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Abstract. The solid solution row A_3, Eui+Zr2(PO4)3, where A = Na, K, Rb, Cs and x ranging from 0 to 0.25 was
obtained by methods based on sol-gel processes in the presence of the salting-out agent, C;HsOH. The formation
of phases of the structural type NaZr;(PO4)3 (NZP) and their crystallization in the crystal forms belonging to the
space group R3¢ (0 < x <0.1) and P3c (x = 0.25) were determined. Morphotropic transition occurred. Trivalent
europium was included as a local probe. Its electric and magnetic dipole was used to characterize the substitution
rule and the localization of this cation in the structure, which is in agreement with the structural characterization.
It appears that europium is located in the M1 and M2 sites as a function of the Eu3t concentration.
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1. Introduction

Atom isomorphism in complex crystalline compounds with
tetrahedral oxo-anions is one of the fundamental factors
for developing expected multifunctional materials. In this
regard, orthophosphates with a rhombohedral structure (type
NaZr,(POy)3, NZP) and forming a large family of isostruc-
tural phases are of interest [1,2].

The NZP-type structure is characterized by a framework
topology, [T2(XO4)s], where T is the structure-forming octa-
hedral cation with an oxidation degree from +1 to 45, and
X is the anion-forming cation with tetrahedral rosettes of
chemical bonds. The frame contains three-dimensional cav-
ities which neutralize its charge. There are two types of
cavities available for stocking cations, one position of M1
type and three positions of M2 type, which are different
in size, shape and environment. In the general form, NZP-
phosphates are described by a crystal-chemical formula of
MDEM2)F{ LI (PO,)3 ) o (figures in square brackets are
the coordination numbers of cations in the corresponding
positions) [1].

An important aspect in the chemistry of NZP-phosphates is
the introduction of f-elements into the structure in order to de-
velop crystalline luminescent materials having controlled emis-
sion characteristics for a wide range of applications [3-5].

It is known that lanthanides Ln can be arranged in the
framework with the formation of Naj;.Zr,_,Ln,(POy4);
compounds (in this case, their concentration x is limited,
the number of occupied positions x < 1, depending on the
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cation radius Ln>*) [3]. Lanthanides can also be included
in the non-frame positions, like the series of phosphates
Lng33Zry(POy4)3, where Ln = Ce-Lu (space group Péc)
[4]. Systems of solid solutions such as BgS_XEuerg(PO4)3,
(B"—Ca, Sr, Ba) [6-9], Cags_15.Sm,Zr>(PO,); [6] and
Cag5_1.5(+y)Ery Yb,Zry(POy4)3 [7] with the NZP structure
containing calcium, strontium, barium and lanthanides Eu?t,
Sm**, Er**, Yb** in the cavity positions M1 have been
investigated as a basis for luminescent materials having emis-
sions in different light spectrum ranges and for obtaining
white light [6-9]. However, the available data on the role of
the environment of Ln®*, its arrangement in the positions of
the NZP structure and on the influence of the environment on
luminescence properties are limited.

In this work, trivalent europium Eu?t was used as a local
probe. Its visible optical characteristics are due to the 4f—4f
transitions [10]. In the emission range, the 4f—4f transitions
of Eu** in the visible range consist of the following:

— The ’Dy—F, transition, at about 570-580 nm, which is
related to the amount of crystallographic sites where Eu’+
is located.

— The *Dy—"F; transitions at about 585-600 nm. The split-
ting is proportional to the intensity of the crystal field.
This transition is related to the location of europium in an
environment with inversion centres.

— The ’Dy—F, transitions at about 600-625 nm. This tran-
sition is related to the location of europium in an environ-
ment without an inversion centre. The ratio of insensitivity
of °Dy—"F, and *Dy—"F; transitions Isp, g,/ Isp, 7, i
used to characterize the centro-symmetry of the europium
site [11].


http://crossmark.crossref.org/dialog/?doi=10.1007/s12034-016-1337-1&domain=pdf

8 A Kanunov et al

Upon excitation, the 4f—4f transitions are composed of
"Fo—°D; and "Fyp—°L; between 280 and 600 nm. How-
ever, in our case, the most interesting point is the charge
band transfer, which is related to the transfer of an elec-
tron between europium and surrounding oxygen atoms. This
transition is directly proportional to the ease with which
one electron can be extracted from europium ions, which is
proportional to the covalence of the Eu—O bond [12].

Comparison of the intensities of the forbidden 4f—4f
absorption lines with respect to the charge transfer bands
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and 0.25 (6).

is relevant to the configuration quenching that can give
information about the efficiency of the radiative transfer [13].

The aim of the present study was to obtain substances
of the orthophosphate class having a frame-forming unit
[Zr(PO4)3]~ and alkaline (Na, K, Rb, Cs) and trivalent
europium cations in the cavities. We sought to investigate
the influence of cavity position occupancies and the effect
of the alkaline ion rate of synthesized individual phases on
luminescence properties. To date, the luminescence proper-
ties of NZP phosphates have received little attention. Their
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X-ray data: A1_3,Eu,Zr(POy4)3, where A = Na (a), K (b), Rb (¢), Cs (d); x = 0 (1), 0.001 (2), 0.01 (3), 0.05 (4), 0.1 (5)
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structure is very promising since many new compositions
with adjustable optical properties can be created.

2. Experimental

We used phosphates A;j_3,Eu,Zr;(PO4)3;, where A = Na,
K, Rb and Cs; x = 0, 0.001, 0.01, 0.05, 0.1 and 0.25.
The reagents used were as follows: NaCl, KCl, RbCl, CsCl,
Eu(NOs3)3, ZrOCl,, H3PO4 and ethyl alcohol.

The sol-gel process was used to prepare phosphate sam-
ples. To this end, an H3POy solution (1 M) was immediately
added to the mixture of metal salt solutions (1 M) taken in
stoichiometrical quantities while stirring at room tempera-
ture. The obtained gel was heated up to 90°C for 5-8 h until
the formation of a dry residue. The dry powders were sequen-
tially heated at 600, 800 and 900°C for 24 h at each stage
with dispersion in an agate mortar before heating.

The samples obtained were studied by X-ray phase analy-
sis and IR spectroscopy using a Shimadzu LabX XRD-6000
X-ray diffractometer (Cuk, filtered radiation, A = 1.54178
A) and an IR Furje-spectrometer FSM-1201.

A full-profile structure analysis was carried out on
the samples Na0_7Eu0_IZr2(PO4)3 and Na0_25Eu0,25Zr2(PO4)3.
Diffractograms were recorded in the angle range 26 10°
(13°)-100° with 0.02° increments. The lag time in the point
was 6 s. The diffractograms and refining of phosphate struc-
tures were performed with the Rietveld method using the
‘Rietan-97’ program [14,15]. Peak profiles were approxi-
mated with the modified Voit pseudo-function [16]. Crys-
talline structures were refined by gradual addition of refined
parameters under constant graphic modelling of background
until R-factor values stabilized.

Excitation and emission were measured using a spec-
trofluorimeter SPEX FL212. The light source was a 450 W
xenon lamp. The emitted light was selected with an emis-
sion double monochromator and then measured with a ther-
moelectricity cooled photomultiplier tube. Measured signals
(in emission and excitation mode) were corrected for a varia-
tion of the incident flux, transmission of the monochromator
and the response of the photomultiplier as a function of the
wavelength.

3. Results and discussion

3.1 Characterization of phosphates

Synthesized phosphate samples appeared as colourless fine
powders. Data for X-ray analysis were acquired for all the
compounds and are shown in figure 1. The powder XRD data
of the single-phase samples showed a similar distribution of
Bragg reflections in the patterns of Na- and K-phosphates
with smooth changing in their relative intensities and 26 val-
ues over the entire composition range studied. However, the
Rb- and Cs-phosphate-related patterns were not identical to
those of the Na and K compounds (figure 1c). Moreover,
X-ray data for Cs-containing phosphates showed some peaks
belonging to additive phases (Zr-pyrophosphate and others;
figure 1d).

With increasing x, a transition from space group R3c to
P3¢ was evidenced: 0 < x < 0.1 R3¢, x = 0.25 P3c. The
P3¢ space group differed from the R3c one only by the loss
of R translation. On the X-ray diffraction patterns, the peak
that was the most relevant to the P3¢ space group was the
(0 0 1) peak between 26: 11° and 12°. This peak was well
resolved on all the patterns acquired of samples having an
amount of europium of x = 0.25. The (2 1 2) peak, between
26: 21° and 22°, and the (2 0 2), (2 1 4) and (1 0 6) peaks,
between 26: 24° and 27°, were not sufficiently resolved to
confirm the space group.

Regarding only X-ray data, it was not possible to confirm
that Ag2s5Eug25Zr,(POy4); was in a single phase. The com-
pounds might be a mixture of R3¢ and P3c phases. The
cell parameters were calculated with the ‘UnitCell’ program
[17]. Parameter ¢ tended to increase and a tended to decrease
with x growth in the 0 < x < 0.1 interval (figure 2). The
cell parameters showed that parameter ¢ was proportional to
the size of the alkaline cation (Na* 1.0 A, K 1.38 A, Rb*
1.52 10\, Cst 1.67 A, coordination number c.n. 6). Param-
eter a was in the opposite proportion with anazorpos)z >
AKZr2(PO4)3 > ARbZ2(PO4)3 > ACsz2(PO4)3. This was due to the
fact that the M1 polyhedra were oriented along the ¢ axes,
with a ZrOg polyhedron surrounding the M1 site on the top
and bottom. Directions a and b offered more freedom for the
M1 polyhedron to adjust their size.

The IR spectra of phosphates A_3,Eu,Zr,(POy4), where
A = Na and K, are shown in figure 3. The IR spectra of
A1_3:Eu,Zr,(POy4), where A = Rb and Cs were similar to
the Na and K ones. Figure 3 shows that two different types
of IR spectra were observed depending on the Eu content
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Figure 2. Composition dependences of unit cell parameters for
A1-3:BucZrp(POs)3, A = Na (1), K (2), Rb (3), Cs (4);
Eug 33Zr2(PO4)3 (5) (without Cs-Eu-phosphate with x = 0.25).
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in the sample. Factor group analysis predicted six IR active
stretching vibrations of the PO?[ unit: v; — E,; v3 —2A,,+
3E, and seven IR active bending vibrations: v, — 2E,; v3 —
2A,,+ 3E, for the phosphates A*Zr,(PO,); with the space
group R3c [18].

The ordered distribution of lanthanide atoms in the M1 site
of the structure NaZr,(POy4)3 (sp. gr. R§c) led to the reduc-
tion of the symmetry with the P3¢ space group [4]. Results
of factor-group analysis for compounds Lng33Zry(POy)s,
where Ln = Ce-Lu, showed a space group P3¢ with four-
teen IR-active modes related to the v; vibrations of the PO}~
unit: 5A,,+ 9E, and four IR-active modes related to the v,
vibrations: A,,+ 3E, [5].

It should be noted that values of wavenumbers of v vibra-
tion as high as ca. 1205 and 1230 cm™! are quite uncom-
mon for orthophosphates. This could be due to the polarizing
nature of the metal ion (Zr**+). These bands can be considered
as P-O/Zr-0O interaction vibrations.

The IR spectra of the phosphates with the space group R3¢
remained essentially the same, irrespective of the nature of
the alkaline cation (figure 3). In these spectra, the asymmet-
rical stretching vibrations vs of the POZi unit produced one
broad band at ca. 1030—-1040 cm™! with one or two shoulders
on its high-frequency side at ca. 1100 and ca. 1065 cm™~!. The
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IR spectra of Aj_3,Eu,Zry(POy4), where A = Na (a), K (b); x =0 (1), 0.05 (2), 0.1 (3) and 0.25 (4).

shoulder on its low-frequency side at ca. 1015-1020 cm™!

was assigned to symmetrical stretching vibrations v; of the
PO;™ unit as predicted by factor group analysis for this
space group. The bending vibrations of the POZ_ unit are to
be found in the region of 640-550 cm~"! with two or three bands.

The IR spectra of Ag2s5Eug25Zr,(POy); (x = 0.25), where
A = Na, K, Rb and Cs, differed from the spectra of phos-
phates with 0 < x < 0.1 (figure 3). The bands of asym-
metrical stretching vibrations of the PO; unit shifted to
higher wavenumbers in the 1130-1060 cm ™! range. A larger
number of modes in the region of the stretching vibrations
ca. 1130-930 cm~! were observed. The region 990-940
cm~! contained two (in the case of Na) or three (in the case
of K) signals which were assigned to symmetrical stretching
vibrations of the POi_ unit compared with four modes pre-
dicted by factor-group analysis for space group P3c. The IR
spectra of the phosphates Ay 2sEug25Zr,(PO4); were similar
to those of R 33Zr,(POy)3, so they could be attributed to the
space group P3c [4].

The alkaline metal atoms could occupy the M2 sites of the
Ag.25Eu0.25Z1,(POy4); structure with space group P3c or they
could be a mixture of the compounds belonging to the R3¢
and P3c space groups. In this case, the bands of the rhom-
bohedral phase could overlap the bands of the compound
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with the P3¢ space group. However, the band of P-O/Zr-O
interaction at 1205 cm ™', which is characteristic of IR spectra
of the phosphates with the R3¢ space group, was absent in the
IR spectra of phosphates AgsEug25Zry(PO4)s. Therefore,
these compounds probably belong to a phase with the P3¢ space
group and to M2 occupancy by the alkaline metal atoms.

Therefore, both X-ray and IR analyses are in agreement.
The results suggest the formation of phosphate rows A;_3;
Eu, Zr,(PO4); having an expected NZP structure (analogues:
NaZr;(PO4); [19], KZry(PO4)3 [20], RbZry(PO4)s [21],
CsZr,(POy4); [22], space group R3¢ and Eug 33Zr,(POy)3
P3c) [4]. In these rows, the phosphates with 0 < x < 0.1
possess the space group R3c and those with x > 0.25 have
the space group P3c.

3.2 Rietveld analysis

We then refined the structures of this compound with the
Rietveld method. Atomic coordinates in NaZr,(PO4); (space
group R3¢) [19] and Eug 33712 (PO,)5 (space group P3c) [4]
were used as starting models to refine the structures of the
Nag 7Eug.1Zr(PO4)3 and Nag »5Eug 25Zr,(PO4)3; phosphates.
The main refinement parameters and crystallographic data
are given in table 1. The experimental and theoretical X-ray
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diffraction spectra of the phosphates are presented in figure 4.
Excellent agreements between the calculated and fitted X-ray
data were obtained.

Several additional diffraction maxima were observed on
the X-ray diffraction pattern of the Nags5Eug25Zr2(PO4)3
phase. The atomic coordinates and isotropic thermal param-
eters are given in table 2. The data obtained confirm that
the crystalline structures of the phosphates belong to the
NZP type and are formed by the common topologic invariant
[Zr,(PO4)3]~ (figure 5). As the P3¢ phase is the superstruc-
ture of the R3c phase, their unit cells are very similar. The
sodium and europium atoms occupy non-framework sites. At
the same time, this atoms are situated in the M1 sites (6b
symmetry) in the Nag;Eug Zr,(POy); (space group R§c)
structure and are distributed in the M1 (2b symmetry) and the
M2 (6f symmetry) sites, so only atoms in the unit cell vertices
become the cell-forming atoms. The calculated interatomic
distances and bond angles are listed in table 3.

3.3  Photoluminescence

All the compounds Aj_3,Eu,Zr;(PO4); (A = Na, K, Rb,
Cs, x = 0.001, 0.01, 0.05, 0.1, 0.25) were analysed in order
to study the influence of the alkaline cation and the amount

Table 1. Crystallographic characteristics, basis parameters of the experiments and results of
structures refinement of the phosphates Nag 7Eug 1 Zr2(PO4)3 and Nag 25Eug 25Zr2(PO4)3 by
Rietveld method.

Characteristics Nag.7Euq.1Zry(PO4)3 Nag 25Eug.25Zrp(PO4)3
Space group R3¢ (167) P3c (165)

Z 6 6

a(A) 8.7658(3) 8.7466(4)

cA) 22.9155(6) 22.9371(7)
V(A3) 1524.89(8) 1519.7(1)
26-range (deg) 10-100 13-100
General number of points 4501 4501

Number of reflections 179 528

Number of parameters refined 36 62

Ryp (%) 5.32 5.30

Ry (%) 4.10 3.96

S 2.49 2.63
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Figure 4. Experimental (o) and theoretical (—) XRD patterns of the compounds: (a) Nag7Eug.1Zr2(PO4)3, sp. gr.

R3¢ and (b) Nag 25Eug.25Zr2(POy4)3, sp. gr. P3c.
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of europium on their optical properties. Eu’>* photolumines-
cence in the phosphate series Aj_3,Eu,Zr,(PO4)3; (A = Na,
K, Rb, 0.001 < x < 0.25) was observed at various excita-
tion and emission wavelengths (figure 6). In all cases, a broad
band emission between 420 and 550 nm induced by an exci-
tation between 300 and 400 nm was revealed. This band is
indicative of the presence of divalent europium as already
reported [23], meaning that a slight amount of europium is
reduced in the divalent state. This amount does not seem

A Kanunov et al

to vary as a function of the europium concentration or the
alkaline cation.

When analysing the trivalent europium signal (figure 6)
from the point of view of emission, only one kind of emis-
sion related to a non-centrosymmetric site was evidenced.
The peaks related to the transition SDo—"F, (~610 nm) were
higher than those related to the transition Dy—"F; (~590 nm).

The peak related to the transition >Dy—'F was not observ-
able (~575 nm). With regard to excitation, only one charge

Table 2. Final coordinates and thermal parameters of atomic displacement in isotropic approx-
imation of basis atom positions in the structures of phosphates Nag7Eug Zr2(PO4)3 and

Nag 25Eug.25Zr2(PO4)3.

Atom Symmetry of position X y z Biso
Nag 7Eug.1Zr2(PO4)3

Na 6b 0 0 0 4.17(16)
Eu 6b 0 0 0 4.17(16)
Zr 12¢ 0 0 0.14548(4)  0.77(5)
P 18¢ 0.2887(3) 0 1/4 1.48(10)
0! 36f 0.1762(5) -0.0236(6) 0.19492(18) 1.28(13)
0? 36 f 0.1942(4) 0.1711(5) 0.08881(16) 0.96(13)
Nag 25Eug.25Zr2(PO4)3

Na! 2b 0 0 0 3.5(8)
Na? 6f -0.384(7) 0 1/4 2.0(5)
Eu! 2b 0 0 0 3.5(8)
Eu? 6f —0.384(7) 0 1/4 2.0(5)
Zr! 4c 0 0 0.14644(18) 0.44)
Vie 4d 2/3 1/3 0.4763(3) 1.509)
73 4d 1/3 2/3 0.8146(3) 0.6(6)
p! 6f 0.2825(9) 0 1/4 0.6(6)
p2 12¢ 0.9627(19)  0.340(3)  0.5794(11)  2.7(4)
o! 12¢g 0.164(3) -0.017(4)  0.1978(10) 2.6(1)
0? 12¢g 0.844(4) 0.313(5) 0.5276(14)  0.35(5)
(0% 12g 0.516(4) 0.649(5) 0.8627(13)  1.65(8)
ot 12¢g 0.191(4) 0.168(4) 0.0871(10)  0.72(2)
0’ 12¢ 0.860(4)  0.499(5) 0.4114(19) 1.88(3)

(b)

Figure 5. Fragment of structures of phosphates: (a) Nag 7Eug 1Zr2(PO4)3, sp. gr. R3¢ and

(b) Nag 25Eug.25Zr2(PO4)3, sp. gr. P3c.
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Table 3. Selected bond distances (A) and angles (deg) for Nag7Eug.1Zr,(PO4); and

Nag.25Eu0.25Zr2(PO4)3.

Nag 7Eu0.1Zr2(POy4)3

Na/Eu-0? (x6) 2.595(3)
Zr-0! (x3) 2.008(4)
Zr—02 (x3) 2.069(4)
P-0O! (x2) 1.551(5)
P-0? (x2) 1.530(5)
Nag.25Eu0.25Zr2(PO4)3

Nal/Eu'-0* (x6) 2.55(2)
Na2/Eu2-0! (x2) 3.03(6)
NaZ/Bu2-0! (x2) 3.27(6)
Na2/Eu?-03 (x2) 2.79(3)
Na2/Eu2-0° (x2) 2.36(3)
NaZ/Eu2-0¢ (x2) 2.39(6)
Zr'-0! (x3) 1.92(2)
Zrl-0* (x3) 2.08(4)
Zr2-0?% (x3) 2.02(4)
Zr2-0° (x3) 2.17(4)
Zr3-03 (x3) 2.01(4)
Zr3-0° (x3) 2.22(3)
Pl_O! (x2) 1.54(3)
Pl-0° (x2) 1.53(3)
p2-0? 1.52(4)
p2-03 1.60(4)
p2-0* 1.58(5)
p2-0° 1.50(3)

0!-7Zr-0! (x3) 91.3(2)
0!-Zr-0? (x3) 91.9(2)
0!-Zr-0? (x3) 91.9(2)
0!-Zr-0? (x3) 175.5(2)
0%2-Zr-0?% (x3) 84.8(2)
0o!-p-0O! 110.6(2)
0!-P-0% (x2) 108.0(2)
O!l-P-02 (x2) 111.2(2)
0%2-pP-0? 108.0(2)
0!-zr'-0! (x3) 86.2(1.1)
0!-7r'-0* (x3) 95.1(1.1)
o!-zr'-0* (x3) 96.6(1.1)
0o!-zr'-0* (x3) 177.0(1.1)
0*—Zr'-0* (x3) 82.0(1.0)
0%2-Zr2-0?% (x3) 89.6(1.5)
0%2-Z12-0° (x3) 94.7(1.5)
0%2-Z12-0° (x3) 97.0(1.5)
0%2-Z12-0° (x3) 172.1(1.5)
0°-Z2-0° (x3) 78.3(1.5)
03-Z3-03 (x3) 92.8(1.4)
03-Z13-0° (x3) 91.6(1.2)
03-Z3-0° (x3) 95.9(1.2)
03-7r3-0° (x3) 170.1(1.2)
0%-Z3-0° (x3) 79.1(1.2)
o!-pl-0O! 102.8(1.3)
0%-P!I-0O! (x2) 106.3(1.7)
0%-Pl-0O! (x2) 116.1(1.6)
06-pl_0¢ 109.5(1.2)
0%2-P2-03 109(2)
0%2-p20* 108(2)
0*-p2-03 105(2)
0°-P2-0? 124(3)
0°-P2-03 99(2)
0’>-p2-0* 110(2)

band transfer was observed at high energy (low wavelength,
<250 nm).

It can be deduced that the trivalent europium ions are
incorporated in the kosnarite in a non-centrosymmetric site.
This could correspond to the M2 site in the interframe-
work. The high energy of the charge transfer band could be
related to the low covalence of the Eu—O bond, which is in
agreement with the localization of europium in the M2 site.

Regarding the compounds Nagg7Eug0;Zr(PO4); and
Nag gsEug05Zr,(POy4)3;, the same observation as with
Nay.997Eu0.001Z1r2(PO4); can be made, i.e., emission is clearly
observed, relevant of europium in a non-centrosymmetric site
and a charge band transfer at high energy.

The SDy—'F; transition was now visible. By exciting at
210 nm, only one line was revealed. However, by exciting
at other wavelengths (see the inset graph where the signal
was normalized at 591 nm), a second contribution seemed to
be apparent. It was not clear whether there was one or more

peaks relevant to the >Dy—'F, transition, especially with exci-
tation at 250 nm. Furthermore, the >Dy—’F; transition was
more widely split.

It could be deduced that most of the Eu** ions are located
in a non-centrosymmetric site corresponding to the M2 site.
However, Eu?* seemed to be located elsewhere in a position
that was not clear at this stage.

Regarding the compounds Nag7EugZr(PO4); and
Nag 25Eug.251Z1,(POy4)3, two phenomena related to trivalent
europium were evidenced. One concerned an excitation
at 210 nm pertaining to europium located in a non-
centrosymmetric site (intensity of SDo—'F, was higher than
that of SDo—F,) with a charge transfer band at high energy,
and another that was clearly evidenced by excitation at
260 nm, inducing an emission of *Dy—F, that was higher
than that of SDy—'F,. In addition, the >Dy—'F; peaks were
more split, which was indicative of a higher crystal field and
a charge transfer band at lower energy. The two sites were
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also evidenced by the *Dy—F, transition as a function of
excitation: 579.7 and 578.8 nm for excitation at 210 and
260 nm, respectively.

It can be deduced that trivalent europium is located in
the M2 site like the previous compounds, but that it is also
in a more symmetric site with a more covalent character
in the Eu—O bond. This site corresponds to the M1 site
in the interframework. Regarding the optical studies of the
Naj_3,Eu,Zr,(PO4)3 compounds, it can be concluded that
trivalent europium starts to incorporate kosnarite in the M2
site. Then, by increasing the amount of europium, Eu** pro-
gressively incorporates a centro-symmetric site with a higher
crystal field (M1). By adding europium, all the positions of
the charge transfer bands shift to the lowest energy. This phe-
nomenon is due to the antagonist bound of Eu—O. In the case
of x = 0.001, polyhedra containing europium are surrounded
by polyhedra containing sodium. By increasing the amount
of europium, the surrounding environment consists gradually
of polyhedra containing europium and vacancies. The shift to
the lowest energy seems to indicate a global increase in the
covalence of the europium—oxygen bond.

Photoluminescence of potassium, rubidium and caesium
compounds was studied with the same approach. While
many experiments were performed, only selected results are
shown in figure 7. For potassium and rubidium, the findings

60000
Intensity (a.u.) 2. =440 nm
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—— 2y=352 nm
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0 —
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were similar to those for the sodium compounds, i.e., the
incorporation of europium starting in the M2 sites then grad-
ually occurring in the M1 sites, with also a small amount of
divalent europium.

Caesium compounds were slightly different in their opti-
cal properties. There was a high-energy charge band transfer
(225 nm) inducing an emission due to europium in a non-
centrosymmetric position and a lower energy charge band
transfer (300 nm) inducing an emission related to a europium
in a centrosymmetric site. However, another phenomenon
was also evidenced.

With excitation at 208 nm, the >Dy—'F; transition was dif-
ferent than at 225 nm, but the intensity of Dy—'F; was still
lower than that of >Dy—F,. This indicated the presence of an
additional non-centrosymmetric europium. There were three
different Dy—"F lines corresponding to three different types
of europium (see the inset graph in figure 7c).

3.4  X-ray and photoluminescence

As observed with X-ray and cell parameter measurements, it
seems that the caesium-doped compounds were not like the
other compounds, especially as there was a large amount of
europium in the compound. For Na, K and Rb compounds,
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Figure 6. Photoluminescence spectra (excitation and emission) of Naj_3,Eu,Zry(PO4)3, x = 0.001, 0.01, 0.1, 0.25.
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Figure 7. Excitation and emission photoluminescence spectra of (K, Rb, Cs)|_3,Eu,Zry(PO4)3.

with the incorporation of Eu into the M2 site the M1 site
could account for the change in cell parameters. The alkaline
cations in the M1 site were substituted by europium cations
in the M2 site. While the M1 site is an inverted bipyramid
oriented along the c-axis, the M2 site is not so symmetric
and could be described as a distorted pentahedron also
oriented along the c-axis. Therefore, the incorporation of Eu
induced a slight increase in the ¢ parameter.

According to Bykov et al [4], the europium in the
Euyg 33Zr,(PO4)3 compound is only in the M1 site, which
seems consistent with our work. However, with all the M2
sites empty, the cell parameters are almost the same as those
of NaZr,(PO4); compound, since Na® and Eu** have a
similar ionic radius.

The luminescence spectra of the phosphates confirm the
results of infrared spectroscopy for Eu compositions of 0.05,
where almost all the trivalent europium is in the M2 position.
This result is quite new since the M2 site has until now been
reported to be empty in most NZP phases.

When the amount of europium increases to x = 0.25, the
amount of cations in the M2 cavities sites decreases. This
leads to a lowering of the structure symmetry to space group

P3¢ and the splitting of the M1 (6b) and M2 (18f) sites
into several types of lower multiplicity (2b and 6f) that are
occupied by sodium and europium atoms.

4. Conclusion

The compounds A;_3,Eu,Zr,(PO4); (A = Nat, K*, Rb™
and Cs*: x = 0-0.25) were investigated for the development
of new phosphors. The transition from R3c to P3¢ as a func-
tion of x was evidenced by X-ray diffraction and infrared
techniques. By understanding the incorporation of trivalent
europium, it is possible to grasp the non-logical evolution
of the cell parameters. Photoluminescence data showed that,
during substitution, alkaline cations are removed from the
MI site and initially replaced by europium in the M2 site.
Owing to the different symmetries of each site, the cell
undergoes a decrease in parameter a and an increase in
parameter ¢ on adding more europium, while the volume
remains almost constant. These results will prove fruitful
for incorporating other cations in order to modulate their
luminescence properties.
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