + valency and 5d orbitals
are fully unoccupied (5d0). When oxygen vacancies near Ta ions exist,
5d orbitals were changed from unoccupied to partially occupied states.
We thereby propose that RIXS at Ta L3-absroption edge can detect and
verify Ta 5d-related defect states inside the band gap of SLMTO.

In this article, we investigated the structural, electronic excitation,
and photoluminescence (PL) properties of SrLaMgTaO6 (SLMTO)
powder compounds, which were sintered at 1200 °C and 1400 °C, re-
spectively. X-ray diffraction measurements with Rietveld refinement
analyses indicated that the two samples had the same monoclinic
structure but showed small changes of the lattice parameters: less than
0.2%. SLMTO samples sintered at the higher temperature exhibited the
stronger red-to-NIR emission band. Our resonant inelastic x-ray scat-
tering (RIXS) studies clearly demonstrate that there are significant
changes in the RIXS spectra, indicating little Ta-related oxygen va-
cancies in the SLMTO compounds. The findings of this study can con-
tribute to the development of higher-efficiency double-perovskite
phosphors, as the RIXS studies reveal the hidden relation between PL
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characteristics and Ta-related defects of the double-perovskite host
lattices.

2. Experimental methods

Polycrystalline ceramic samples with composition of SrLaMgTaO6

(SLMTO) were synthesized by a conventional mix of oxide method
employing the solid-state reaction of SrCO3 (99.994%), La2O3

(99.99%), (MgCO3)4Mg(OH)2·5H2O (99.99%), and Ta2O5 (99.99%). All
the reagents were purchased from Alfa-Aesar. The mixture of starting
materials was mixed and ground in an agate mortar, then was calcined
at 900 °C for 2 h. After that, the mixture was ground again, and sintered
at 1200 °C and 1400 °C for 12hr, respectively. The SLMTO powder
samples were supplied by the Functional Phosphor Bank at Pukyong

National University (2017M3A9B8069470).
The crystal structures were analyzed using experimental X-ray dif-

fraction (XRD) data and Rietveld refinement software (general structure
analysis system, GSAS). XRD data were collected in the range of 10–80°
for a scan speed of 2°/min using the X'Pert-MPD system (Panalytical,
Netherland) with Cu Κα1 radiation at a wavelength of 1.5406 Å.
Energy-dispersive spectroscopy (EDS, HORIBA) attached to a scanning
electron microscope (SEM, S-2700, HITACHI) was used for chemical
composition analysis. The photoluminescence (PL) spectra were mea-
sured at room temperature and recorded with a fluorescence spectro-
photometer (Acton SpectraPro 750-Triplet Grating Monochromator)
from a charge-coupled device (CCD) detector (Princeton EEV 10241024
and PI-Max 133 controller). Resonant inelastic x-ray scattering (RIXS)
and x-ray absorption spectroscopy (XAS) experiments were performed
at the 27 ID beamline of Advanced Photon Source, Argonne National
Laboratory. The details for RIXS measurements are presented elsewhere
[13]. The use of the Advanced Photon Source at the Argonne National
Laboratory was supported by the US DOE under Contract No. DE-AC02-
06CH11357.

3. Results and discussions

The crystal structures of polycrystalline SLMTO powder samples
were characterized by XRD θ-2θ scan measurements. As shown in
Fig. 1(a), we synthesized and measured the XRD patterns of SLMTO
samples sintered at different temperatures, 1200 °C and 1400 °C, re-
spectively. We performed Rietveld refinement analyses based on the
monoclinic structure with space group P21/n in the inorganic crystal

Fig. 1. X-ray diffraction (XRD) θ-2θ scan measurements and Rietveld of SrLaMgTaO6 (SLMTO) powder samples sintered at different temperatures. (a)
Temperature-dependence of SLMTO growth: 1200 °C (up) and 1400 °C (bottom). (b) Schematic of crystal structure of SLMTO double perovskite structure.

Table 1
Lattice parameters obtained from Rietveld refinement of XRD pattern for
SrLaMgTaO6 powders.

SrLaMgTaO6

1200 °C 1400 °C

a (Å) 5.639 5.635
b (Å) 5.629 5.639
c (Å) 7.958 7.965
α (o) 90 90
β (o) 89.98 90.01
γ (o) 90 90
V (Å3) 252.6 253.1

Fig. 2. Chemical and morphological properties of SLMTO. (a) Energy-dispersive x-ray spectra (EDS) of SLMTO powder sintered at 1200 °C. (b) EDS of the sample
sintered at 1400 °C. The insets show scanning electron microscopic image with 1mm scale bar.
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structure database (ICSD). As shown in Table 1, the R factors (3–6%) of
both samples show similar values, which are related to the quality and
reliability of the fitting results [14–16]. The lattice parameters and
volume of the sample sintered at different temperatures were very
slightly changed to less than 0.2%; when increasing the sintering
temperature, the lattice constant of a decreased while the b and c values
increased.

As shown in Fig. 1(b), the Sr2+ and La3+ ions can be randomly
distributed on the A site, and they are usually surrounded by twelve
oxygen ions. Yet there are eight oxygen ions around the A site in this
monoclinic system and four oxygen ions away from the A site (ap-
proximately above 0.3 nm) [17]. The Mg2+ and Ta5+ are orderly lo-
cated on the B site surrounded by the oxygen octahedra. Most double-
perovskite compounds have octahedral tilting distortion due to the
mismatch between the ionic radius. The tolerance factor (t) represents
the degree of the octahedral tilting distortion. The t value of SLMTO is
calculated by the following relation,

= + +r r r rt ( )/ 2 ( ),sr o Mg Ta o, (1)

where rMg Ta, is the average ionic radius of Mg2+ and Ta5+ ions. The t
value of SLMTO compounds is 0.952 and thus octahedral tilting (a-a-c+

tilting pattern) [8]. Owing to the small change of lattice parameters in
the two samples, the octahedral tilting patterns can be maintained.

To check the possibilities of stoichiometry and morphology issues in
the samples, we performed the energy-dispersive x-ray spectroscopy
(EDS) as shown in Fig. 2. The EDS results displayed the presence of
strontium (Sr), lanthanum (La), magnesium (Mg) and tantalum (Ta).
Specifically, there were no other contaminated elements in both SLMTO
powder samples. The inset of Fig. 2(a) and (b) displays the SEM images
of SLMTO powders sintered at 1200 °C and 1400 °C, respectively. The
crystal morphology and the particle size in both SLMTO powders can
vary with different sintering temperature; the SLMTO powder sample
sintered at 1400 °C exhibits a larger particle size than those of the
sample sintered at 1200 °C.

To investigate the sintering temperature effects on the LED, we
performed the PL spectra of SLMTO powder samples using a Nd:YAG
laser as excitation source, as shown in Fig. 3(a). Under the excitation of
266 nm, the SLMTO powder samples showed drastically different PL
spectra. For instance, the SLMTO powders sintered at 1200 °C have a
strong and broad emission band centered at 405 nm and weak emission
band centered at approximately 700 nm, comparted to that of the
sample sintered at 1400 °C. In other words, the strong emission cen-
tered at 405 nm is weakened as the sintering temperature increases,
whereas the emission band in NIR region (close to the red light) is
enhanced.

To draw further insight on the physical origin of the emissions in the
two regimes, we fitted the PL spectra of SLMTO powder samples, as
shown in Fig. 3(b) and (c). Note that the peak at 532 nm
(∼18796 cm−1) marked with an asterisk was excluded from Gaussian
curve fitting because it is the second harmonic peak of Nd:YAG laser.
Firstly, the broad emission band centered at 405 nm in the blue emis-
sion region is systematically decomposed into three components (peak
A, B, and C) in both samples. These components are closely related to
the emission bands of MgO [19]. Interestingly, the intensities of peak A
and B are nearly similar in both samples, but the C component centered
at 425 nm (∼23480 cm−1) show a quite different PL intensity de-
pending on the samples. The intensity of peak C of the SLMTO sample

Fig. 3. Photoluminescence (PL) spectra of SLMTO powder. (a) The PL
spectra of both samples sintered at 1200 °C (blue) and 1400 °C (red). (b) PL
spectra with fitted and decomposed peaks of SLMTO samples sintered at (b)
1200 °C and (c) 1400 °C. Open black circles represent measured spectra, with
fitted spectra and decomposed peaks represented by red solid line and dashed
line, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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sintered at 1400 °C is 10 times decreased, compared to those samples at
a lower temperature (1200 °C). Secondly, Fig. 3(b) and (c) clearly in-
dicates that the NIR emission is enhanced (D and E components).

Especially, new emission peaks are observed, which is denoted by F and
G components in Fig. 3(c). The D, E, F and G emission components are
located at 706 nm (∼14164 cm−1), 765 nm (∼13060 cm−1), 732 nm
(∼13650 cm−1) and 841 nm (∼11887 cm−1), respectively. From the
literatures, some researchers claimed that these peaks in the NIR
emission region might be originated from the PL emission bands of MgO
or Ta2O5 or defect states, e.g., oxygen vacancies [18–20].

The visible light (near blue light) emission in the wide band gap
materials can be explained by the recombination process of the elec-
trons. Defects such as oxygen vacancies in the lattice can promote the
population of trapped electrons that induce the recombination process.
Note that the optical band gap energy of SLMTO is reported to be
4.5–5.0 eV and SLMTO belongs to the wide band gap oxide materials.
However, understanding on how specific defect states in the SLMTO
host lattice improves the red and NIR emission light in the photo-
luminescence (PL) spectra is not clear yet.

To shed light on the increase of defects related to TaO6 octahedral in
the SLMTO powders, we measured the x-ray absorption spectroscopy
(XAS) for SLMTO samples sintered at 1200 °C and 1400 °C, respectively.
Fig. 4(a) shows the Ta L3-edge (near 9.881 keV) XAS spectra for both of
the SLMTO powders. The black line and red line represent the SLMTO
samples sintered at 1400 °C and 1200 °C, respectively. The peaks (de-
noted by A and B) of the XAS spectra in the two samples do not show
any significant change, specifically near the absorption edge, as shown
in Fig. 4(a). Note that these two peaks are associated with the t2g and eg
final states, split by the crystal field effect. The relative intensity of A

Fig. 4. X-ray absorption spectroscopy (XAS) and resonant inelastic x-ray scattering (RIXS). (a) Ta L3-edge XAS spectra of SLMTO powder samples: 1200 °C (red)
and 1400 °C (black). (b) RIXS spectra of SLMTO samples sintered at (b) 1200 °C and (c) 1400 °C as a function of the incident photon energy and energy loss. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Ta L3-edge RIXS spectra. The RIXS spectra of SLMTO sintered at
1200 °C (red line) and 1400 °C (black line). The inset represents the same RIXS
spectra with the logarithmic y-scale to clearly assign the band gap of SLMTO
samples. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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and B peaks results from the number of d electrons and hole. The XAS
data indicates that the oxidation state of Ta is almost identical with +5
in the both of the SLMTO samples [21].

To obtain clear experimental evidence in the modulation of defect
states, we adopted a new advanced x-ray technique, resonant inelastic
x-ray scattering (RIXS), as shown in Fig. 4(b) and (c). In the RIXS setup,
we use an energy-tuned incident photon energy, which resonates with
L3 absorption edge of specific Ta element. This photon can promote a
core electron to an empty valence state. Due to the core hole, the system
becomes unstable. Then, electron can decay from Ta 5d to the 2p core
hole. At the end of this second order scattering process, electronic ex-
citation between 5d orbitals are created. The difference in x-ray photon
energy between incident and emission is denoted by energy loss (or
energy transfer). Ta in stoichiometric SLMTO has 5+ valency and 5d
orbitals are fully unoccupied (5d0). When oxygen vacancies related to
Ta ion exist, 5d orbitals become partially occupied. We can probe Ta
5d-related defects state inside the band gap of SLMTO by RIXS at the Ta
L3-absorption edge. From a technical point of view, RIXS is a unique
and powerful tool to monitor the band gap and detect element-specific
defect states inside the band gap of SLMTO.

Fig. 4(b) and (c) show the high resolution Ta L3-edge RIXS spectra
as functions of the incident photon energy (Ei) for SLMTO powders
sintered at 1200 °C and 1400 °C, respectively. The vertical line of in-
tensity at zero energy loss is denoted by the elastic peak. The broad
excitation peaks at around 9 eV was enhanced when Ei is tuned near the
primary XAS peak. The RIXS spectra can reveal the overall structure of
the unoccupied states and band gap of SLMTO samples. Fig. 5 (the inset
of Fig. 5) shows the clear band gap (4.5–5 eV). No observable peak can
be found below the band gap in Fig. 4(b) and (c), and Fig. 5, clearly
specifying that there is little and negligible Ta-related defect in both
samples for the formation of Ta 5d states. Remarkably, the amount of
Ta-related defect states in the SLMTO sample sintered at 1400 °C are
nearly the same with that of the sample sintered at 1200 °C. Therefore,
we can claim that the Ta-related defects are uncorrelated with the en-
hanced NIR region in the PL spectra. For the microscopic origin of
enhanced NIR region, we ruled out the possibility of Ta-related defects
scenario.

4. Conclusion

In summary, we investigated structural and photoluminescence (PL)
properties of SrLaMgTaO6 (SLMTO) double perovskite powder samples
sintered at different temperatures (1200 °C and 1400 °C) for white light
emitting device (LED) application. All corresponding XRD peaks in both
SLMTO samples were well indexed to a monoclinic double perovskite
structure with P21/n space group. We observed a different PL spectra in
the two SLMTO samples; the PL spectra of the sample sintered at higher
temperature (1400 °C) exhibit suppressed blue light region and the in-
crease of near infrared (NIR) region, compared with those samples at a
lower temperature (1200 °C). To examine the scenario of Ta-related
defects, we performed x-ray absorption spectroscopy and resonant in-
elastic x-ray scattering. RIXS results clearly show no observable Ta-re-
lated defect states in the both samples and suggest the weak relation-
ship between the Ta-related defects and enhancement of the PL spectra.
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