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a b s t r a c t

Eu2+ doped A0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba) phosphors with the NASICON structure were synthesized by a

co-precipitation method. Their photoluminescent and structural properties were investigated by

photoluminescent spectroscopy and powder X-ray Rietveld analysis, which determined two sites for

Eu2+ ions in the host structure, 3a and 3b. The Eu–O bond lengths were increased by changing alkaline

earth ions from Ca to Ba, causing Eu2+ emission bands to shift from blue-green to blue. A correlation was

observed between the peak wavelength positions and the Eu–O bond length. The photoluminescent

properties are discussed in terms of crystal field strength and nephelauxetic effect, and a schematic

diagram of Eu2+ emissions is proposed for the Eu2+ doped NASICON phosphor.

& 2008 Elsevier Inc. All rights reserved.
1. Introduction

Much recent attention has been paid to phosphors suitable for
light-emitting diode (LED) based solid-state lighting. White LEDs
offer the advantages of high brightness, low power consumption,
and longer lifetime compared to conventional light bulbs and
fluorescent lamps [1,2]. The most common approach involves
combining a blue GaInN LED chip (460 nm) with a yellow-
emitting phosphor, Y3Al5O12:Ce3+. This system has a low color-
rendering index because of its deficiency in the red region of the
visible spectrum. One approach to overcome this drawback is to
add a red-emitting phosphor to compensate for the deficiency
[3–5]. Another approach is to develop a new white LED system
consisting of ultraviolet (UV) LEDs (300–410 nm) with red, blue,
and green phosphors [6–8]. This system is suitable for white LEDs
with an excellent color-rendering index and high color tolerance.
To advance this technology, phosphors with desirable color
emission and high efficiency under UV excitation must be
developed.

Eu2+ doped alkaline metal phosphates are one class of
desirable phosphors for UV excitation [9]. In this work, we
focused on phosphates with the NASICON (sodium silicon
conductor) structure, which consists of a three-dimensional
network of MO6 (M ¼ Ti, Zr, Hf) octahedra, sharing corners with
PO4 tetrahedra and containing interstitial A ions (A ¼ alkaline or
ll rights reserved.

no).
alkaline earth metal) [10] (Fig. 1). Phosphate NASICONs could offer
several conditions suitable for Eu2+ doped phosphor: (i) The
covalent M2(PO4)3 framework has high thermal stability. (ii) Eu2+

is expected to substitute for A ion sites, which are separated from
each others by distances 45 Å [11,12]. The location would inhibit
concentration quenching of Eu2+ emission intensity. (iii) Crystal
field strength and covalency of the Eu–O bond, which are related
to the energy of the 4f65d1 level in Eu2+, could be easily controlled
by changing the chemical composition of the NASICON structure
[13–16]. Although NASICON compounds have attracted significant
attention for their diversity of fast-ionic conductivity [16,17] and
low thermal expansion [18,19], as well as the dependence of these
properties on the framework structure, few studies have focused
on their photoluminescent properties. Even though NASICON-type
EuII

0:5Zr2ðPO4Þ3 has been reported to be an efficient blue phosphor
[20], the luminescent characteristics have not been investigated in
detail. In the present study, we synthesized Eu2+ doped
A0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba), and demonstrated continuous
changes in emission wavelengths of Eu2+ by alkaline earth ions.
The locations of Eu2+ were determined by X-ray Rietveld
structural analysis, and effects of the framework structural
changes on luminescent properties were discussed in terms of
crystal field strength and covalency of the Eu–O bond.
2. Experimental section

Eu2+ doped A0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba) were synthesized by
the co-precipitation method previously reported by Orlova et al.

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2008.12.015
mailto:kanno@echem.titech.ac.jp


ARTICLE IN PRESS

Fig. 1. Structure of NASICON phosphates, A0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba). A ions are

located at interstitial cavities in the Zr2(PO4)3 framework structure consisting of

the Zr–O and P–O covalent bonds.

Fig. 2. Powder X-ray diffraction patterns of A0.5Zr2(PO4)3:0.01Eu2+ (M ¼ Ca, Sr, Ba).
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[21]. Stoichiometric proportions of Ca(NO3)2 �7H2O (Wako, 99%),
Sr(NO3)2 (High Purity Chemicals Lab., 99%), Ba(NO3)2 (Wako,
99.0%), ZrO(NO3)2 �2H2O (Kanto Chemical, 499.0%), and Eu
(NO3)3 �6H2O (Kanto Chemical Co., 99.95%) were dissolved in
distilled water. The addition of a solution of 0.1 M H3PO4 (Wako,
99.9%) in appropriate proportion, under constant stirring, pro-
duced a colorless gel. After evaporation of the solution, the sol was
successively calcined at 500 and 800 1C for 12 h. The powders
were sintered at 1000 1C for 12 h under 2%-H2/Ar gas. Powder
X-ray diffraction (XRD) patterns were obtained using an X-ray
diffractometer (Rigaku RU-200B) with 12 kW CuKa radiation, and
collected at 0.031 step widths over a 2y range from 101 to 1201.
The structural and profile parameters were refined by Rietveld
analysis, using the refinement program RIETAN2000 [22]. The
structural parameters of A0.5Zr2(PO4)3:Eu2+ were refined with an
R-3 space group using the following structural model (using
Wyckoff notation): A and Eu at 3a and 3b sites, Zr at 6c sites, and P
and O at 18f sites. A virtual chemical specie, M, which consisted of
A and Eu with the composition ratio, was introduced to refine the
distribution of the site occupancy among 3a and 3b sites, because
it was rather difficult to refine the distribution of Eu2+ among
these sites independently of alkaline earth ions because of a small
volume of Eu. The XRD patterns with impurity phases were
refined with multi-phase models. The excitation and emission
spectra in the UV to visible region were obtained by a
fluorophotometer (SPEX Fluoromax) at room temperature using
a xenon lamp excitation source.
3. Results and discussion

3.1. Characterization

Fig. 2 shows the XRD patterns for A0.5Zr2(PO4)3:0.01Eu2+

(A ¼ Ca, Sr, Ba). The diffraction peaks can be assigned to the
NASICON structure with the R-3 space group [23,24]. The peaks
shifted to lower degrees from Ca to Ba systems, resulting from the
lattice expansion. Several samples also contained a small amount
of ZrP2O7 phase (Pm-3). To evaluate the impurity effect, we
synthesized ZrP2O7 and ZrP2O7:Eu under the same conditions as
A0.5Zr2(PO4)3:Eu2+. No significant difference in the cell parameter
was observed between Eu2+ doped ZrP2O7 (8.2635(5) Å) and
undoped ZrP2O7 (8.2640(7) Å). A very weak peak around 460 nm
of Eu2+ in EuO [25] was observed in the photoluminescence (PL)
spectra of ZrP2O7:Eu, while no emission of Eu3+ in ZrP2O7 [26] and
Eu2O3 [27] was observed. These results indicates that ZrP2O7:Eu
constituted of pure ZrP2O7 and EuO phases.

Fig. 3 shows PL excitation (PLE) and PL spectra of
A0.5Zr2(PO4)3:0.01Eu2+. The main excitation peaks extended from
300 to 400 nm, indicating that the phosphors are suitable for
near-UV excitation. The phosphors exhibited broad emissions
around 400–600 nm, corresponding to transitions between the
crystal field components of the 4f65d1 excited state and the 4f7

ground state in Eu2+. After changing alkaline earth ions from Ca to
Ba, peak wavelengths shift from 484.4 to 435.0 nm with a decrease
in full-width at half-maximum (FWHM) values. Fig. 4 shows the
PL spectra of (Ca1�xEux)0.5Zr2(PO4)3 at different Eu concentrations
(x ¼ 0.005–0.10). The positions of the emission peaks showed
blue-shift behavior with increasing Eu concentrations. These
results demonstrate that the chromaticity of the Eu2+ doped
NASICON phosphors change with the A cation species. The
emission intensity increased continuously with increasing Eu
concentration, and no concentration quenching was observed
until x ¼ 0.10.

3.2. Structural investigations

The location of Eu2+ in the NASICON structure was investigated
by the structural analysis for Ca0.5Zr2(PO4)3:Eu2+ varying Eu
concentrations. Fig. 5 shows the dependence of lattice parameter
on Eu concentration for (Ca1�xEux)0.5Zr2(PO4)3 (x ¼ 0, 0.01, 0.05,
0.10). The a parameter decreased and the c parameter increased
with increasing Eu concentration, following Vegard’s law. This
indicates the incorporation of Eu2+ ions into the NASICON
structure. Pet’kov et al. have investigated lattice changes in
NASICON-type A00.5Zr2(PO4)3 (A0 ¼ Cd, Ca, Sr, Ba) [28]. The
parameter a decreased and the parameter c increased with
increasing radius of A0 cations, which occupy half of the interstitial
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Fig. 3. Excitation (left) and emission (right) spectra of the luminescence of

A0.5Zr2(PO4)3:0.01Eu2+ at room temperature, (a) A ¼ Ca, (b) A ¼ Sr, (c) A ¼ Ba. The

excitation spectra were recorded for 486, 456, and 434 nm, respectively, and the

emission spectra were recorded for 350, 341, and 335 nm, respectively. The

excitation spectra are not corrected for the Xenon lamp intensity.

Fig. 4. Emission spectra of the luminescence of (Ca1�xEux)0.5Zr2(PO4)3 with

varying amount of Eu2+ (x ¼ 0.005, 0.01, 0.05, 0.1). The spectra were recorded for

350 nm.

Fig. 5. Cell parameter dependences on Eu concentration in (Ca1�xEux)0.5Zr2(PO4)3.
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cavities situated between neighboring ZrO6 octahedra along the c

axis. The lattice changes of (Ca1�xEux)0.5Zr2(PO4)3 with increasing
Eu concentration indicated the substitution of Eu2+ for interstitial
Ca2+, because Eu2+ has larger ion radii (1.2 Å) than Ca2+ ion (1.0 Å)
[29]. Therefore, the structure of Ca0.5Zr2(PO4)3 was used as a
starting structural model for the Rietveld analysis.

Fig. 6a shows a typical Rietveld result for (Ca1�xEux)0.5

Zr2(PO4)3 (x ¼ 0.10). The refined parameters are summarized in
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Table 1
Rietveld refinement results for Ca0.5Zr2(PO4)3:0.10Eu2+.

Atom Site g x y z Beq/Å2

Phase 1 (Ca0.90Eu0.10)0.5Zr2(PO4)3

M(1) 3a 0.896 (8) 0 0 0 1.8 (11)

M(2) 3b ¼ 1�g(M(1)) 0 0 0.5 ¼ B(M(1))

Zr(1) 6c 1 0 0 0.14895(8) 0.50 (2)

Zr(2) 6c 1 0 0 0.64111 (8) ¼ B(Zr(1))

P(1) 18f 1 0.2914 (5) 0.0094 (8) 0.2527 (2) 1.12 (7)

O(1) 18f 1 0.188 (10) 0.009 (10) 0.1932 (4) 1.10 (8)

O(2) 18f 1 0.054 (10) �0.162 (10) 0.6956 (3) ¼ B(O(1))

O(3) 18f 1 0.1808 (9) 0.1713 (8) 0.0832 (3) ¼ B(O(1))

O(4) 18f 1 0.8359 (9) 0.7913 (9) 0.5948 (3) ¼ B(O(1))

Phase 2 ZrP2O7

Zr(3) 4a 1 0 0 0 0.6

P(2) 8c 1 0.3926 (9) ¼ x(P(2)) ¼ x(P(2)) 1

O(5) 24d 1 0.481 (13) 0.225 (9) 0.423 (2) 1

O(6) 4b 1 1/2 1/2 1/2 1
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Table 1. The Ca and Eu ions occupy both 3a and 3b sites, with a
distribution of 89.6% and 10.4%, respectively. No significant
change in the distribution of 3a and 3b sites was observed with
changing Eu concentration. These sites are located in the
elongated antiprism formed by the triangular faces of two ZrO6

octahedra, and therefore have a similar local environment. No
peak separation of Eu2+ emissions from each site in the PL
spectra seems to be related to the Eu distribution and the
similarity of the site environment among 3a and 3b sites. Fig. 6b
and c show Rietveld results for (Sr0.99Eu0.01)0.5Zr2(PO4)3 and
(Ba0.99Eu0.01)0.5Zr2(PO4)3, which were refined using the same
structural model as was used for (Ca1�xEux)0.5Zr2(PO4)3. Eu ions
substituted for Sr2+ (1.2 Å) and Ba2+ (1.3 Å) ions, which both have
larger ionic radii than Ca2+ ions (1.0 Å). Table 2 summarizes the
lattice parameters, Eu–O bond lengths, and peak energies of Eu2+

emissions for (A1�xEux)0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba; x ¼ 0–0.1). The
lengths of the Eu–O bond, which is almost parallel to the c
Fig. 6. X-ray Rietveld result of (Ca0.90Eu0.10)0.5Zr2(PO4)3, (Sr0.99Eu0.01)0.5Zr2(PO4)3,

and (Ba0.99Eu0.01)0.5Zr2(PO4)3. The observed intensity data are shown by dots, and

the solid line overlying them is the calculated intensity. Vertical markers below the

diffraction patterns indicate positions of possible Bragg reflections. Differences

between the observed and calculated intensities are plotted as Dyi at the bottom in

the same scale.

Space group R�3, a ¼ 8.7585 (2) Å, c ¼ 22.8431(4) Å, RI ¼ 2.36, RF ¼ 1.02.

Space group Pa�3, a ¼ 8.261 (3) Å, RI ¼ 2.73, RF ¼ 1.12.

Rwp ¼ 7.64%, Rp ¼ 5.83%, Re ¼ 5.69%, S ¼ Rwp/Re ¼ 1.3419.

Mass fraction phase1: phase2 ¼ 0.992: 0.008.
axis (Fig. 1), increased with lattice expansion along the c axis. The
long distance between neighboring Eu2+ ions (over 6 Å) may
enable high concentration-quenching performance of Eu2+-doped
NASICON phosphors.
3.3. Effects of local structure on luminescent properties

Eu2+ ions exhibit broadband emissions, which are attributed to
the transition from the 4f65d1 excited state to the 4f7 ground state.
The energy level of the external 5d orbital depends on the host
structure, changing the wavelength of the emission bands from
near-UV to red [13]. The effects of the host structure have been
explained as arising mainly from two factors, crystal field effect
and nephelauxetic effect [13–16].

Our Rietveld analysis of A0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba) confirmed
that the Eu ion occupies interstitial 3a and 3b sites in the covalent
Zr2(PO4)3 framework: Eu ions located in relatively ionic environ-
ments and created the ionic bonds with ligand oxygen. Therefore,
the lowest 4f65d1 state of Eu2+ depends is related to the crystal
field strength. In the case that Eu2+ ions have similar bond
character to the ligand O2� ions, the crystal field splitting becomes
larger with decreasing Eu–O bond length [15], leading to a
decrease in the difference between the 4f and 5d energy levels in
Eu2+. The emission bands of Eu2+ shift to a higher energy with an
increase in crystal field strength. Table 2 summarizes the
relationship between the energies of the 4f–5d transition in Eu2+

and the Eu–O bond lengths in (A1�xEux)0.5Zr2(PO4)3 (A ¼ Ca, Sr,
Ba). A clear correlation was experimentally observed between the
energies of Eu2+ emissions and the Eu–O bond length. Matsui et al.
reported luminescent properties of Eu0.5Zr2(PO4)3 with the
NASICON structure [19]. Eu0.5Zr2(PO4)3 has lattice parameters
similar to Sr0.5Zr2(PO4)3 due to the very similar ion radii of Eu2+

and Sr2+. The peak wavelength of Eu0.5Zr2(PO4)3 was appeared
around 460 nm, which is very similar to that of
(Sr0.99Eu0.01)0.5Zr2(PO4)3 (459.0 nm) shown in the present study.
This result indicated that the Eu–O bond length is a key parameter
of emission energies of Eu2+ in A0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba). Fig. 7
shows a schematic energy level diagram of Eu2+ ions in
A0.5Zr2(PO4)3 NASICONs as a function of crystal field strength.
These results demonstrate that chromaticity of Eu2+ emissions in
the NASICON structure are controlled by changing the Eu–O bond
length.
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Table 2
Lattice parameters, Eu–O bond lengths, and Eu2+ emission energies of (A1�xEux)0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba).

a/Å c/Å Eu(3a)–O d/Å Eu(3b)–O d/Å Peak energy of Eu2+ emission E/eV

Ca0.5Zr2(PO4)3 8.7956 (2) 22.6831 (3) 2.445 (2) 2.725 (3) –

(Ca0.99Eu0.01)0.5Zr2(PO4)3 8.7743 (6) 22.7851 (11) 2.445 (7) 2.731 (8) 2.559

(Ca0.95Eu0.05)0.5Zr2(PO4)3 8.7622 (4) 22.8112 (7) 2.450 (7) 2.735 (8) 2.569

(Ca0.90Eu0.10)0.5Zr2(PO4)3 8.7578 (3) 22.8429 (5) 2.451 (2) 2.733 (8) 2.583

(Sr0.99Eu0.01)0.5Zr2(PO4)3 8.6947 (5) 23.3821 (10) 2.535 (7) 2.829 (8) 2.701

(Ba0.99Eu0.01)0.5Zr2(PO4)3 8.659 (10) 23.9241 (2) 2.734 (8) 2.888 (12) 2.850

Fig. 7. Schematic energy level diagram of Eu2+ ions in the A0.5Zr2(PO4)3 NASICONs

as a function of the crystal field.

Fig. 8. Emission spectra of the luminescence of NaZnAl(SO4)3:0.01Eu2+[30]. The

spectra were recorded for 356 nm.
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The center of gravity of the crystal-field splitting is affected by
the host lattice anion. When the ligand anions share electrons
with Eu2+ ion, the 5d level of Eu2+ shifts to lower energy. The
ligand O2� ions constitute the framework structure in the
NASICON structure, and the bond character of the framework
influences the nephelauxetic effect of O2� on the 5d level of Eu2+

at the interstitial sites. For A0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba), the
Zr2(PO4)3 framework was strictly covalent. Therefore, the nephe-
lauxetic effect of O2� did not change with the substitution of A
ions because of the small changes in the Zr2(PO4)3 framework. On
the contrary, the nephelauxetic effect of O2� is changed using a
different NASICON framework. Recently, we investigated the
luminescent properties of Eu-doped sulfate NASICON [30],
NaZnAl(SO4)3:Eu2+, which exhibited the Eu2+ emissions at higher
energy than phosphate NASICONs (Fig. 8). As sulfur and aluminum
have higher electronegativity (2.6 and 1.6) than phosphorus and
zirconium (2.2 and 1.3) [31], the framework structure of the
sulfate NASICON is more covalent than that of the phosphate. The
nephelauxetic effect of O2� in the sulfate NASICONs was smaller
than the phosphate. This explains the shift to higher energy in the
sulfate compared to the phosphates. A wide chromaticity of Eu2+

doped NASICONs is expected to be obtained by changing the
cation and anion species in the framework structure.
4. Conclusion

Eu2+ doped NASICON structured A0.5Zr2(PO4)3 (A ¼ Ca, Sr, Ba)
phosphors exhibited the blue and blue-green colored emissions
attributed to 4f65d1–4f7 transitions under UV excitation. Eu2+ ions
located at two interstitial spaces in the Zr2(PO4)3 framework,
which consisted of covalent Zr–O and P–O bonds. The Eu–O bond
length increased with the expansion of c axis from the Ca to Ba
systems. The emission energies of Eu2+ ions were discussed on
crystal field strength and the covalency of the framework
structure. The Eu2+ emissions in the ionic environments shifted
to higher energy with increasing Eu–O bond lengths due to the
small crystal field splitting. The comparison to Eu2+-doped sulfate
NASICON indicated that, the framework composition changes
center of gravity of the crystal-field splitting in Eu2+. The two
significant parameters vary with the elements forming the
framework structure, making continuous control of the emissions
from Eu2+ doped A0.5Zr2(PO4)3 phosphors.
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