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Abstract

A series of Ba2Mg1�xMnxP4O13 (x = 0–1.0) and Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0–0.15) phosphors were prepared by conventional solid-

state reaction. X-ray powder diffraction (XRD), the photoluminescence spectra, and the decay curves are investigated. XRD analysis shows that the

maximum tolerable substitution of Mn2+ for Mg is about 50 mol% in Ba2MgP4O13. Mn2+-singly doped Ba2MgP4O13 shows weak red-

luminescence peaked at about 615 nm. The Eu2+/Mn2+ co-doped phosphor emits two distinctive luminescence bands: a blue one centered at

430 nm originating from Eu2+ and a broad red-emitting one peaked at 615 nm from Mn2+ ions. The luminescence of Mn2+ ions can be greatly

enhanced with the co-doping of Eu2+ in Ba2MgP4O13. The efficient energy transfer from Eu2+ to Mn2+ is verified by the excitation and emission

spectra together with the luminescence decay curves. The emission colors could be tuned from the blue to the red-purple and eventually to the deep

red. The resonance-type energy transfer via a dipole–quadrupole interaction mechanism is supported by the decay lifetime data. The energy

transfer efficiency and the critical distance are calculated and discussed. The temperature dependent luminescence spectra of the Eu2+/Mn2+ co-

doped phosphor show a good thermal stability on quenching effect.
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1. Introduction

Mn2+ ions have been widely investigated in the materials for

the luminescent [1–4], electrical [5], magnetic [6], and mechanical

[7] properties, etc. The typical luminescence of Mn2+ (3d5) is

attributed to the 4T1! 6A1 transitions. From the Tanabe–Sugano

diagram, the emission transition of 4T1g(G) ! 6A1g(G) in Mn2+

ions depends on the crystal field strength of the substituted sites

[8]. For example, the Mn2+ in tetrahedral coordination usually

gives a green emission, whereas Mn2+ with octahedral coordina-

tion gives a red emission. This gives a wide usage of Mn2+-doped

compounds for fluorescent lamps, cathode ray tubes and white

light-emitting diodes (LEDs) [9,10].

As described in the Sugano–Tanabe diagram the groundstate of

Mn2+ has six manifold spin degeneracy. However, no excited

states of Mn2+ have sextet spin degeneracy [8]. As a result, all the

absorption transitions to the excited state are spin-forbidden with
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low transition probabilities. In order to increase the emission

intensity, a sensitizer has to be used to increase the excitation of

Mn2+ ions, e.g., Eu2+ [11,12] or Ce3+ [13]; since the energy levels

of excited states from Mn2+ match with some energy levels of Eu2+

and Ce3+ ions, the energy transfer from Eu2+ or Ce3+ to Mn2+ has

been studied extensively in many hosts, for example, silicates [14–

16], borates [17], aluminates [18], and phosphates [19]. Among

these phosphors, Eu2+/Mn2+ co-doped phosphates have been paid

great attention because the efficient energy transfer could occur

from Eu2+ to Mn2+, for example, Ca9Gd(PO4)7:Eu2+,Mn2+

[20,21], Ca9Y(PO4)7:Eu2+,Mn2+ [22], Ca9Lu(PO4)7:Eu2+,Mn2+

[23], Ca9Y(PO4)7:Ce3+,Mn2+ [24], Ca8MgLa(PO4)7:Ce3+,Mn2+

[25], (Ca,Mg,Sr)9Y(PO4)7:Eu2+,Mn2+ [26], Ca6Mg(PO4)4:E-

u2+,Mn2+ [27], Ca10K(PO4)7:Eu2+,Mn2+ [28], Ca2P2O7:E-

u2+,Mn2+ [29,30], and (Sr,Ca)2P2O7:Eu2+,Mn2+ [31], etc. These

phosphates are considered to be the excellent phosphors for W-

LEDs. Eu2+ ions can absorb UV or near-UV light (n-UV), and

Mn2+ can give an enhanced red emission through Eu2+! Mn2+

energy transfer.

Recently Eu2+-activated Ba2MgP4O13 has been reported to

have the efficient blue luminescence and an excellent thermal
d.
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Fig. 1. XRD patterns of Ba2Mg1�xMnxP4O13 (x = 0, 0.01, 0.03, 0.05, 0.07, 0.1,

0.12, 0.15, 0.30, 0.50, 0.60, 0.85, 1.0) and JCPDs Card No. 16-0640

(Ba2MgP4O13). * and # denote the appearance of impurity phases of

BaMn(PO3)4 and Ba3(PO4)2, respectively.

Fig. 2. The luminescence spectra of Ba2Mg1�xMnxP4O13 (x = 0.01, 0.03, 0.05,

0.07, 0.1, 0.12, 0.15).
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stability against the temperature quenching. It is a potential

blue-emitting phosphor for the application in n-UV based W-

LEDs [32]. In this work, the phase formation, and luminescence

colors of Mn2+-doped and Eu2+/Mn2+ co-doped Ba2MgP4O13

are studied. Mn2+-singly doped Ba2MgP4O13 presents weak red

luminescence, which can be greatly enhanced by Eu2+ co-

doping due to the efficient energy transfer from Eu2+ to Mn2+.

Ba2MgP4O13:Eu2+,Mn2+ phosphors with the variation of Mn2+

were synthesized and examined by XRD and photolumines-

cence spectra. The luminescence properties, color chromaticity

and energy transfer phenomenon are discussed.

2. Experimental

Polycrystalline samples of Ba2Mg1�xMnxP4O13 (x = 0, 0.01,

0.03, 0.05, 0.07, 0.1, 0.12, 0.15, 0.30, 0.50, 0.60, 0.85, 1.0) and

Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0, 0.01, 0.03, 0.05, 0.07, 0.1,

0.12, 0.15) were prepared by high temperature solid-state

reaction method. The starting material was a stoichiometric

mixture of reagent grade C4Mg4O12–H2MgO2�5H2O (magne-

sium carbonate basic pentahydrate), BaCO3, NH4H2PO4,

MnCO3 and Eu2O3.

Firstly, the mixture was heated up to 350 8C and kept at this

temperature for 6 h. The powder obtained was thoroughly

mixed in acetone and then heated up to 850 8C and kept at this

temperature for 5 h in air. After that, the sample was thoroughly

mixed and heated in air at 1050 8C for 10 h in a reducing

atmosphere.

XRD were collected on a Rigaku D/Max diffractometer

operating at 40 kV, 30 mA with Bragg-Brentano geometry

using Cu Ka radiation (l = 1.5405 Å). The excitation and

luminescence spectra were recorded on a Perkin-Elmer LS-50B

luminescence spectrometer with Monk-Gillieson type mono-

chromators and a xenon discharge lamp used as the excitation

source. The luminescence decay curves were measured by the

excitation of 355 nm pulsed Nd:YAG laser (Spectron Laser Sys.

SL802G). The signals were recorded by the 500 MHz digital

oscilloscope (Tektronix DPO 3054).

3. Results and discussion

3.1. The phase formation

Considering the ionic radius of Ba2+ (1.42 Å), Mg2+

(0.72 Å), Eu2+ (1.25 Å) and Mn2+ (0.83 Å), it is predicted

that Eu2+ and Mn2+ prefer to occupy the Ba2+ and Mg2+ sites in

Ba2MgP4O13, respectively. Fig. 1 shows the XRD patterns of

Ba2Mg1�xMnxP4O13 (x = 0, 0.01, 0.03, 0.05, 0.07, 0.1, 0.12,

0.15, 0.30, 0.50, 0.60, 0.85, 1.0) and JCPDs Card No. 16-0640

(Ba2MgP4O13). The XRD patterns of the samples with x = 0–

0.5 are consistent with JCPDs Card No. 16-0640 (Ba2MgP4O13)

and can be indexed to single phase orthorhombic Ba2MgP4O13

[33]. This indicates that the doping of Mn2+ (x � 0.5) does not

significantly change the phase structure of samples.

However, several extra refraction peaks were observed on

the XRD pattern of sample Ba2Mg1�xMnxP4O13 (x > 0.5). The

relative intensities of these extra peaks steadily increase with
increasing x-value above 0.5. By searching and comparing the

extra refraction patterns with the data base of standard JCPDs

Cards for inorganic materials, the main impurities formed in

samples are the new crystal phases of BaMn(PO3)4 (PDF#29-

0189) and Ba3(PO4)2 (PDF#24-0116). The syntheses of these

samples were repeated for three times. The results indicate that

the impurity phases always appear when the doping of Mn2+

exceeds 50 mol%. The experimental results confirm that the

maximum tolerable substitution of Mn2+ for Mg2+ is 50 mol%.

3.2. The concentration dependent emission spectra and

decay

The concentration dependence of the emission spectra on the

Mn2+ doping is investigated. The emission spectra of

Ba2Mg1�xMnxP4O13 (x = 0.01–0.85) are shown in Fig. 2. All

the spectra of Ba2Mg1�xMnxP4O13 (x = 0.01, 0.03, 0.05, 0.07,

0.1, 0.12, 0.15, 0.30, 0.50) show a broad emission centered at

about 615 nm, due to the 4T1–6A1 transitions of Mn2+ ions (the

luminescence spectra of Ba2Mg1�xMnxP4O13 (x = 0.30, 0.50)

were not shown in Fig. 2 for a conciseness). The luminescence



Fig. 3. The luminescence decay curves of Ba2Mg1�xMnxP4O13 (x = 0.05–

0.85); the inset shows the dependence of lifetime values on the Mn2+ doping.

Fig. 4. The excitation spectra of Ba2Mg1�xMnxP4O13 (x = 0.05–1.0). The

transitions from the ground state 6A1g(S) to the excited states are labeled.

Fig. 5. The luminescence spectra of Mn2+-singly doped Ba2Mg1�xMnxP4O13

(x = 0.1) (a) and Eu2+/Mn2+ co-doped Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0.1)

(b); the excitation spectra of Ba2Mg1�xMnxP4O13 (x = 0.1) (c); and the lumi-

nescence spectrum of Ba1.94Eu0.06MgP4O13 (d).
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is enhanced with increasing Mn2+-concentration until the

maximum intensity reaches at x = 0.12, and then it decreases at

the concentration higher than 12 mol% because of the

concentration quenching.

Fig. 3 shows the luminescence decay curves of Mn2+ ions in

Ba2Mg1�xMnxP4O13 (x = 0.05–0.85). The luminescence curves

of Ba2Mg1�xMnxP4O13 (x = 0.05–0.3) present good single

exponential decay profiles, which are well fitted by a single

exponential equation:

I ¼ A1exp � t

t

� �
(1)

However, the other curves could not be fitted by a single

exponential process, which show fast decay at the initial stage

and then slow decay at the later time region. The non-

exponential decay curves of Ba2Mg1�xMnxP4O13 (x = 0.5–

0.85) can be fitted to the effective lifetime defined as the

following [34]:

taverage ¼
R1

0
IðtÞtdtR1

0
IðtÞdt

(2)

where I(t) represents the luminescence intensity at a time t after

the cutoff of the excitation light. The lifetime values are

displayed in inset in Fig. 3.

The emission of Ba2Mg1�xMnxP4O13 (x = 0.05–0.3) keeps

the nearly constant lifetime values, which are typical for the

parity and spin forbidden 4T1! 6A1 transition of Mn2+ [35].

However, it decreases fast with increasing Mn2+ doping. The fast

component is attributed to the rapid energy transfer from Mn2+

ion to closely spaced neighbor Mn2+ ion, which are shorter and

shorter as the Mn2+ concentration increases. It has been reported

that an increase of Mn2+ concentration produces a decrease of

Mn2+ luminescence lifetime [36]. This was explained in terms of

cross-relaxation interactions between the close Mn2+ pairs.

3.3. The excitation spectra of Eu2+ and Mn2+

The excitation and emission spectra of Eu2+-doped

Ba2MgP4O13 have been recently reported [32]. The excitation
band of Eu2+ locates in a wavelength range 250–400 nm,

indicating that this phosphor can be well excited at the

wavelength range from deep UV to near UV. The Ba2Mg-

P4O13:Eu2+ phosphor shows an intense blue emission band

peaking at 430 nm.

The excitation spectra of Ba2Mg1�xMnxP4O13 (x = 0.05–

1.0) are shown in Fig. 4. The bands are attributed to the d–d

transitions of Mn2+; it consists of several absorption bands

associated with Mn2+ transition from the ground state 6A1g(S)

to the excited states 4T1g(G), 4T2g(G), [4A1g(G), 4Eg(G)],
4T2g(D), 4Eg(D), 4T1g(P), 4A2g(F), 4T1g(F), and 4T2g(F).

Even the corresponding transitions are spin-forbidden, the

absorption bands from 350 to 450 nm for the Mn2+-doped

Ba2Mg1�xMnxP4O13 (x = 0.05–1.0) can be detected.

Under the UV lamp excitation, the Mn2+-singly doped

samples show weak pink-red color. However, the Eu2+/Mn2+

co-doped samples display bright luminescence. Fig. 5(a) and

(b) shows the luminescence spectra of Mn2+-singly doped

Ba2Mg1�xMnxP4O13 (x = 0.10) and Eu2+/Mn2+ co-doped

Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0.1), respectively. Under
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the same measurement conditions, the luminescence intensity

of Mn2+ in Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0.1) is greatly

enhanced in comparison with that of Ba2Mg1�xMnxP4O13

(x = 0.1). This indicates that the efficient energy transfer takes

place from Eu2+ to Mn2+ ions, which can be also approved by

the good spectra overlap between the excitation of

Ba2Mg1�xMnxP4O13 (x = 0.1) (Fig. 5(c)) and the luminescence

spectrum of Ba1.94Eu0.06MgP4O13 (Fig. 5(d)) in the region of

400–450 nm. On the other hand, the emission spectrum of

Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0.1) (Fig. 5(d)) consists of

two broad emission bands centered at 430 and 615 nm,

originating from the Eu2+ and Mn2+, respectively.

3.4. The energy transfer from Eu2+ to Mn2+

The luminescence spectra for Eu2+/Mn2+ co-doped phosphors

Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0–0.15) are shown in Fig. 6(a).

The integrated luminescence intensities of Eu2+ and Mn2+ ions

were calculated and shown in Fig. 6(b). With increasing Mn2+

concentration up to 10 mol%, the emission intensity of the Eu2+

decreases drastically, whereas the red-emission of Mn2+ increases.

This could be the evidence that the effective energy transfer from

Eu2+ to Mn2+ takes place.

Furthermore, the decay curves of Ba1.94Eu0.06Mg1�xMnxP4O13

monitored at 430 nm (Eu2+ emission) are shown in Fig. 7(a). The

decay curve of Ba1.94Eu0.06MgP4O13 is single exponential, which
Fig. 6. (a) The emission spectra of Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0–0.15)

excited at 355 nm; (b) the integrated emission intensities of Eu2+ and Mn2+.
can be well fit in Eq. (1). However, the decay curves of Eu2+

emission in the Eu2+/Mn2+ co-doped samples could not be fitted by

a single exponential process, which can be fitted to the effective

lifetime as defined in Eq. (2). The decay lifetime t of Eu2+

emission reduced monotonically from 0.54 to 0.086 ms as x

increased from 0 to 0.15. The energy transfer efficiency hT from

Eu2+ to Mn2+ has been reported to be expressed by the following

formula [37]:

hT ¼ 1 � tS

tS0

ffi 1 � IS

IS0

(3)

where tS0 and tS are the decay lifetimes of the sensitizer (Eu2+)

in the absence and presence of the activator (Mn2+), respec-

tively. IS0 and IS are the luminescence intensities of the

sensitizer Eu2+ in the absence and presence of the activator

Mn2+, respectively. hT, the energy transfer efficiency from Eu2+

to Mn2+ in Ba1.94Eu0.06Mg1�xMnxP4O13, calculated as a func-

tion of x, is shown in Fig. 7(b). With increasing Mn2+ dopant

content, the hT is found to increase and reach the saturation

when x is above 0.15.

On the base of the Dexter’s energy transfer formula of

multipolar interaction and Reisfeld’s approximation, the

following relation can be obtained [38,39]:

hS0

hS

/ Ca=3 and
IS0

IS
/ Ca=3 (4)
Fig. 7. (a) The luminescence decay curves of Ba1.94Eu0.06Mg1�xMnxP4O13

(x = 0–0.15) excited at 355 nm and monitored at 430 nm from Eu2+ emission;

(b) the dependence of energy transfer efficiency on the Mn2+ doping level.



Fig. 9. CIE chromaticity coordinates of Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0–

0.15).

Fig. 10. The emission spectra of Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0.1) from

20 to 150 8C under excitation of 355 nm; the insert is the integrated emission

intensity normalized with respect to the value at 20 8C.
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where hS0 and hS are the luminescence quantum efficiencies of

Eu2+ in the absence and presence of Mn2+, respectively; the

value of hS0/hS can be approximately estimated from the

luminescence intensity ratio (IS0/IS); C is the concentration

of Mn2+; and a = 6, 8, and 10 for dipole–dipole, dipole–

quadrupole, and quadrupole–quadrupole interactions, respec-

tively. Thus Eqs. (3) and (4) can be represented by the following

equation [24]:

tS0

tS
/ Ca=3 (5)

Plots of tS0/tS and a/3 based on the above equation are also

shown in Fig. 8. Linear behavior is observed only when a = 8,

implying that energy transfer from Eu2+ to Mn2+ occurrs via the

dipole–quadrupole mechanism.

The critical distance Rc for the energy transfer from Eu2+ to

Mn2+ was calculated using the concentration quenching method.

The average distance REu–Mn between Eu2+ and Mn2+ can be

represented by the equation suggested by Blasse [39]:

REu�Mn ¼ 2
3V

4pXN

� �1=3

(6)

where N is the number of molecules in the unit cell, V is the unit

cell volume and x is the total concentration of Eu2+ and Mn2+. If

the critical concentration xc is used in the above equation, Rc

can be obtained. The critical concentration xc is defined as, at

which the luminescence intensity of Eu2+ reduces to half of that

for the sample in the absence of Mn2+. It can be derived from

Fig. 4 that when the Mn2+ content is about 0.03, the lumines-

cence intensity of Eu2+ decreases to half. Accordingly xc is

about 0.04 + 0.03 = 0.07. By taking the experimental and ana-

lytic values of V, N and xc (497.97 Å3, 2, 0.07, respectively), the

critical distance Rc is estimated by Eq. (6) to be about 18.9 Å.

3.5. The luminescence color and thermal stability

The CIE coordinates for Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0–

0.15) phosphors were calculated and are shown in Fig. 9. The

luminescence colors for samples with different x-value vary from

UV to deep red: (x = 0: 0.148, 0.123), (x = 0.005: 0.108, 0.148),
Fig. 8. The dependence of t0/t of Eu2+ on (a) CMn
6/3, (b) CMn

8/3, and (c) CMn
10/3.
(x = 0.01: 0.233, 0.132), (x = 003: 0.292, 0.173), (x = 0.05:

0.337, 0.197), (x = 0.07: 0.421, 0.253), (x = 0.1: 0.556, 0.267),

(x = 0.12: 0.605, 0.3), (x = 0.15: 0.643, 0.318).

The temperature-dependent luminescence spectra of

Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0.1) are shown in Fig. 10.

The weaker peak is originated from the 5d–4f transition of Eu2+

ions, and the intense broad emission is from the Mn2+ ions.

With increasing temperature, the thermal quenching is

observed. Inset in Fig. 10 represents the temperature

dependence of the integrated emission intensities normalized

to the value at 20 8C. The emission intensity at 150 8C is

decreased to 82% of the initial value at 20 8C. The results show

that the Ba1.94Eu0.06Mg1�xMnxP4O13 (x = 0.1) phosphor has a

good thermal stability on temperature quenching effect.

4. Conclusions

Ba2Mg1�xMnxP4O13 (x = 0–1.0) and Ba1.94Eu0.06Mg1�xMnx

‘P4O13 (x = 0–0.15) phosphors were prepared by conventional
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solid-state reaction. The overlap of the emission spectrum of

Ba2MgP4O13:Eu2+ with excitation spectrum of Ba2Mg-

P4O13:Mn2+ indicates effective energy transfer from Eu2+

to Mn2+ in Ba2MgP4O13:Eu2+,Mn2+. The emission intensity

of Ba2MgP4O13:Mn2+ peaked at 615 nm is weak. The co-

doping of Eu2+ as a sensitizer results in a great enhancement

of the emission intensity of Mn2+. The optimum concentra-

tion of Mn2+ with a fixed Eu2+ concentration of 3 mol% in

Ba2MgP4O13:Eu2+,Mn2+ is about 10 mol%. The CIE chro-

maticity coordination for Ba1.94Eu0.06Mg1�xMnxP4O13

(x = 0–0.15) vary from blue to red-purple and eventually

to deep red through the energy transfer from Eu2+ to Mn2+.

The energy transfer from Eu2+ to Mn2+ is demonstrated to be

attributed to an electric dipole quadrupole interaction,  and

the critical distance is calculated to be about 18.9 Å. The

temperature dependence of luminescence shows this phos-

phor has an excellent thermal stability on the temperature

quenching. It is believed that Ba1.94Eu0.06Mg1�xMnxP4O13

(x = 0–0.15) could be potential for the use in red lamps or

W-LEDs.
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