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a b s t r a c t

The phosphors BaMg2(PO4)2 doped with Eu2+ and Mn2+ solely or doubly were prepared by solid state
reaction, and their luminescent properties were also investigated. Under the excitation of 322 nm, it has
been observed a broad blue emission band centered at 417 nm and a red emission band centered at about
ccepted 24 August 2010
vailable online 29 September 2010
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hosphor
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2+ 2+

665 nm, resulting from Eu2+ and Mn2+, respectively. Resonance-type energy transfers from Eu2+ to Mn2+

were discovered by directly overlapping the emission spectra of Eu2+ and the excitation spectra of Mn2+.
According to the changes of relative intensities of Eu2+ and Mn2+ emission, efficiencies of energy transfer
were calculated. Based on the principle of energy transfer, the relative intensities of blue and red emission
could be tuned by adjusting the contents of Eu2+ and Mn2+.

© 2010 Elsevier B.V. All rights reserved.

aMg2(PO4)2:Eu , Mn

. Introduction

As we know, Mn2+ ion is an efficient activator with wide emis-
ion band ranging from 500 to 700 nm in various host materials
1]. It has a weak emission because its d–d absorption transition is
pin forbidden when Mn2+ is solely doped. In general, the method
o enhance the emission intensity of Mn2+ is by introducing sen-
itizer Eu2+ because of its high efficiency for both excitation and
mission in many hosts. Typically, Eu2+ can transfer its absorbed
nergy fully or partly to Mn2+, consequently orange-reddish or
ingle-phase-full-color phosphors can be obtained [2–4]. Hence,
u2+ and Mn2+ co-doped luminescent materials have been studied
xtensively over the past few years [5,6]. For instance, Kim et al.
rst proposed that Eu2+ and Mn2+ co-doped Ba3MgSi2O8 could be
sed as single-phase full-color phosphors for fabrication of a warm
hite-light emitting diode [7]. Recently, Liu et al. further reported

hat by adding Si3N4 to compensate the green light emission, the
hosphors Ba3MgSi2O8: Eu2+, Mn2+ could emit white-light with
IE chromaticity coordinate (0.2605, 0.3084) [8]. Furthermore, Xiao
t al. first synthesized phosphor Ba2Ca(B3O6)2:Eu2+, Mn2+ which
xhibit a tunable color emission by adjusting the ratio of Eu2+
nd Mn2+ appropriately, and also investigated the energy transfer
echanisms [9].
In recent years, the luminescent properties of phosphate mate-

ials have been widely investigated because of the advantages

∗ Corresponding author. Tel.: +86 312 5079423; fax: +86 312 5079423.
E-mail address: mashuyuan841210@sina.com (S. Ma).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.08.088
such as excellent thermal and chemical stability [10,11]. Espe-
cially, many Eu2+ and Mn2+ co-doped phosphate materials have
been studied, such as Sr2Mg3P4O15 [12], Ca10K(PO4)7 [13] and
BaMgP2O7 [14], and so on. Currently, the compounds AB2(PO4)2
(A = Ca, Sr, Ba; B = Mg, Zn) have been considered to be efficient
luminescent hosts. Guo et al. have prepared the phosphor SrMg2
(PO4)2:Eu2+, Mn2+ with blue and red two emission bands [15]. Jeong
et al. reported that Sr1−xZn2−y(PO4)2:Eux

2+, Mny
2+ phosphor could

used for UV-based white-LEDs [16]. Moreover, our experimental
group have synthesized the phosphors (Ca/Ba)Zn2(PO4)2 and inves-
tigated the luminescent properties. To the best of our knowledge,
no paper has been published on the preparation of Eu2+ and Mn2+

doubly activated BaMg2(PO4)2 phosphors. Based on these consid-
erations, in this paper, we reported the preparation of phosphors
BaMg2(PO4)2:Eu2+, Mn2+ and discussed the energy transfer mech-
anism between Eu2+ and Mn2+.

2. Experimental

2.1. Synthesis of BaMg2(PO4)2:Eu2+, Mn2+ phosphor

Eu2+ or Mn2+ singly doped and Eu2+ and Mn2+ co-activated BaMg2(PO4)2 phos-
phors were prepared by solid state reaction technique. The starting materials,
including BaCO3, MnCO3, Mg(OH)2·4MgCO3·5H2O, NH4H2PO4 and Eu2O3 of purity
higher than 99.9%, were weighted in stoichiometric proportions, thoroughly mixed
and ground by an agate mortar and pestle for 30 min till they were well distributed.

Then the grinded powder which was placed in a small covered aluminum crucible
was put in a large crucible. The space between the two crucibles was filled with
carbon powder to reduce the Eu3+ migrating into the Eu2+ in the heating process.
The large crucible with its contents was calcined at 1050 ◦C for 4 h, and the samples
were obtained. Finally cool the samples to room temperature and grind them into
powder for measure.

dx.doi.org/10.1016/j.jallcom.2010.08.088
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mashuyuan841210@sina.com
dx.doi.org/10.1016/j.jallcom.2010.08.088
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locating at around 662 nm, which is due to the typical 4T1
(4G) → 6A1(6S) transition of Mn2+. Fig. 3 shows the emission spectra
of phosphors BaMg2−y(PO4)2:yMn2+ with the content y rang-
ing from 0.02 to 0.16. The emission intensity increases with the
ig. 1. (a) BaMg2(PO4)2 (JCPDS 16-0641), (b) the XRD pattern of
a0.99Mg2(PO4)2:Eu2+ and (c) the XRD pattern of Ba0.99Mg1.98(PO4)2:0.01Eu2+,
.02Mn2+.

.2. Characterizations of BaMg2(PO4)2:Eu2+, Mn2+ phosphor

The crystalline phases of the as-prepared phosphors were collected by powder
-ray diffraction spectroscopy (XRD6000 Shimadzu) with Cu K� (� = 0.15406 nm)
adiation operating at 40 kV and 40 mA, and the XRD patterns were recorded in the
ange of 10◦ ≤ 2� ≤ 55◦ . The emission and excitation spectra were measured using
itachi F-4600 fluorescence spectrophotometer equipped with a 450 W xenon lamp.
he scan speed was 240 nm/min with a step of 0.2 nm and the response time was
.05 s. For comparison, all measurements were performed at room temperature with
he identical instrumental parameters.

. Results and discussion

.1. Phase analysis

The phase purity and the crystal structure of samples were
haracterized by powder X-ray diffraction. Since the XRD patterns
f all samples are the same as each other in our experiments,
nly the XRD patterns of Eu2+ singly doped and Eu2+, Mn2+

o-activated BaMg2(PO4)2 phosphors are illustrated in Fig. 1.
urve (a) shows the Joint Committee on Powder Diffraction Stan-
ards (JCPDS 16-0641). Curves (b) and (c) present the patterns
f Ba1−xMg2(PO4)2:xEu2+ and Ba1−xMg2−y(PO4)2:xEu2+, yMn2+,
espectively. Comparing curve (a) with (b) and (c), it is found that
he diffraction peaks are found to be consistent with the standards
ard, but only the peaks shift a little to right. Results indicate that
he dopants do not induce a significant change in the crystal struc-
ure and no purity phase has been observed in the samples, clearly
uggesting that the activator and co-activator have been incorpo-
ated in the lattice. Considering the effect of ionic sizes of cations,
t is predicted that Eu2+ and Mn2+ are proposed to occupy the Ba2+

nd Mg2+ sites, respectively, because the ionic radii of Eu2+(1.17 Å)
nd Mn2+(0.67 Å) are close to that of Ba2+(1.35 Å) and Mg2+(0.72 Å).

.2. Excitation and emission spectra of Eu2+ or Mn2+ solely doped
aMg2(PO4)2
The emission and excitation spectra of Eu2+ or Mn2+ singly acti-
ated phosphors were investigated. A broad excitation band in the
ange of 225–400 nm centered at 322 nm is observed in Fig. 2. This
xcitation band is attributed to the 4f7 ground state to the 4f65d1

xcited state of Eu2+. The phosphor BaMg2(PO4)2:Eu2+ under the
Fig. 2. The emission and excitation spectra of samples Ba1−xMg2(PO4)2:xEu2+

(x = 0.01–0.1).

excitation of 322 nm exhibits a strong emission band. Fig. 2 presents
the emission spectra of Ba1−xMg2(PO4)2:xEu2+ (x = 1–10%). A blue-
purple emission band is located at about 417 nm corresponding to
the typical 4f65d1(t2g) → 4f7(8S7/2) transition of Eu2+, and no char-
acteristic emission peaks from Eu3+ are observed, implying that
Eu3+ ions have been reduced to Eu2+ completely in our experi-
ments. The emission intensities of the phosphors vary with the
content Eu2+, while with increasing the concentration, the inten-
sity increases until the intensity reaches a maximum at 0.08, and
thereafter the intensity is decreased. The decrease in the emis-
sion intensity occurs as a result of concentration quenching. As the
content of Eu2+ ions is increased, the distance between Eu2+ ions
becomes closer, resulting in a higher probability of energy transfer
among these ions.

It is well known that divalent Mn2+ has a broad band,
the position of which depends strongly on the crystal field of
the host materials. Generally, tetrahedrally coordinated Mn2+

ions (weak crystal field) exhibit a green emission; octahedrally
coordinated Mn2+ ions (strong crystal field) give an orange to
red emission. For the case of BaMg2−y(PO4)2:yMn2+, the spec-
tral distribution of the emission spectra exhibits a broad band
Fig. 3. The emission spectra of samples BaMg2−y(PO4)2:yMn2+ (y = 0.02, 0.04, 0.08,
0.12, 0.16) and inset of the figure is the excitation spectra BaMg1.96(PO4)2:0.04Mn2+.
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ig. 4. The emission and excitation spectra of Ba0.98Mg2(PO4)2:0.02Eu2+ (a),
aMg1.96(PO4)2:0.04Mn2+ (b) and Ba0.98Mg1.96(PO4)2:0.02Eu2+, 0.04Mn2+ (c).

ncrease of Mn2+ concentration, and no concentration quench-
ng appears in our experimental range. The excitation spectra of
aMg1.96(PO4)2:0.04Mn2+ illustrated in the inset of Fig. 3 consists
f several bands centered at 225, 335, 353, 416and 438 nm, respec-
ively. The peaks at 335, 353, 416 and 438 nm are assigned to the
ransitions from 6A1(6S) to 4E(4D), 4T2(4D), 4T2(4G) and 4T1(4G)
evels of Mn2+, respectively.

2+ 2+
.3. Luminescent properties of Eu and Mn co-doped
aMg2(PO4)2

Resonance-type energy transfer generally plays a central role in
he Eu2+ and Mn2+ co-doped host matrix, such as BaMg2Si2O7 [17],

Fig. 6. Dependence of IS0/IS of Eu2+ o
Fig. 5. The emission spectra of phosphors Ba0.96Mg2−y(PO4)2:0.04Eu2+, yMn2+ for
different Mn2+ concentrations: y = 0, 0.02, 0.04, 0.08, 0.12, respectively, and depen-
dence of the energy transfer efficiency �T on Mn2+ concentration y.

BaZnP2O7 [18] and Ca5MgSi3O12 [19], and so on. The Eu2+ or Mn2+

singly doped BaMg2(PO4)2 phosphor emits blue or red light, so it
is possible to obtain a phosphor with double color emission by the
introduction of Eu2+ and Mn2+ if energy transfer exists. In order to
prove our design, we investigate the system of Eu2+ and Mn2+ co-
doped BaMg2(PO4)2 phosphor. The emission and excitation spectra
of BaMg2(PO4)2:Eu2+, BaMg2(PO4)2:Mn2+ and BaMg2(PO4)2:Eu2+,

2+
Mn are displayed in Fig. 4 in a comparable way. Comparing the
emission spectra of BaMg2(PO4)2:Eu2+ with the excitation spectra
of BaMg2(PO4)2:Mn2+, it is observed that a significant spectral over-
lap is found at the region of 400–500 nm, suggesting that energy
transfer could be take place in the host. As expected in Fig. 4(c),

n (a) C6/3, (b) C8/3 and (c) C10/3.
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here are blue and red double color emission bands in the emission
pectra of Eu2+ and Mn2+ co-doped BaMg2(PO4)2 phosphor. The
xcitation spectra monitored at 417 and 665 nm both have strong
bsorption band ranging from 225 to 400 nm. It is clearly shown
hat the two excitation spectra are the same except the relative
ntensity and also proven the existence of energy transfer from Eu2+

o Mn2+.
The variations in the emission intensities of Eu2+ and Mn2+ with

he content of Mn2+ are investigated. Fig. 4 shows the emission
pectra of phosphors Ba0.96Mg2−y(PO4)2:0.04Eu2+, yMn2+ (y = 0,
.02, 0.04, 0.08, 0.12) under the excitation of 322 nm. It can be
een that when the concentration of the activator Mn2+ is altered,
o shift of red emission peak is observed. With increasing Mn2+

oncentration, the relative intensity of blue emission decreases
rastically, whereas that of the red emission increases gradually.
his could be an evidence that the effective energy transfer exists
n the Eu2+ and Mn2+ co-activated BaMg2(PO4)2 system. The energy
ransfer efficiency (�T) from Eu2+ to Mn2+ has been discussed by
aulose et al. and can be calculated by the following formula [20]:

T = 1 − IS
IS0

, (1)

here IS0 and IS are the luminescence intensities of the sensitizer
Eu2+) with and without activator (Mn2+) present. The �T from Eu2+

o Mn2+ in Ba0.96Mg2−y(PO4)2:0.04Eu2+, yMn2+ is calculated as a
unction of Mn2+ concentrations y and is presented in the inset of
ig. 5. The value �T is found to be increased with increasing Mn2+

oncentration.
Based on Dexter

′
s energy transfer formula of multipolar inter-

ction and Reisfeld’s approximation, the following relation can be
btained [21]:

�0

�
∝ Cn/3, (2)

here �0 and � are the luminescence quantum efficiency of Eu2+ in
he absence and presence of Mn2+, respectively; the values of �0/�
an be approximately calculated by the ratio of related lumines-
ence intensities (IS0/IS); C is the concentration of Mn2+; and n = 6,
and 10 corresponded to dipole–dipole, dipole–quadrupole, and

uadrupole–quadrupole interactions, respectively. The IS0/IS–Cn/3

lots are further presented in Fig. 6(a)–(c), and only when n = 6,
he linear relation was found, implying that ETEu → Mn is the

ipole–dipole mechanism. According to above results, it draws con-
lusions that energy transfer between Eu2+ and Mn2+ exists in the
hosphors BaMg2(PO4)2:Eu2+, Mn2+, and the ratio of blue to red
mission can be adjusted by tuning the concentrations of Eu2+ and
n2+.

[

[

[

ompounds 509 (2011) 76–79 79

4. Conclusions

In conclusion, a series of phosphors Eu2+ and Mn2+ singly
or doubly doped BaMg2(PO4)2 were synthesized and their opti-
cal properties were studied. The spectroscopic data indicated
that the energy transfer from Eu2+ to Mn2+ took place in the
host BaMg2(PO4)2. And the energy transfer in the phosphor
BaMg2(PO4)2:Eu2+, Mn2+ has been demonstrated to be a resonant
type via a dipole–dipole mechanism. Furthermore, adjusting the
concentrations of Eu2+and Mn2+ could tune the relative intensity
of blue and red emission. Eu2+ and Mn2+ co-doped BaMg2(PO4)2
was a promising double colors emission phosphor.
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