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Rietveld refinements of X-ray powder diffraction data and vibrational spectroscopy have confirmed the
crystal structure of Na,MMgP,0g (M: Ba, Sr, Ca) prepared by a standard solid state reaction. They have
glaserite-type layered structure. Na,MMgP,0s has a trigonal P3 form for M=Ba, and monoclinic P2;/c
forms for M=Sr and Ca. The observed structural transition is analogous to the corresponding layered

Eu?*-doped Na,MMgP,0g exhibits an intense blue to violet emission under ultraviolet excitation,
based on 5d-4f electron transition of Eu?* ions. The emission character is very sensitive to the
structural transition induced by M?* and the subsequent site symmetry changes.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Phosphors are utilized for various purposes in our daily life,
such as interior lamps, light sources for displays, paints for sign
boards and so forth. Most of commercially available phosphors
are obtained by doping transition metal or rare-earth metal ions
into a host crystalline material. In particular, Eu>* ion is a very
important activator because of the intense emission and color
controllability. Eu?* emission originates in parity-allowed 5d — 4f
electron transition. Since energy band of the 5d orbitals is
energetically affected by symmetry and strength of the crystal
field, Eu>* emission strongly depends on host material. For a few
decades, Eu’?*-doped glaserite-type orthosilicates Ms;MgSi,Og
(M: Ba, Sr, Ca) have been focused on as candidates for high
performance phosphors, and there are many reports on their
great potential for the intense blue emission [1-18]. Our group
has also investigated their emission properties in terms of the
crystal structure [7,13,16,18]. Fig. 1 shows a schematic illustra-
tion of the glaserite-type BaCa,MgSi,Og structure [7,17]. The layer
is built up by corner-sharing of MgOg octahedra and SiO4 tetra-
hedra, and Ba?* and Ca?* ions occupy interlayer sites. Larger
alkaline-earth cations tend to occupy the interlayer A-site while
smaller ones are prone to be at the layer-embedded B-site. It is
noteworthy that in this type of silicates, interlayer A-site cations
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determine the crystal system. M3MgSi,Og crystallizes in trigonal
system (P3 or P3m1) for larger A-site cations and in monoclinic
system (P24 /c) for smaller ones. Eu?>*-doped M3;MgSi,Og shows an
intense blue emission under UV excitation. The emission drasti-
cally changes in response to the crystal system; trigonal or
monoclinic.

Recently, emission properties of Eu?*-doped Na,CaMgP,Og
have been reported by Lu et al. [19]. This phosphate exhibited
blue emission under ultraviolet excitation. Interestingly, this
compound has glaserite-type monoclinic layered structure
(S.G., P2{/c), in which interlayer A-site and layer-embedded B-site
are occupied by Ca®?* and Na™, respectively [20]. This report
encourages us to find the presence of a highly ordered glaserite-
type phosphates, in analogy with M3MgSi,Og orthosilicates. In the
present study, the detail on the crystal structure of Na,MMgP,0g
(M: Ba, Sr, Ca), in which interlayer A-site is occupied by M?* ions,
are described. Furthermore, the emission properties of the corre-
sponding compounds doped with Eu?>" ions are discussed based
on the solved structure.

2. Experimental
2.1. Synthesis
Na,MMgP,0g (M: Ba, Sr, Ca) crystalline powder samples were

prepared from reagent grade Na,COs;, MCOs; (M: Ba, Sr, Ca),
magnesium carbonate hydroxide and NH4H,PO,4. A small amount
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Fig. 1. Crystal structure of BaCa,MgSi,Osg, illustrated with MgOg octahedra and
SiO4 tetrahedra.

of NH4Cl was used as a flux. Stoichiometric amounts of the
reagents and the flux were ground and mixed by ball milling
with zirconia beads in 2-propanol for 4 h. The mixed powder was
heated at 1100 °C for 4 h in air with an intermittent re-grinding.
The powder of NayMgggEugo2MgP,05 was prepared by heating
stoichiometric mixture of the starting reagents and Eu,Os3 at
1100 °C for 4 h in a flow of 2% H,-98% N, gas with an intermittent
re-grinding.

2.2. X-ray diffraction analysis

The prepared samples were investigated by X-ray powder
diffraction (XRD) with a Rigaku RINT-2200HFV diffractometer
using CuKo radiation (1=1.54058 A). The structural refinement
was carried out with the XRD data collected at intervals of 0.02°
from 10° to 120° 20 at room temperature. Lattice parameters and
structure parameters were refined by Rietveld method using a
program RIETAN-FP [21]. Figures of crystal structure in this paper
were drawn with VESTA [22].

2.3. Raman spectroscopy

Room-temperature Raman spectra were measured for the
prepared samples in backscattering geometry by a 3000 grooves/
mm grating monochromator and a charge-coupled device detector
system (RENISHAW, inVia Reflex system). Samples were excited
with the 488-nm laser line of a 50 mW Spectra-Physics Cyan™
Scientific CW laser. The laser beam was plain-polarized with a
polarizer and focused on a sample with a 50 x lens. A spectral
resolution was 0.5 cm ™~ !. The laser power was attenuated to 5 mW
before sample irradiation.

2.4. Photoluminescence

Emission spectra were measured for the prepared samples
at room temperature using a JASCO corporation FP-6500 spectro-
fluorometer.

3. Results
3.1. Crystal structure of Na,MMgP,0g

Fig. 2 shows the XRD patterns for the Na,MMgP,0g samples. The
Na,CaMgP,0g pattern agrees well with the previous data [19].
Although a small amount of impurity phase can be seen in the
sample of Na,BaMgP,0g, the main reflections are indexed with a
hexagonal unit cell with a=5.3043(9)A and c=6.9915(8)A for
Na,BaMgP,0sg, and with a monoclinic unit cell with a=9.124(3)A,
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Fig. 2. X-ray powder diffraction patterns for the prepared samples. For the samples
of M=Sr and Ba, diffraction peaks from the Na,MMgP,0g phase are indexed.

Table 1
Crystallographic data for Na,MMgP,0g (M: Ba, Sr).

M Ba Sr
Empirical formula Na,BaMgP,0g Na,SrMgP,0g
Formula weight 397.55 347.85

Crystal system, space group Trigonal, P3 (no. 147) Monoclinic, P2;/c (no. 14)

Unit cell parameters a=5.3043(9) A a=9.124(3)
c=6.9915(8) A b=5.279(15)

c=13.499(4)
$=90.013(5)

Volume (A3) 170.36(4) 650.3(3)

V4 1 4

Calculated density (gcm~—>) 3.88 3.55

Ry (%) 9.86 12.25

WR, (%) 14.13 16.18

R (%) 3.87 6.44

Rr (%) 175 3.83

b=5.279(15) A, c=13.499(4) A and #=90.013(5)° for Na,SrMgP,0s.
Using glaserite-type families as initial structure model, the crystal
structure of Na,BaMgP,0g and Na,SrMgP,0g has been successfully
refined (the final profile fits are attached as supplementary
materials). The crystal data and atomic parameters are listed in
Tables 1 and 2, respectively. Lattice constants for the trigonal P3 cell
can be converted to the corresponding monoclinic P2;/c cell with
the relation that a,, =+/3a;, bn=b; and c,=2c; (subscript “m

means monoclinic and “t” trigonal). To check the reasonability of
the refined structure, vibrational spectroscopy was attempted for
them. Fig. 3 shows the Raman spectra of the Na,MMgP,0g samples.
Intense Raman peaks appear at about 1000, 440, 1120 and
590 cm~ . Generally, Raman peaks at such high wavenumbers
(>400 cm ") are attributed to internal vibrations of certain atomic
groups. In the present case, they are derived from the four normal
modes of PO, tetrahedra; symmetric stretching vibration vy,
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Table 2
Atomic coordinates and isotropic displacement parameters for Na,BaMgP,Og
(a) and for Na,SrMgP,0g (b).

Atom Site X y z Biso (A2)
(a) NayBaMgP,0g
Na 2d 13 2/3 0.8217(8) 0.8(11)
Ba 1b 0 0 12 0.61(4)
Mg 1a 0 0 0 1.1(13)
p 2d 13 2/3 0.2612(5) 0.27(9)
o1 2d 13 2/3 0.472(14) 0.3(11)
02 6g 0.223(12) —~0.131(12) 0.1761(6) =Bis(01)
(b) Na,SrMgP,0g
Nat 4e 0.087(2) 0.221(2) 0.4112(8) 0.2(13)
Na2 4e 0.410(2) 0.313(2) 0.0907(9) =Bis(Nal)
Sr 4e 0.7538(6) 0.2961(6) 0.2494(4) 1.13(6)
Mg 4e 0.753(2) 0.216(2) 0.004(10) 0.2(15)
P1 4e 0.085(17) 0.279(19) 0.1273(9) 0.57(9)
P2 4e 0.405(19) 0.260(2) 0.3649(8) =Bis(P1)
o1 4e 0.087(3) 0.797(4) 0.404(18) 0.4(12)
02 4e 0.071(3) 0.222(3) 0.242(16) =Biso(01)
03 4e 0.158(3) 0.545(5) 0.110(12) =Bis(01)
04 4e 0.157(3) 0.066(4) 0.071(12) =Bi5,(01)
05 4e 0.366(3) 0.007(4) 0.414(13) =Biso(01)
06 4e 0.444(2) 0.206(4) 0.255(16) =Bis(01)
07 4e 0.591(3) 0.289(4) 0.404(18) =Bi5,(01)
08 4e 0.657(4) —0.018(4) 0.097(13) =Bi5,(01)
a
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Fig. 3. Raman spectra for the prepared Na,MMgP,0s. Z(XX)Z and Z(XY)Z
correspond to I; and I,, respectively. (a) Na,CaMgP,0s, (b) Na,SrMgP,0s and
(c) Na,BaMgP,0s.

symmetric bending vibration v,, asymmetric stretching vibration v3
and asymmetric bending vibration v4. For Na,BaMgP,0g, the num-
ber of the PO4-derived internal modes (peak numbers) agrees with
the results of factor group analysis for the refined structure
(Fig. 4(a); six PO4-derived Raman-active modes in high wavenumber
region). This agreement supports the refined Na,BaMgP,0g struc-
ture. For Na,SrMgP,0g, the peak number in the Raman spectrum is
less than that expected from the factor group analysis (Fig. 4(b); 36
PO4-derived Raman-active modes in high wavenumber region). It is

due to that non-degenerated Raman peaks do not split enough since
Na,SrMgP,0g has an orthorhombic-like monoclinic cell (5=90°).
From the spectral comparison, it has been revealed that
Na,SrMgP,0g has intermediate structure of trigonal Na;BaMgP,0g
and monoclinic Na,CaMgP,0g.

For Na,BaMgP,0s, the calculated vibrational modes (Fig. 4(a))
are assigned to the observed Raman peaks, based on depolariza-
tion ratio p, given by

Iy

=—=. 1
Pp I (1)

Here I, and I are the Raman peak intensities under perpendi-
cular and parallel configurations of polarizer and analyzer,
respectively. If crystalline particles are randomly oriented, p, is
equal to 3/4 for nontotally symmetric vibrations and smaller than
3/4 for totally symmetric vibrations [23]. From the comparison of
pp, the peaks at 983.1, 1123.1, 595.1 cm ! are A, modes derived
from vy, v3 and vg-vibration, respectively. The peaks at 440.9,
1008.4 and 581.5cm™~! are E, modes derived from v,, v3 and vy,
respectively.

3.2. Emission properties

Eu-doped Na,MMgP,05 exhibited intense blue to violet emissions
under ultraviolet irradiation. Fig. 5 shows the emission spectra for
the Eu-doped samples. All the samples show broad emission bands
from 350 to 500 nm those arise from 5d-4f electron transition in
divalent europium ions. It is worth noting that monoclinic
Na,MMgP,0g: Eu?>* (M=Sr, Ca) show asymmetric or split emission
peaks. It is due to the fact that Eu?* ions occupy at least two
crystallographically different sites. The emission spectra for the
monoclinic compounds can be successfully reproduced by two
Gaussian peaks (Fig. 5 with broken lines). The fitting results are
shown in Table 3. One centered at about 395 nm and the second at a
longer wavelength. The 395-nm peak exhibits no significant shift
while full width at half maximum (FWHM) changes. The area
fraction to the total peak increases with M?* size increasing. On
the other hand, the longer-wavelength emission shows red shift with
an increase in M?* size although FWHM are rarely different. As for
the trigonal Na,BaMgP,0g, the emission spectrum could not be fitted
with one Gaussian peak profile. It may reflect multi-site occupation
of Eu?* ions. Fig. 6 shows the excitation spectra for both tails of the
overall emission band. Each spectrum reflects the split 5d-bands of
Eu’?* at each crystallographic site. The excitation spectra for both
emission sides have similar shape with each other. Energy transfer
processes possibly occurred between crystallographically different
Eu®* ions. Indeed, spectral overlap is observed between shorter-
wavelength emission band (Fig. 5) and excitation band for the
longer-wavelength emission (Fig. 6). The shorter-wavelength emis-
sion of the trigonal Na,BaMgP,0g has narrower but efficient excita-
tion bands (280-310 nm) compared with monoclinic Na,CaMgP,0g
or Na,SrMgP,0s. This point is discussed later in terms of the crystal
structure.

4. Discussion
4.1. Crystal structure

Fig. 7 shows the refined crystal structure of Na,MMgP,0g.
Na,MMgP,0z has glaserite-type layered structure. Between the
layers, interlayer site (A-site) and layer-embedded sites (B-site)
exist. A divalent M?>* ion preferentially occupies A-site and Na™*
ion B-site. When A-site is occupied by a relatively small M?>* jon
(Ca%?*), SiO, tetrahedra and MgOg octahedra tilt to form
corrugated layers, which induces monoclinic distortion. Then,
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Fig. 4. Correlation tables for the refined Na,MMgP,0g structure (M=Ba (a) and Sr (b)). (R: Raman active, IR: IR active).

Na,MMgP,0g crystallizes in space group P2;/c. As M?>* ijon
becomes large (Sr**), the lattice constant f approaches to 90°
and layer-framework becomes flat. When a large Ba?* ion
occupies A-site, P-O1 bond becomes perpendicular to the flat
layers, leading to the highly ordered P3 structure. This type of
structural transition is analogous to those for MsMgSi,Og ortho-
silicates [13]. According to the case of M3MgSi,Og orthosilicates,
A-site is spatially limited by six oxide ions in lateral direction and
by the distance between MgOg octahedra on upper and lower
layers in vertical direction. The distances between an A-site cation
and the six lateral oxide ions are so long that the flat layers can be
maintained only when a large Ba®>* ion occupies A-site. If Sr*>* or
Ca’* ion occupies A-site, a large estrangement occurs especially
in lateral direction. Then, the deformation from P3 to P2;/c occurs
to eliminate the estrangement. Also in the present orthopho-
sphate, similar structural distortion may occur, depending on
interlayer M?>* size. Fig. 8 shows the coordination environment
around the Ba%™* ion in Na,BaMgP,0sg. The lateral Ba-O distance
(Ba-01) is equal to the value estimated from Shannon’s ionic radii
[24]. However, this room is too large for Sr’*+ or Ca®*.

4.2. Photoluminescence from Eu-doped Na,MMgP,0g

As shown in Fig. 5, Eu-doped Na,MMgP,0s showed Eu?™-
derived emission under UV excitation. Their emission spectra
indicated that Eu?* ions occupied more than one site. Since the
emission spectra could be reproduced by two Gaussian peaks, it is
considered that Eu?* ions replaced two crystallographically
different sites. L et al. assigned the observed two-peak emission
to two distinct Ca-sites [19]. However, Na,CaMgP,0g has only one
independent Ca-site in the unit cell [20], which is not consistent
with their assignment. We speculate that the two emission peaks
corresponded to the Eu?* ions at both A- and B-sites in the
monoclinic Na,MMgP,0g. Probably, the 395-nm emission is
attributed to the Eu?™* ions at A-site and the longer-wavelength
emission to Eu?* ions at B-site from the following reason:
according to Shannon, the ionic radii are arranged as
Ca?* <Na*t <Eu?*=Sr?* <Ba?* [24]. Ca®* ion has an ionic
radius smaller than Eu?* while Sr** is roughly the size of
Eu?*. Therefore, between Na,CaMgP,0Os and Na,SrMgP,0Osg, a
remarkable difference is expected for the amount of Eu?* ions
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occupying A-site. From Fig. 5, it can be confirmed that the area
fraction of the 395-nm peak was much lower for Na,CaMgP,0g
than for Na,SrMgP,0g, which shows the 395-nm peak corre-
sponded to the Eu?* at A-site. The red shift observed for the
longer-wavelength emission was considered to be caused by
ligand field change associated with the transition of lattice
constant f.

Next, we focus on the difference between the trigonal com-
pound (M=Ba) and the monoclinic compounds (M=Sr, Ca).
As described in the results section, it is considered that
Na,BaMgP,0g contained Eu?* ions both at A- and B-site. The
emission spectrum assures that their ligand fields were compar-
able level (emission wavelengths matched), which lead to intense
emission. Fig. 6 shows that Na,BaMgP,0g had narrow but
efficient excitation bands for the 395-nm emission, which can
be interpreted in terms of site symmetry. In response to
Na,MMgP,0g phase transition from P2¢/c to P3, A-site symmetry
changes from C; to Sg. Under C; symmetry, the five 5d-orbitals of
Eu?* energetically split into five sets without any degeneracy
(5a), which generates broad excitation bands. However, under Sg
symmetry, they split into three sets; two doubly degenerated sets
eg and one non-degenerated set a,. Then, 5d-bands accumulate at

NayMg ggEug 02MgP20g

r Excited by 1

254-nm radiation

Intensity / arb.units

300 400 500 600

Wavelength / nm

700

Fig. 5. Emission spectra for the Eu-doped Na,MMgP,0g samples. Broken lines for
M=Sr and Ca show the separated emission peaks with Gaussian shape.

Table 3
Separated emission peak data of Eu-doped Na,MMgP,0g (M: Sr, Ca).

3251

three regions, but excitation efficiency increases because of the
high density of states at the doubly degenerated e, levels.

The prepared NazMMngOg:Euer exhibited emission at
shorter wavelengths than the glaserite-type orthosilicates
MsMgSi»0g:Eu?* [13], despite their structural similarity. It may
be caused by the difference in electron density of oxide ions.
Because of the high electronegativity [25], phosphorus withdrew
electrons from the surrounding oxide ions, which weakens
electrostatic influences on Eu?* ions in Na,MMgP,0s.

5. Conclusions

Emission properties of Eu?>*-doped Na,MMgP,0s (M: Ba, Sr,
Ca) have been discussed in terms of the crystal structure.
Na,MMgP,0g has glaserite-type layered structure in which M2+
ion sites at interlayer A-site and Na* ion at layer-embedded
B-site. Na,MMgP,Og crystallizes in P3 trigonal structure for
M=Ba and in P2,/c for M=Sr and Ca.

Under UV excitation, Eu?*-doped Na,MMgP,0s exhibits blue to
violet emission. A detailed analysis of the emission spectra reveals
that the observed emission consists of the superposition of the

Na, Mg ggEulg 02MgP,0g
M=Ca monitored at
367.0 nm
77777 469.0 nm

monitored at
364.0 nm
498.0 nm

Intensity / arb.units

M= Ba
[ monitored at
378.3 nm
462.0 nm
250 300 350 400 450

Wavelength / nm

Fig. 6. Excitation spectra for both tails of the whole emission peak for the
Eu-doped Na,MMgP,0g samples.

NaCao.98Eu0,02MgP20g

Na,Sro.9gEu0.02MgP20s

Short wavelength

Long wavelength Short wavelength Long wavelength

Peak wavelength (nm)
FWHM of the emission peak (cm~1!)

3935
7.54 x 10?

411.9
1.20x 10%

398.4
1.03 x 10%

4433
1.06 x 10%
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MgO, octahedron

Ca

Na

PO, octahedron
a=9.120(3) A
b=5.198(2) A
c=13.370(4) A
B=90.78(1)°

a=9.124(3) A
b =5.279(15) A
c=13.499(4) A
B=90.013(5)°

a=5.3043(9) A
c=6.9915(8) A

Fig. 7. The refined crystal structure of Na,MMgP,0g. The solid-line frame
indicates the unit cell of each structure. The crystal structure of Na,CaMgP,0s is
quoted from Ref. [20]. (a) M=Ca, (b) M=Sr and (c) M=Ba.

Bond length

Ba-02 2.802(4) A
Ba-O1 3.0678(8) A

v 02

Fig. 8. Coordination environment around Ba®* in Na,BaMgP,0s.

emission character for both Eu?>* ions at A and B-site. Since the
Eu?* ions at B-site mainly contribute to a visible emission, it is
important to design B-site environment for phosphor development.
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