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ABSTRACT: The series of f-Ca;(PO,),-type phosphors
Cags_;5,MgEu,(PO,), were synthesized by a solid-state route.
Observation of the proper Eu®" ion distribution in the CayMg-
(PO,); host matrix was made by a direct method using "*'Eu
Mossbauer spectroscopy in combination with X-ray analysis and
dielectric and luminescent spectroscopy. The photoluminescence
properties were studied in detail. The samples exhibit an
exceptionally narrow-band red emission according to the dominant
Dy — ’F, transition and fulfill the industrial requirements for
high-energy-efficiency red phosphors. The contribution of Eu*
ions in different crystal sites to the luminescent properties is
discussed in detail. The difference of the excitation of Eu** in the
M1 and M2 sites was revealed by photoluminescence excitation
spectra in accordance with structure refinement. The temperature dependence of the luminescence intensity was studied. Different
tendencies in the thermal behavior of emission lines allow one to consider the studied compounds as phosphors suitable for
luminescence thermometry. The measured quantum yield for Cags_; s, MgEu,(PO,), shows excellent results and reaches 63%.

B INTRODUCTION An appropriate combination of inorganic host material with
the different luminescent rare-earth (RE) ions as dopants is the
mainstream essence of phosphor-converted LEDs (pc-LEDs).
The host matrix strongly effects the luminescence properties of
activator ions."* For example, the starting f-TCP-type (TCP =
tricalcium phosphate) host'* does not show bright luminesce
directly if there are no dopant luminescent ions; however, the
insertion of lanthanide elements into the initial matrix can
produce a visible light through their electron transitions in the
4f shell."® Because of the shielding of 4f electrons by 5s and 5p
electrons, the radiative transitions of trivalent RE ions are
represented by narrow and intense bands. The narrow-band
emission is an industrial requirement for high-performance pc-

LED devices.'® The luminous efficacy is maximum when the
16

Advances in solid-state lighting' lead to the development of
new types of inorganic/organic/hybrid phosphors.”® In
particular, a considerable part of world energy consumption
is represented by outdoor lighting,* which uses almost only
inorganic phosphors.1 Therefore, phosphors for commercial
application should meet the following requirements: excellent
chemical homogeneity and thermal stability, durability, and
isotropy of the optical properties. However, even the presence
of the whole set of above-mentioned requirements does not
provide a sufficient guarantee that the obtained phosphor
would be cheap and simple to produce. In this case, it is
necessary to use a well-known material with outstanding
physical and chemical properties as an initial matrix to design

and develop new types of phosphors.3’5’6 Compounds with the

f-Cay(PO,),-type (or f-TCP) structure and different chemical i§ostructurahl ﬂ-TCP-tyPe phosphors with different combina-
compositions have been synthesized and studied as novel and tions of cations and anions have been synthesized to produce

. . . 7,8 .
prospective inorganic phosphors.”® Because of the wide
isomorphous capacity (which allows tailoring of the optical Received: December 29, 2020 % :
features)’'” represented by different homo- and heterovalent Published: March 1, 2021 @
&

emission band width is less than 20 nm.” Numerous

cationic substitutions, these phosphors have several advantages
for application in light-emitting-diode (LED) technology and
can be considered as a good base to form a popular branch in
luminescence research.
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the brightest one. A number of Eu**-doped materials have
been studied to develop the red-emitting phosphors for pc-
LEDs. The 4f—4f transitions of Eu**-doped phosphors can
overlap with near-UV LED chip radiation, UV-emitting
InGaN, for instance. However, these transitions with low
oscillator strengths (<10°) are forbidden, so the absorption of
near-UV radiation by Eu’* ions is weak.

The S-TCP-type phosphors doped by Eu®* ions are well-
known because of their strong luminescence in the red spectral
region. Due to the environmentally sensitive 4f transitions of
Eu’* ions,'” deliberate cationic substitution can be an effective
strategy for achieving efficient luminescence. The Eu’*
emission in #-TCP-type phosphors meets the requirement of
narrow-band red emission because the most intensive radiative
transition *D, — ’F, is relatively narrow.'” The wide red
emission of the phosphor causes a significant spillover of light
into the deeper red spectral area, where the human eye is less
sensitive, and leads to the spectral inefficiency of the pc-LED
device.'®

The distribution of Eu*" ions between different crystallo-
graphic sites of the B-TCP-type structure plays a key role
because the luminescence intensity is very sensitive and
depends on the local symmetry and coordination environment
(in particular, different bond-length distances and distortion of
the polyhedra) of the dopant RE ions.'® The local states of
Eu* ions influence the intensity and some distinguished
features of the resulting spectra because some transitions can
be forbidden due to selection rules. The radiative transitions of
Eu® ions in this host are allowed because of the features of the
B-TCP-type structure.'” In this case, systematical and
fundamental investigation is necessary to reveal the relation-
ship between the symmetry of the host lattice, distribution of
Eu’* activators, and observed emission.

The correct determination of the structure is important for
further application of these phosphors in pc-LED technology.
Unfortunately, such a distribution of the dopant activator ions
has not been studied directly using the fine spectroscopic
methods so far. In most of studies of phosphors with S-TCP-
type structure, the real distribution of Eu** ions remains
unknown, and the conclusion is based on refinement of the
crystal structures. However, such an approach is limited by the
quality of the crystals and depends on accurate analysis of the
mixture composition within the crystallographic sites.

In this paper, we provide direct observation of the Eu®* ion
distribution in the Cay sMg(PO,), host matrix with the f-TCP-
type structure by a direct method using '*'Eu Mdssbauer
spectroscopy in combination with X-ray analysis and dielectric
and luminescent spectroscopy to understand the role of such
distribution in the luminescent properties. This gives us a
opportunity to reveal the influence of the coordination
environment of Eu’" ions in the S-TCP-type structure on
the optical properties of these compounds.

B EXPERIMENTAL SECTION

Materials and Sample Preparation. Phosphates
Cags ;5. MgEu (PO,); (0.12 < x < 1.00) were synthesized by a
high-temperature solid-state reaction from stoichiometric mixtures of
CaHPO,2H,0 (99.9%), CaCO; (99.9%), MgO (99.99%), and
Eu,0; (99.9%) purchased from Sigma-Aldrich. In the first step, the
compounds were weighed and ground in an agate mortar by using a
small quantity of acetone or ethanol. The mixtures were sintered at
773 K for 5 h with moderate grinding. Then, the samples were
transferred to Al,O; crucibles and annealed at 1273 K for 10 h in air.
Finally, the products were furnace-cooled to room temperature and
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ground for subsequent measurements. The powder X-ray diffraction
(PXRD) patterns of the prepared compounds were checked using the
JCPDS PDF-2 Database, and it did not indicate any reflections of the
initial or intermediate phases.

Characterization. Energy-dispersive X-ray (EDX) analysis of
Cags_;5.MgEu (PO,), (x = 0.75) was performed using a Titan
Themis transmission electron microscope operating at 200 kV with a
Super-X detector and an EDAX attachment. Samples for transmission
electron microscopy (TEM) were prepared by crushing powders in
agate mortars and dispersing them in methanol. After treatment in an
ultrasonic bath to disperse crystallites, a few drops of the dispersion
were placed on copper grids with a holey carbon film. The EDX
analysis results were based on the Mg K-, Ca K-, and Eu L-edge lines.
The EDX measurements of the Ca/Mg/Eu ratio were provided for
probe diameters of 100—200 nm.

The 'S'Eu Mossbauer spectra were taken with a MS1104Em
spectrometer. The moving-sample geometry was employed. '*'Sm was
used as a source of y radiation. All isomer shift values (5) given
hereafter are referred to as Eu,0;. Experimental data were resolved as
symmetric singlets with equal width at halfmaximum (G) and
Lorentzian line shapes using UnivemMS software.

PXRD patterns were collected at room temperature with a Bruker
D8 ADVANCE powder diffractometer (Cu Ka radiation, 40 kV, 40
Ma, Bruker, Billerica, MA) and a linear VANTEC detector. The step
size of 20 was 0.016°, and the counting time was 1 s per step in the 20
range between S° and 140°. The Rietveld refinement was applied
using JANA2006 software.”® Illustrations were created with
JANA2006 and DIAMOND.”'

The second-harmonic-generation (SHG) signal was measured with
a Q-switched YAG:Nd laser at 4, = 1064 nm in the reflection mode.
The experimental setup and arrangement were described previously.”

The dielectric permittivity ¢ and dielectric loss tangent (tan &) in
air were measured by a double-contact method in the frequency range
of 1-106 Hz at 300—1270 K (heating rate of S K-min™"), with the
help of a Solartron 7081 precision voltmeter and a Solartron 1260
frequency response analyzer. Ceramic pellets (1.5 mm thick and 5—6
mm in diameter) were prepared by pressing and sintering at 1473 K
for 12 h. Pt paste was put on flat surfaces of the pellets, and then they
were heated at 1023 K for 4 h to produce Pt electrodes.

Photoluminescence emission (PL) and excitation (PLE) spectra
were recorded on an Agilent Cary Eclipse fluorescence spectrometer
with a 75 W Xe light source (pulse length 7 = 2 ys, pulse frequency v
= 80 Hz, wavelength resolution = 0.5 nm; Hamamatsu R928
photomultiplier tube). PL spectra measured in the temperature region
of 80—500 K were obtained using a Lot-Oriel MS-257 spectrograph
equipped with a Marconi CCD detector and a 150 W Xe arc lamp as
an excitation source. The powder samples were placed in an optical
cryostat (Cryotrade LM-120). The spectral resolution was 0.15 nm.
The PL/PLE spectra of all samples were obtained under similar
experimental conditions to compare the relative emission intensities
and reduce the error. The obtained spectra were corrected for the
sensitivity of the spectrometer. The Gauss fit of the PLE spectra was
performed on the energy scale after conversion of the spectra from the
nanometer scale with account of the A” factor.

The internal quantum efficiency defined as the ratio of the number
of emitted photons to the number of photons absorbed was measured
on an Edinburgh Instruments FSS spectrofluorometer equipped with
a SC-30 integrating-sphere module and a Hamamatsu R928
photomultiplier tube. All measurements were performed at room
temperature and corrected for the sensitivity of the spectrometer.

B RESULTS AND DISCUSSION

Elemental Composition and Preliminary Character-
ization. EDX analysis of the Cags_;5,MgEu,(PO,); (x
0.75) sample was performed at five points of each crystallite.
Using TEM—EDX, the Mg/Ca/Eu ratio for the compound was
found to be 1.0:8.27 + 0.91:0.75 + 0.07 (9.98 + 0.95 atom %
Mg, 82.55 + 1.13 atom % Ca, and 7.4S =+ 0.38 atom % Eu) and
did not significantly differ from the expected bulk composition.

https://dx.doi.org/10.1021/acs.inorgchem.0c03813
Inorg. Chem. 2021, 60, 3961-3971
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The O and P contents have not been quantified by EDX. The
results of EDX analysis are shown in Figure S1.

PXRD Study. The PXRD patterns of
Cags_15,MgEu,(PO,), are shown in Figure la. The locations
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Figure 1. (a) PXRD patterns of Cags_;s,MgEu,(PO,); solid
solutions and Bragg reflections for -Ca;(PO,), (JCPDS PDF-2 70-
2065). (b) Shift of the reflections in Cags_;s,MgEu,(PO,), solid
solutions.

of the diffraction peaks are similar to those of pure f-
Ca,(PO,), (JCPDS PDF-2 70-2065). The PXRD patterns did
not contain any impurity phases. The slight shift to larger 26
angles of the main reflection (0 2 10) was observed in
accordance with Bragg’s rule (Figure 1b) because the ionic
radius of Eu®" at eight coordination is smaller than that of
Ca**. A continuous nature of Ca®* — Eu®" substitution in the
Cags_; 5,MgEu,(PO,); solid solutions was also confirmed by
calculation of the ratio percentage discrepancy (D,). The
single-phase substitution requires a closeness of the ionic radii
between the dopant (R;) and host (R;) cations. The ionic
radius percentage difference (D,) should be less than 30%.>* In
this case, the possible sites for Eu** [ry; = 0.947 and ryy =
1.066 A for coordination number (CN) = 6 and 8,
respectively] are Ca** (ryy; = 1.12 A) and Mg** (ry; = 0.72
A).”* Thus, ionic radius difference could be calculated by the
formula

_ Ry(CN) — Ry(CN)
" Ry(CN)

where D, represents the radius percentage discrepancy and CN
denotes the coordination number of ions. The results are
summarized in Table 1. Thus, the Eu®" ions can continuously
substitute the Ca** ions only in the M1, M2, and M3 sites but
not substitute Mg>" ion in the MS site. The absence of any
impurity reflections showed that Eu** and Mg’ ions were
completely incorporated into the S-TCP-type host lattice.
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Table 1. Ionic Radius Difference Percentages (D,) between
Host Cations and Doped Eu®** Ions

D, %
radius, A/ ) ) .
doped ion CN Ca* 1.12A/8 Ca’ 1.00A/6 Mg* 0.72A/6
Eu** 1.066 A/8 438
0.947 A/6 53 —-38.9

SHG Study and Models Tested during the Rietveld
Refinement of the Crystal Structure for x = 0.75. A SHG
study for Cags_, s, MgEu,(PO,); shows a relatively small signal
value [I,,/L,,(SiO,) ~ O units from quarts etalon], and it
absolutely declines with increasing Eu®* concentration. The
SHG data are listed in Table 2. The absence of a signal for the
sample with x = 0.75 allows one to suggest a centrosymmetric
structure. However, this contradicts the reference data on the
structure of S-TCP-related compounds.

The PXRD patterns were used to refine the crystal structure.
On the basis of the refined structures of other f-TCP-related
compounds, two models have been used for the Rietveld
refinement: R3¢ and R3¢ for the sample with x = 0.75 to ensure
SHG.

The p-TCP-type phosphors were characterized by trigonal
crystal structures, which can be either polar [space group (SG)
R3c] or nonpolar (SG R3c). The general formula, which
reflects possible isomorphous substitution (Z = 6), is
Cajg5-0.5(x-2y-3)A B ,R** (TO,);, where A* alkaline
cations (Li, Na, K), 125728 B2 = divalent cations (Ca, Mg,
Zn, Cd),”*™** and R*" = trivalent RE elements (Y, Sc, Ln),
Bi**, In**.**7%° The $-Ca;(PO,),-type structure consists of five
different crystallographic M1—-MS sites: the M1-M3 sites
occupy 18b Wyckoff positions and are located at the centers of
8-vertex polyhedra; the M4 site occupies the 6a Wyckoff
position and is located at the 3-fold axis at a 1S5-vertex
polyhedron (which is usually half-occupied); the MS site
occupies the 6a Wyckoft position and is also located at the 3-
fold axis at the center of a distorted octahedron. In the R3¢
structure, the M1 and M2 sites, P20, and P30, tetrahedra of
the S-TCP-type structure, are equivalent, while the M5, M3
and P1 sites are situated at the center of symmetry. The main
difference between the two models is that half of the P10,
tetrahedra in the R3¢ model are in the opposite orientation
compared to the R3¢ model.

The structural data for f-Cay(PO,), (SG R3¢)*’ and
CagMgEu(PO,), (SG R3c)'” were used as starting models
for the refinement of Cays_; ,MgEu,(PO,); (x = 0.75). At the
first stage, the f curves for Ca** (M1—M4 sites) and Mg*" (MS
site) were used, and all parameters of the chosen model were
refined. Table S1 lists the results of the Rietveld refinement of
the structures in both models. The R3¢ model demonstrates
the worst reliability factors, refinement of the structure leads to
the P1—01 distance in the PO, tetrahedra, and the isotropic
atomic displacement parameter (U,,) for the P1 atom deviated
further from the reasonable values than the R3c model
Therefore, the polar SG R3¢ was chosen.

Refinement of the Cag;_;5,MgEu,(PO,); Crystal
Structures. On the basis of refinement of the crystal structure
for x = 0.7, the crystal structures of all Cay_ 15,‘.MgEu,C(PO“)7
solid solutions were refined in the R3¢ model.”” Because of the
complex chemical composition, the cation distribution on the
structural sites was proposed on the crystal chemical criteria,
taking into account site-scattering factors, interatomic

https://dx.doi.org/10.1021/acs.inorgchem.0c03813
Inorg. Chem. 2021, 60, 3961-3971
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Table 2. Main Crystallographic Data, SHG Signal, Phase Transition Temperature T, and Quantum Yield (QY) for

Cays.; . MgEu,(PO,), (T = 293 K, SG R3¢, Z = 6)

x = 0.15 x =025 x =03 x = 0.50 x = 0.70 x = 0.75
refined x 0.12 0.22 0.30 0.53 0.67 0.72
SHG 6 2 0.6 0.4 0.2 0
T, K 958 938 908 871 851 806
QY, % 61.0 61.2 61.4 62.1 63.0 62.8
a A 10.3436(5) 10.3477(1) 10.3514(1) 10.3546(1) 10.3584(6) 10.3610(1)
¢ A 37.1195(3) 37.1323(5) 37.1386(5) 37.1373(4) 37.1281(3) 37.1101(4)
v, A 3439.32(4) 3443.25(7) 3446.31(7) 3448.33(6) 3449.97(4) 3450.05(7)
Data Collection
diffractometer Bruker D8 ADVANCE
radiation/wavelength (4, A) Cu Ka/1.5418
20 range, deg S—140
step scan (26), deg 0.016
no. of points 8427
I 29954 27931 32120 34911 33041 34680
refinement Rietveld
background function Legendre polynomials, 18 terms
no. of reflns (all/observed) 700/700 761/761 1051/1049 773/771 793/783 781/759
no. of refined param/refined atomic param  74/59 76/55 76/58 77/56 76/56 76/58
Rand R,, (%) for Bragg reflections 1.89, 2.26 2.51, 2.77 2.42,2.75 2.52,2.71 2.60, 2.75 3.40, 3.54
Rp 3.15 3.01 2.51 221 2.08 220
R,p 4.12 3.89 3.20 2.85 2.71 2.88
Ry 249 2.39 2.08 1.82 1.76 1.70
GOF 1.65 1.62 1.54 1.56 1.54 1.70
max/min residual density 0.24/-0.22 0.29/-0.28 0.35/-0.35 0.40/-0.33 0.43/-0.37 0.59/-0.49
Selected Crystal Structure Data
eae(M1)/ Uy, 20.66/0.014(2)  21.36/0.011(2)  22.34/0.010(2)  22.56/0.008(2)  23.14/0.009(2)  24.26/0.009(2)
ee(M2)/ Uy, 20.48/0.011(1)  21.16/0.013(2)  21.42/0.009(1)  21.80/0.008(1)  22.50/0.008(2)  23.10/0.010(2)
ee(M3)/ Uy, 2020/0.011(1)  20.66/0.011(2)  21.26/0.008(1)  21.98/0.011(1)  2222/0.007(2)  22.92/0.010(2)
ecc(M4) /Uy, 8.78/0.020(6) 8.20/0.029(8) 7.30/0.039(9) 5.18/0.05(1) 4.22/0.09(3) 2.98/0.08(3)
CCDC deposition numbers 2052736 2052846 2052848 2052849 2057062 2057061

distances, and ionic radii of the cations. At the first stage, the
number of electrons associated with the atoms at the site (e.,.)
was determined (Table 2). Analysis of the obtained values of
ecac showed that the Eu* ions are located only in the M1—M3
sites. The occupancy of the M4 position by Ca®* decreases
with increasing Eu®* concentration during the substitution
Ca®* — Eu*, and the M4 site’® becomes vacant (Figure 2).
According to the crystal chemical structure, the number of
structural units in the cell is Z = 6. So, there are a maximum of
six Eu atoms in the structure in the limit composition with x =
1. The number of Eu atoms grows with the Ca®>* — Eu®*

3Ca* —» 2Eu** + o

>
—
a

a(M4)=0.5 (M4)=0

Figure 2. Schematic distribution of ions in the Caqg5_; 5,MgEu,(PO,),
(0 < x < 1) solid solutions under Ca?>* — Eu>" substitution.
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substitution. The comparative distribution of Eu atoms
throughout the crystal sites M1—M3 is shown in Figure 3.
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Figure 3. Comparative distribution of Eu®" ions in the crystal sites
M1-M3 in Cays_;5,MgEu,(PO,);. The numerals denote the
percentages from all Eu** atoms in the structure. For x = 1 data
from ref 19.

At the second stage, for each value of e, the most suitable
ratio between the atoms with the closest final refined amount
of electrons (e,) was selected and the atom coordinates and
atomic displacement parameters were refined, taking into
account their multiplicities (M1—M3) = nCa** + (1 — n)Eu®"
and without stoichiometric constraints on the real Eu/Ca ratio.
At the last stage, the occupancy of the M4 position by Ca®* was
refined considering the formula neutrality by the equation

https://dx.doi.org/10.1021/acs.inorgchem.0c03813
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(M4) = 0.5 — 0.5[n;(Bul) + ny(Bu2) + n;(Eu3)]. Refinement
of the distribution of the Eu** cations over the M1—M3
positions allows us to determine the composition of the
Cag5_;5,MgEu,(PO,), phases (Table 2).

The reliability R factors (Table 2) show a good agreement
between the calculated and experimental XRD patterns. For
example, Figure 4 displays portions of the observed, calculated,
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Figure 4. Fragments of the observed, calculated, and difference PXRD

patterns for Cags_; s, MgEu,(PO,), for x = 0.12 (a) and 0.72 (b).
Tick marks denote the peak positions of possible Bragg reflections.

and difference XRD patterns for Cays_; 5,MgEu,(PO,), for x =
0.12 and 0.72. Other numerical characteristics illustrating the
quality of the structure refinements are presented in Table 2.
The fractional atomic coordinates, isotropic atomic displace-
ment parameters, cation occupancies, and main relevant
interatomic distances for the Cags_;s,MgEu,(PO,), phases
are listed in Tables S2 and S3. The exact chemical formulas

after Rietveld refinement were close to the proper synthesis
stoichiometry. The CCDC deposition numbers are 2052736,
2052846, 2052848, 2052849, 2057062, and 2057061.

The symmetry of the averaged crystal field of the ligands
created near the M1 and M2 sites is higher than that for the
M3 optical center. The average distances M1—O and M2-0O
reduce with x (Table 3), while M3—O rises. Also, this is
confirmed by the polyhedra distortion index (DI) for different
CNs calculated as

1w =1
_zl_

n i=1 av

DI

where 7 is the coordination number of the central cation, [; is
the distance from the central cation to the O atom, and [, is
the average bond length. The data on the DI are given in Table
3. The DI for M3—O rises, while for M1 and M2, it changes
slightly.

5TEu Méssbauer Spectroscopy. The experimental
Mossbauer spectra are shown in Figure 5. The obtained
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Figure 5. Mossbauer spectroscopy spectra for Cags_; s, MgEu,(PO,);.

Table 3. Mean Interatomic Distances in the Crystal Structure and Polyhedra DI for Cayg.; s, MgEu,(PO,),

composition x

0.12 0.22 0.30
M1-0 2.481 2.482 2.480
DI(MI—O) 0.038 0.041 0.040
M2-0O 2.469 2.461 2.456
DI(M2-0) 0.038 0.037 0.040
M3-0 2.511 2.519 2.520
DI(M3-0) 0.024 0.029 0.028
M4-0 2.594 2.582 2.621
Mg-0O 2.083 2.100 2.087
P1-0 1.548 1.575 1.599
P2-0 1.551 1.554 1.560
P3-0 1.538 1.531 1.526

“Data from ref 19.
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0.53 0.67 0.72 1.00*
2471 2.466 2474 2.464
0.038 0.035 0.039 0.037
2455 2.455 2.458
0.038 0.036 0.036
2.531 2.527 2.536 2.829
0.027 0.023 0.046 0.052
2.621 2.688 2.743
2.112 2.114 2.090 2.097
1.569 1.571 1.585 1.518
1.552 1.553 1.541 1.525
1.539 1.545 1.538
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spectra could be fit by three components with equal width
(symmetric singlets), and a slight line broadening from 1.60 to
2.01 was detected. The strongest Singlets 1 (~51%) in all cases
with § = —1.09 to —1.14 mm/s most likely correspond to Eu**
at the M1 site. The additional Singlets 2 (~36%) and weak
Singlets 3 (~13%) can be assigned to Eu’* at the M2 and M3
sites, respectively. Such an assignment of the singlets is in good
agreement with the X-ray analysis and refinement of the
occupancies of Eu®" in the structures (Figure 3 and Table S2)
and shows the selective role of the M1 site as the most
preferable for RE ions in the S-TCP-type host lattice. For
example, the relationship of g; for the M1/M2/M3 sites is
48%:35%:18% for the sample with x = 0.12 according to X-ray
data and 52%:37%:11% according to Mossbauer data. Such
values are within the instrumental error of the measurement.
The Mossbauer parameters and assignments of these singlets
are listed in Table 4.

Table 4. Parameters of the ''Eu Mossbauer Spectra of
Cay s.1.5MgEu,(PO,),"

8 + 0.02, G+ 0.02, Eu’**
kg component mm/s A+1,% mm/s position Ve

0.12 Singlet 1 —1.09 52 1.60 M1 1.089
Singlet 2 —0.07 37 1.60 M2
Singlet 3 0.74 11 1.60 M3

0.22 Singlet 1 —1.09 S1 1.72 M1 1.029
Singlet 2 —0.08 36 1.72 M2
Singlet 3 0.68 13 1.72 M3

0.29 Singlet 1 —-112 50 175 M1 1.185
Singlet 2 —0.09 36 1.75 M2
Singlet 3 0.68 14 1.75 M3

0.53 Singlet 1 -1.11 52 1.78 M1 1.08S
Singlet 2 —0.05 35 1.78 M2
Singlet 3 0.66 13 1.78 M3

0.67 Singlet 1 -1.14 49 1.81 Ml 1.083
Singlet 2 —0.11 35 1.81 M2
Singlet 3 0.69 16 1.81 M3

0.72 Singlet 1 -1.14 N 2.01 M1 1.101
Singlet 2 —0.07 36 2.01 M2
Singlet 3 0.75 15 2.01 M3

45 = isomer shift, A = component area, G = line width, and y* =
Pirson’s criterion.

Dielectric Measurements. Figure 6a presents the
dielectric loss tangent (tan &) for Cags_;5,MgEu,(PO,),
phosphates. The maxima were detected for all samples except
x = 1, so the polar structure (with the noncentrosymmetric SG
R3c¢) is attributed to 0 < x < 1 in Cags_;5,MgEu,(PO,), in
accordance with the PXRD data. There are no changes in
symmetry, but the effect on the curves becomes smaller and
diffused. The sample with x = 1 belongs to the nonpolar
structure'”*”  (with centrosymmetric SG R3c), and the
absolute absence of the maximum on tan & was observed
(Figure 6a). For x = 0.72, the most diffused transition was
detected (see the inset in Figure 6a). Such behavior
corresponds to cation disordering in the structure (Table 3).

The characteristic maximum on the temperature depend-
ence of the dielectric constant £(T) curves was detected
(Figure 6b). This peak (0 < x < 1) corresponds to the phase
transition at high temperature from a polar (SG R3c) to a
nonpolar (SG R3¢) structure with ferroelectric type. The rise
of £ during heating is due to increasing ionic conductivity.*’
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The temperatures of the ferroelectric phase transitions
determined by the dielectric measurements for
Cays_;5,MgEu,(PO,), phosphates are given in Table 2.
PL/PLE Properties. Figure 7 shows PL spectra recorded
under 395 nm excitation. There are several characteristic
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Figure 7. PL spectra for Cags_; s,MgEu,(PO,), (1 = 395 nm) at 80
K. The inset shows the dependence of the luminescence intensity on
the x Eu®* concentration. A, = 395 nm, and T = 300 K.

intraconfigurational f—f transitions from the °Dj excited state
to the 7F] (J = 1-4) levels of Eu®*" ion. Forbidden
transitions® "’ are allowed because of the crystal host
symmetry. The broad band typical for Eu®** ion emission™*
was not detected in the PL spectra of the studied samples,
confirming the absence of Eu** in the whole set of solid
solutions. The enlargement in Figure 7 shows the PL lines
attributed to radiative transitions from the higher level of °D,.
Its low intensity is due to radiative relaxation to *Dj through a
fast phonon-assisted process.”> The major transition *D, — 'F,
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at 612 nm corresponds to the red color of the emission. All
peaks are well resolved. The measurements at room temper-
ature (300 K) and under cooling (80 K) show the same
resolution. A comparison of the spectra at 80 and 300 K is
given in Figure S2. The inset in Figure 7 shows the
dependence of the luminescence intensity on the Eu’®
concentration. The gradual increase of the integral intensity
of PL was observed up to x = 0.67. However, there was a drop
at x = 0.72. This fact can be attributed to the rise of polyhedra
distortion at the M3 crystal site [DI(M3—0), Table 3]. The
full width at half-maximum (fwhm) of the D, — ’F, transition
in Cags_;5,MgEu,(PO,), differs very slightly from sample to
sample and is about 10 nm. This low value meets the
requirement of high-performance LED devices.*

An interesting feature of the studied samples was the
observation of the D, — ’Fj transition, which is forbidden by
the selection rules and by the Judd—Ofelt theory*' (Figure
S3). This transition (Figure S3, inset) obviously is not
observed in most inorganic matrixes."”**

Analysis of the PL spectra at the D, — ’F, transition
(Figure 8) reveals splitting and approves the presence of
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Figure 8. PL spectra for Cags_; s, MgEu,(PO,); (A = 395 nm) at the
D, — "F, transition. T = 300 K.

nonequivalent Eu** positions in the structure. The non-
elementary band can be approximated by the sum of three
Gaussians with peaks at 579.44 nm (2.140 eV), 578.90 nm
(2.142 eV), and 578.36 nm (2.144 eV) (Figure 9). It proves
that Eu®" is distributed over three nonequivalent positions.
Because the energy position of the *D, — "F, lines is directly
related to the mean length of the Eu—O bond,* the band at
2.144 eV can be attributed to the M3 site, the band at 2.142 eV
to the M1 site, and the band at 2.140 to the M2 site. The
intensity of the band related to the M1 site decreases with
increasing Eu concentration, while the low-wavelength slope
intensity increases. One can suppose that the effect is due to
the redistribution of occupancies of the M1 and M3 sites.
However, from analysis of the area under the Gaussians and
their fwhm values, it follows that there is only a slight variation
of the occupancies without a clear tendency (Figure S4). The
decrease of the band intensity related to the M1 site is
compensated by its broadening, which allows one to keep the
area under the curve at approximately the same level. The
broadening may be due to distortion of the surroundings
(Table 3). Also, this distortion leads to diffusion of the
ferroelectric phase transition. The decomposition for all
samples is shown in Figure SS.

The relative intensity of the bands in the D, — ’F,
transition depends on the excitation wavelength. Under 395
nm excitation, the band at 579.44 nm is the most intensive for
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Figure 9. Gauss decomposition of the D, — ’F, transition for

Cags_y.5.MgEu,(PO,), (x = 0.72) under 395 nm (a) and 275 nm (b)
excitation. T = 300 K.

all samples (Figure 8), except x = 0.12 and 0.22. However,
under 275 nm excitation, the band at 578.9 nm dominates in
the spectra of all samples (Figures 10 and S6). To reveal the
differences of excitation of Eu®* in the M1 and M2 sites, the
excitation spectra (PLE) for these two bands were measured
(Figure 11). The excitation spectrum of Eu®" in the M3 site
was not measured because of the low intensity of the
corresponding band in the group of D, — ’F, transitions,

0.8, (a)

e = 275 nM
— ke = 395 NM

x=0.12

Intensity, a.u.

577 578 579 580 581

3 (b)
®
2
@ 0.4 x =0.67
2

0.0

577 578 579 580 581
Wavelength, nm

Figure 10. PL spectra for Cag_; s, MgEu,(PO,), of x = 0.12 (a) and
x = 0.67 under A, = 275 and 395 nm at the D, — "F, transition. T =
300 K.
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and it is overlapping with the intensive band connected with
Eu* in M1. The PLE spectra for all samples from the series are
shown in Figure S7.

The PLE spectra show broad excitation bands and standard
transitions for the Eu** activator cation (Figure 11). The broad
bands from 220 to 320 nm centered at 255 nm are assigned to
the charge-transfer band (CTB) and correspond to electrons
excited from the 2p delocalized orbital of the O*~ ion to the
incomplete 4f orbital of the Eu*" ion. In the region from 300 to
500 nm, a series of sharp lines is observed because of the 45—
4f° transitions of the Eu®* ion. These bands are attributed to
the 'Fy — °F,, 'Fy — *Hg, "Fo = °Ds, "By = °Dy, By = *Gyy,
Fy - Lgy 'F, — °D3, and "F, — °D, transitions at
wavelengths of 300, 319, 328, 362, 383, 395, 416, and 464
nm, respectively.

Figure 11 displays changes of the PLE spectrum for the
emission bands at 579.44 and 578.90 nm. The energy position
of the 4f levels slightly changes for Eu®" occupying different
sites, which is revealed by slightly shifted positions of the
excitation lines (see the inset in Figure 11). However, the most
remarkable difference is the relative intensity of the CTB,
which is 2 times higher for 4., = 578.9 nm. This demonstrates
that the probability of charge-transfer transitions is strongly
dependent on the site symmetry, in which Eu® is placed.
Because CN = 8 in both the M1 and M2 sites, there are eight
nonequivalent O atoms in the polyhedra. The DI values for
these emitting centers are almost no different. However, the
bond length M1—O is greater than M2—O (Table 3). Then, in
accordance with the coordinate—configuration model, the
nonradiative losses during excitation of the M2 optical center
through the CTB are higher than those in the emission of M1;
i.e,, the energy-transfer efficiency from O 2p to Eu 4f for the
optical center M2 will be less (Figure 11).

Figure 12 shows the temperature dependence of the PL
spectra. The lines get broader with increasing temperature
from 80 to 500 K (Figure 12a), which relates to the higher rate
of interaction between the 4f electrons and host matrix
phonons. The lower intensity of the emission in the region of
D, — ’F, transitions with increasing temperature (Figure
12b) is partially due to thermal quenching of the Eu®" emission
and partially due to thermal population of the *D; level. The
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Figure 12. Temperature dependence for CagMgEu(PO,); of (a) the
PL spectra at 80, 300, and 500 K (4, = 395 nm) and (b) the
luminescence intensity of the Dy — “F, and *D; — ’F, transitions
upon heating. Minor features at 240 and 34S K arise due to the
instability of the excitation source.

same behavior of the PL spectra was detected for other
samples from the series (Figure S8).

However, for the transitions from the 3D, level, the intensity
behavior is different. The intensity decreases up to 335 K and
increases for higher temperatures (Figure 12b). The increase
relates to thermal population of D, from the lower Dy level.
Different tendencies in the thermal behavior of the emission
lines originating from transitions from the *D; and °D, levels
allow one to consider the studied compounds as phosphors
suitable for luminescence thermometry.

B CONCLUSIONS

The series of red-emitting phosphors Cags_; 5, MgEu,(PO,),
(0 £ x £ 1) with the -Ca;(PO,), host structure were
synthesized by the standard solid-state route. The structures
were studied by PXRD. During the Ca>* — Eu®" substitution,
it was revealed that Cags_;,MgEu,(PO,); (0 < x < 1)
phosphates have a polar structure with SG R3c. The presence
of three nonequivalent sites of Eu** was confirmed by
luminescence and Mdssbauer spectroscopy. Only the limit of
a solid solution (x = 1) was classified, as a centrosymmetric
sample with SG R3c. These data were confirmed by dielectric
spectroscopy and the SHG method.

On the basis of the Mossbauer spectroscopy data, we
obtained the real distribution of Eu’* ions through crystal sites.
It was shown that, over the entire range of compositions, Eu®"
ions statistically occupy all three large cationic positions M1—
M3, wherein the most preferred is the M1 site. This fact is in
good agreement with the Rietveld refinement data. Lumines-
cence spectra in the region of °Dy—’F, transitions are
approximated by the sum of three Gaussians, thus confirming
the occupancy of the M1—M3 sites by Eu**. From luminescent
analysis, it follows that the occupancy of the sites by Eu®*
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increases from M3 to M1 and does not considerably change
with the Eu®* concentration in accordance with the structure
refinement results. The efficiency of excitation via the charge-
transfer O 2p—Eu 4f process depends on the polyhedra DI and
bond length and is the highest for Eu®* in the M1 site. Thus,
the main contribution to the luminescence properties comes
from the local state of Eu®" in the M1 site. Radiative transitions
from the D, Eu®" excited states decrease with the temperature,
which is related to thermal quenching of the emission as well
as the thermal population of °D; from the lower D, level.

The most intensive sample is CagsoMgEug¢,(PO,),, which
exhibits an exceptionally narrow-band red emission with a
maximum at 612 nm and a fwhm of 10 nm, already fulfilling
the future standard industrial requirements for high-energy-
efficiency phosphor materials for pc-LED applications. The
measured QY for Cags_;s,MgEu,(PO,); shows excellent
results and reaches 63%.
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