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a b s t r a c t

Red phosphors gadolinium tungstate and molybdate with the formula Gd(2�x)MO6:Eux
3+ (M ¼ Mo, W)

were successfully synthesized by the solid-state reaction at 900 and 1300 1C for 4 h, respectively. The

products were characterized by an X-ray powder diffractometer (XRD), TG–DSC, FT-IR, PL, UV–vis and

SEM. Room-temperature photoluminescence indicated that the as-prepared Gd(2�x)MO6:Eux
3+ (M ¼ Mo,

W) had a strong red emission, which is due to the characteristic transitions of Eu3+ (5D0-
7FJ, J ¼ 0, 1, 2,

3, 4) for these phosphors. Meanwhile, the 5D0-
7F2 is in the dominant position. The emission quantum

efficiency of Eu3+ in the Gd(2�x)MO6:Eux
3+ (M ¼ Mo, W) system has been investigated. The XRD results

indicate that both Gd2WO6 and Gd2MoO6 belong to the monoclinic system with space group C2/c

[A. Bril, G. Blasse, J. Chem. Phys. 45 (1966) 2350–2356] and I2/a [A. Bril, G. Blasse, J. Chem. Phys. 45

(1966) 2350–2356], respectively. SEM images indicate that the shape of Gd1.96WO6:Eu0.04
3+ is aggregated

small particles with a mean diameter of about 300 nm, and the shape of Gd1.96MoO6:Eu0.04
3+ is block-like

structures.

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

With the development of high-resolution devices such as
cathode-ray tubes, plasma display panel, field emission displays),
high-definition projection television and light-emitting diodes,
high-quality phosphors are needed urgently. High quantum
efficiency, effective excitation and absorption properties, suitable
color purity, and low cost, as well as better morphology and small
size are important factors for excellent phosphors [1]. Inorganic
phosphors have been extensively investigated for their lumines-
cent properties. As important materials in optical field, rare-earth
tungstate and molybdate are two families as the hosts of
phosphors that have promising applications in the field of
phosphors, optical fibers, scintillators, laser host material and so
on [2–7], such as CaWO4 [8], CaMoO4 [9], PbWO4 [10] and ZnWO4

[11] for their superior luminescence properties.
Gadolinium tungstate and molybdate Gd2MO6 (M ¼Mo, W)

have attracted much interest for their remarkable properties such
as ferroelectricity, laser hosts, phosphors and catalysis [12]. Eu3+

as one of the rare-earth ions has been extensively used as active
ions of red phosphors for several reasons: (a) the characteristic
ll rights reserved.
emission bands at �613 nm in the red region, and (b) Eu3+ can be
used as a probe to detect the crystal symmetry [13]. Eu3+-doped
gadolinium tungstate and molybdates are known as promising
host materials for display applications.

Compared with many studies on metal tungstate and molyb-
date, rare-earth tungstate and molybdate phosphors have been
less studied. Materials belonging to the tungstate and molybdate
families have a long history of practical application and have been
the object of extensive research over the past century [13].

We synthesized the phosphors of stoichiometric gadolinium
tungstate and molybdate doped with Eu3+ (Gd2MO6 (M ¼Mo,
W)), which were prepared according to a conventional solid-state
reaction method using Gd2O3 (99.99%), WO3 (A.R.), MoO3 (A.R.)
and Eu2O3 (99.99%) as the starting materials. The aim of this work
is to investigate their crystal structures and photoluminescence
properties.
2. Experimental section

Starting materials were Gd2O3 (99.99%), WO3 (A.R.), MoO3

(A.R.) and Eu2O3 (99.99%). Stoichiometric raw materials with the
formula of Gd1.94WO6:Eu0.06

3+ were ground in an agate mortar
for about 30 min, then transferred to a corundum crucible and
heated at 700, 900, 1100 and 1300 1C for 4 h in air, respectively.

www.sciencedirect.com/science/journal/yjssc
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Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and Gd1.96MoO6:Eu0.04

3+ by the same
process at 1300 1C for 4 h. Meanwhile, a series of phosphors
Gd(2�x)WO6:Eux

3+ (x ¼ 0, 0.08, 0.16, 0.32, 0.50, 0.80, 1.00, 2.00)
were prepared at 900 1C for 4 h to investigate the relationship of
luminescent intensity and the doping concentration of Eu3+.

A routine phase analysis was conducted with an X-ray powder
diffractometer (XRD, Bruker D8 Focus) operating at 40 kV/60 mA,
using monochromatized CuKa radiation. The size and shape of the
particles were measured by an environmental scanning electronic
microscope (Philip XL-30). FT-IR data were collected with a
Perkin-Elmer 2000 FT-IR spectrophotometer, and recorded in the
400–4000 cm–1 range using KBr pellets. Thermogravimetric
analysis was performed on an STA-409PC/4/H LUXX TG–DSC
instrument at a heating rate of 10 K/min to a maximum
temperature of 1573 K. Photoluminescence spectra were exam-
ined using a fluorescence spectrophotometer (SHIMADZU,
Fig. 1. XRD patterns of Gd2WO6:Eu3+ synthesized by solid-state reaction at (a)

700 1C, (b) 900 1C, (c) 1100 1C and (d) 1300 1C.

Fig. 2. (a) SEM image of Gd1.96WO6:Eu0.04
3+ synthesized by solid-state reaction at 900 1C f

at 60,000 times, (c) SEM image of Gd1.96MoO6:Eu0.04
3+ synthesized by solid-state reactio

Gd1.96MoO6:Eu0.04
3+ synthesized by solid-state reaction at 1300 1C for 4 h with the magn
RF-5301PC) with a Xe lamp at room temperature (RT). UV–vis
diffuse reflectance spectra (UV–vis DRS) of the samples were
obtained for dry pressed disk samples using a UV–vis spectro-
photometer (Lambda-900, Perkin-Elmer). BaSO4 was used as a
reference standard. The photoluminescent lifetime was recorded
on a single photon counting spectrometer from Edinburgh
Instrument (FLS920) with a hydrogen-filled pulse lamp as the
excitation source. The data were analyzed by iterative convolution
of the luminescence decay profile with the instrument response
function using the software package provided by Edinburgh
Instruments.
3. Result and discussion

Fig. 1 shows the X-ray diffraction patterns of Gd1.94WO6:
Eu0.06

3+ powders obtained by solid-state reaction calcined at
different temperatures for 4 h: (a) 700, (b) 900, (c) 1100 and (d)
1300 1C. The products obtained at 700 1C contain two phases:
Gd2(WO4)3 (JCPDS 23-1076) and Gd2WO6 (JCPDS 78-1704). The
diffraction peaks of (b)–(d) can be indexed to the Gd2WO6 phase
with space group C2/c [15], which corresponds to JCPDS card no.
78-1704 with lattice parameters of a ¼ 16.380, b ¼ 11.159 and
c ¼ 5.420. No impurity peaks were detected in the experimental
range. That is, we can obtain pure monoclinic Gd2WO6 at 900 1C.
The XRD patterns at different calcined temperature indicate that
with increase in temperature, the broad diffraction peak became
sharper gradually. The strong and sharp diffraction peaks (Fig. 1d)
indicate the good crystallization of Gd2WO6.

The size and shape of the as-prepared products were measured
by SEM. Figs. 2(a) and (b) show the SEM images of the product
calcined at 900 1C for 4 h. From the low magnification times
of Fig. 2(a), we can observe the whole shape of the as-synthesized
products. Several blocks were composed of loosely aggregated
nano-particles. Fig. 2(b) shows one of the magnification images;
we can observe that Gd2WO6 microstructures were composed of
small particles with a diameter of about 300 nm, and the particles
aggregated. Figs. 2(c) and (d) are the SEM images of Gd2MoO6

synthesized at 1300 1C for 4 h with different magnification times.
or 4 h with the magnification time of 20,000, (b) is the same as (a) being magnified

n at 1300 1C for 4 h with the magnification time of 10,000 and (d) SEM image of

ification times of 40,000.
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Fig. 3. FT-IR of Gd1.96WO6:Eu0.04
3+ phosphor synthesized by solid state at different

temperature for 4 h (a) 700, (b) 900 and (c) 1300 1C.

Fig. 4. XRD patterns of (a) Gd1.96WO6:Eu0.04
3+ , (b) Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and (c)

Gd1.96MoO6:Eu0.04
3+ synthesized by solid-state reaction at 1300 1C for 4 h.

Fig. 5. TG–DSC curve of (a) Gd1.96WO6:Eu0.04
3+ and (b) Gd1.96MoO6:Eu0.04

3+ .
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The shape of Gd2MoO6 is block-like structures with the diameter
at �5mm, and some small particles attached on the surface of the
blocks can be observed. Its size is larger than that of Gd2WO6,
which can be attributed to the higher calcinated temperature.

Fig. 3 shows the FT-IR spectrum of Gd2WO6:Eu3+ powders
obtained by solid-state reaction at different calcination tempera-
tures: (a) 700, (b) 900 and (c) 1300 1C. The bands at 3454 and
1637 cm�1 are assigned to the O–H stretching vibration and the
H–O–H bending vibration of physical absorption water. The band
at 2352 cm�1 in Figs. 3(a)–(c) is ascribed to the C–O vibration of
CO2 in air. The band at �876 cm�1 can be assigned to the
stretching mode of W–O bonds in joint WO6 octahedra [14]. The
FT-IR spectra of Figs. 3(b) and (c) have nearly the same vibration
bands, because the products obtained at 900 and 1300 1C are of
the same phase Gd2WO6:Eu3+ with different crystallization. The
band ranging from 881 to 675 cm�1 has an obvious split in
Fig. 3(a), which corresponds to the W–O vibration in the [WO4]2�

and [WO6]6� groups, respectively.
Fig. 4 shows the XRD patterns of (a) Gd1.96WO6:Eu0.04

3+ , (b)
Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and (c) Gd1.96MoO6:Eu0.04
3+ synthesized

by solid-state reaction at 1300 1C for 4 h. Fig. 4(a) is the XRD
pattern of the Gd2WO6 phase with space group C2/c [15], which
corresponds to JCPDS card no. 78-1704 (a ¼ 16.380, b ¼ 11.159,
c ¼ 5.420). Monoclinic Gd1.96MoO6:Eu0.04

3+ (Fig. 4c) belongs to the
I2/a [15] space group with the lattice parameters of a ¼ 15.670,
b ¼ 11.160 and c ¼ 5.419 (JCPDS card no. 24-0423). The molybdate
Gd2MoO6 is isomorphous with Gd2WO6 [15]. The diffraction
intensity of the Gd1.96W0.5Mo0.5O6:Eu0.04

3+ (Fig. 4(b)) is between
Gd1.96WO6:Eu0.04

3+ and Gd1.96MoO6:Eu0.04
3+ . The diffraction intensity

depends on the position and the variety of atoms in the crystal
lattice. [MoO6] and [WO6] both have an octahedron structure, and
for the lanthanide contraction, the ionic radius of Mo6+ is 0.59 Å
and for W6+ it is 0.60 Å; there is not much difference between
them.

TG–DSC curves for the material of (a) Gd1.96WO6:Eu0.04
3+ and (b)

Gd1.96MoO6:Eu0.04
3+ are shown in Figs.. 5(a) and (b), respectively.

The temperature measurement ranges from 40 to 1300 1C. The
raw materials were Gd2O3, WO3, MoO3 and Eu2O3. The chemical
reaction formula of these two reactions is as follows:

0:98 Gd2O3 þWO3 þ 0:02 Eu2O3 ! Gd1:96WO6 : Eu0:04
3þ (1)

0:98 Gd2O3 þMoO3 þ 0:02 Eu2O3 ! Gd1:96MoO6 : Eu0:04
3þ (2)
Theoretically, these two reactions have no weight lost. The TG
curves (Figs. 5(a) and (b)) of the two phosphors obtained were
nearly one line and agreed with the theoretical result. On the DSC
curve (Fig. 5(a)), there is an exothermic peak at �835 1C, which
implies that stable crystal phase Gd1.96WO6 forms at this
temperature, and the result agrees well with the result of
the XRD pattern we had discussed. For the Gd1.96MoO6:
Eu0.04

3+ phosphors (Fig. 5(b)), there is an endothermic band peaking
at 1265 1C on its DSC curve (Fig. 5(b)), which corresponds to the
formation of the Gd2MoO6 phase.

Figs. 6(a)–(c) show the FT-IR spectra of (a) Gd1.96WO6:Eu0.04
3+ ,

(b) Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and (c) Gd1.96MoO6:Eu0.04

3+ synthe-
sized by solid-state reaction at 1300 1C for 4 h. The band at
3454 cm�1 is assigned to the O–H stretching mode of physically
adsorbed water. The band at 1643 cm�1 is the O–H bending mode.
In Fig. 6a, the band 800 cm�1 is the vibration of WO4

2� groups. The
bands at �870 cm�1 in Fig. 6a and the band at �850 cm�1 in
Fig. 6b can be assigned to the stretching mode of W–O bonds in
joint WO6 octahedra. IR spectra below 500 cm�1 can be due either
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Fig. 6. FT-IR spectra of (a) Gd1.96WO6:Eu0.04
3+ , (b) Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and (c)

Gd1.96MoO6:Eu0.04
3+ synthesized by solid-state reaction at 1300 1C for 4 h.

Fig. 7. UV–vis diffuse reflectance spectra of (a) Gd1.96WO6:Eu0.04
3+ , (b)

Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and (c) Gd1.96MoO6:Eu0.04

3+ (d) Gd2WO6, (e) Gd2MoO6

synthesized by solid-state reaction at 1300 1C.

Fig. 8. Excitation (I) and emission (II) spectra of (a) Gd1.96WO6:Eu0.04
3+ , (b)

Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and (c) Gd1.96MoO6:Eu0.04

3+ synthesized by solid-state

reaction at 1300 1C.
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to the deformation modes of W–O bonds in WO6 octahedra or to
the deformation modes of W–O–W bridges [13,16]. For
Gd1.96MoO6 powders (Fig. 6c), the weak Gd–O at �550 cm�1 and
the Mo–O bond (ns, 707, 777, 853 cm�1) were also observed [17].
The band at 810 cm�1 is assigned to the characteristic absorption
band relating to (MoO4)4�. The band at 600 cm�1 (w) is related to
the Mo–O–Mo bands [18,19].

Fig. 7 shows the UV–vis diffuse reflectance spectra of (a)
Gd1.96WO6:Eu0.04

3+ , (b) Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and (c) Gd1.96

MoO6:Eu0.04
3+ (d) Gd2WO6, (e) Gd2MoO6 synthesized by solid-state

reaction at 1300 1C. These three compounds exhibit a high-
intensity broad absorption band in the UV region. We can observe
that the absorption band of Gd1.96WO6:Eu0.04

3+ ranges from 200 to
350 nm peaking at 293 nm, while the absorption band of
Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and Gd1.96MoO6:Eu0.04
3+ ranges from

200 nm to 450 nm peaking at 375 nm, which corresponds to the
O-W and O-Mo ligands to metal charge transfer transition
(LMCT), respectively. Besides, some weak sharp peaks appear
among the broad absorption bands, which may be due to the
structure distortion of the host lattice (tungstate or molybdate),
and needs to be further studied deeply. The diffuse reflection
spectra of the host compounds Gd2MoO6 and Gd2WO6 support the
assignments of the LMCT. Compared with Gd1.96WO6:Eu0.04

3+ , the
absorption bands of Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and Gd1.96MoO6:
Eu0.04

3+ are much broader than the absorption band of Gd1.96

WO6:Eu0.04
3+ . That is to say, the MoO6 group has more intense

absorption than the WO6 group in the visible region. The doping
of Mo6+ is one facile route to extend the absorption band to the
visible region for tungstate compounds. The weak bands located
at �610 and 705 nm are ascribed to the f–f transition of Eu3+.

The excitation and emission spectra of (a) Gd1.96WO6:Eu0.04
3+ ,

(b) Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and (c) Gd1.96MoO6:Eu0.04

3+ phosphors
synthesized by solid-state reaction at 1300 1C are shown in
Fig. 8(I) and (II). The excitation spectra were obtained by
monitoring the 5D0-

7F2 transition of Eu3+ at 613 nm (Fig. 8(I)).
The excitation spectra of Gd1.96WO6:Eu0.04

3+ show a broadband
along with sharp lines of Eu3+ at �359, �379, �392 and �410 nm,
which correspond to the transitions of 7F0-

5D4, 7F0-
5L7,

7F0-
5L6

and 7F0-
5D2, respectively (Fig. 8(Ia)). Among the sharp lines, the

most intense band is at 392 nm. The intense broadband is noticed
in the interval range from 250 to 350 nm with a maximum at
�315 nm ascribed to the charge transfer transition of O2�-W6+

(LMCT) inside the tungstate group and O2�-Eu3+ LMCT [13]. The
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Fig. 9. Emission spectra of Gd(2�x)WO6:Eux
3+ (x ¼ 0, 0.08, 0.16, 0.32, 0.50, 0.80,

1.00, 2.00) synthesized by solid state at 900 1C for 4 h.

Fig. 10. Room-temperature luminescence decay curves of (a) Gd1.96WO6:Eu0.04
3+ , (b)

Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and (c) Gd1.96MoO6:Eu0.04

3+ (lex ¼ 393 nm, lem ¼ 613 nm).
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presence of the strong band of WO6
2� groups in the excitation

spectrum of Eu3+ means that there exists an energy transfer from
the tungstate groups to Eu3+ in Gd2WO6:Eu3+. The broad
excitation bands of Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and Gd1.96MoO6:
Eu0.04

3+ ranging from 250 to 450 nm with a maximum at 375 and
371 nm, respectively, agree well with the diffuse reflectance
spectra in Fig. 7, which can be attributed to the charge transfer
transition of O2� to Mo6+ (LMCT) (Fig. 8(Ib) and (Ic)) [20,21]. The
characteristic transition of Eu3+ cannot be observed in the
excitation spectra of Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and Gd1.96MoO6:
Eu0.04

3+ phosphors, which may be attributed to the overlapping
of the broad LMCT band. Fig. 7 shows that Gd1.96W0.5Mo0.5O6:
Eu0.04

3+ and Gd1.96MoO6:Eu0.04
3+ phosphors have absorption bands in

the range from 200 to 450 nm.
To compare with the luminescent intensity of these three

phosphors and to calculate their luminescent efficiency at
the same standard, the emission spectra of Gd1.96WO6:Eu0.04

3+ ,
Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and Gd1.96MoO6:Eu0.04
3+ were all excited

under 393 nm (Fig. 8(II)). From the emission spectra, we can
observe the characteristic transition of Eu3+ (5D0-

7FJ, J ¼ 0, 1, 2, 3,
4) in these three phosphors, which correspond to the bands at
576, 582, 589, 595, 607, 611, 626, 655 and 705 nm, respectively.
Meanwhile, the 5D0-

7F2 is in the dominant position. This
indicates that an energy transfer has occurred from MO6

6�

(M ¼W, Mo) to Eu3+ [22]. Eu3+ is a good probe for the chemical
environment of the rare-earth ion because the 5D0-

7F2 transition
(allowed by the electric dipole) is very sensitive to relatively small
changes in the surroundings, but the 5D0-

7F1 transition (allowed
by magnetic dipole) is insensitive to the environment. In terms of
the Judd–Ofelt theory, the magnetic dipole transition is permitted.
The electric dipole transition is allowed only in the case when
Eu3+ occupies a site without an inversion center and is sensitive to
local symmetry. Subsequently, when Eu3+ ions occupy inversion
center sites, the 5D0–7F1 transitions should be relatively strong,
while the 5D0–7F2 transitions should be relatively weak. The
results indicate that Eu3+ mainly occupies one site without an
inversion center of these three phosphors. A careful analysis of the
emission spectra under excitation at 393 nm in Fig. 8(II) reveals
the absence of the broadband range from 450 to 550 nm assigned
to the O-W LMCT state; this indicates that the tungstate and
molybdate groups transfer energy efficiently for the rare-earth
ion [21].

In order to investigate the quenching mechanism of the doping
concentration of Eu3+, we carried out a series of experiments with
the formula of Gd(2�x)WO6:Eux

3+ (x ¼ 0, 0.08, 0.16, 0.32, 0.50, 0.80,
1.00, 2.00) to test the relationship of luminescent intensity and
the doping concentration of Eu3+. As can be seen from Fig. 9,
all the Eu3+-doped gadolinium tungstate phosphors have five
characteristic transitions of 5D0-

7FJ (J ¼ 0–4). With the increase
in Eu3+ concentration, the luminescent intensity of 5D0-

7F2

(608 nm) reached a maximum at x ¼ 0.5. That is, with the increase
in the number of luminescent center, the luminescent intensity
also increased. When x goes beyond 0.5, the luminescent intensity
decreased gradually and reached a minimum at x ¼ 2, and
concentration quenching takes place. This is because when the
doping concentration reaches a certain degree, the distance
between Eu3+ becomes small, and causes the interactions of the
Eu3+ ions in the excited state. When x ¼ 2, the formula of this
phosphor corresponds to the product Eu2WO6.

The luminescence decay profiles relative to these three
materials could be fitted with single exponentials, from which
the RT fluorescence lifetimes were calculated to confirm that all
the Eu3+ detect the same average environment. Fig. 10 shows the
RT luminescence decay curves of the (a) Gd1.96WO6:Eu0.04

3+ , (b)
Gd1.96W0.5Mo0.5O6:Eu0.04

3+ and (c) Gd1.96MoO6:Eu0.04
3+ (lex ¼ 393

nm, lem ¼ 613 nm). The decay profile is well reproduced by a
single exponential that reveals a lifetime of 0.695, 0.670 and
0.594 ms, respectively.

On the basis of the emission spectra and lifetimes of the 5D0

emitting level, the emission quantum efficiency of the 5D0 europium
ion excited state can be determined. The lifetime of the Eu3+ first
excited state, texp(5D0), was detected at 613 nm (the more intense
Eu3+ emission line) with an excitation wavelength of 393 nm.

We can estimate the efficiency Z, of the 5D0 Eu3+ excited state.
Assuming that only nonradiative and radiative processes are
essentially involved in the depopulation of the 5D0 state, Z can be
defined as follows:

Z ¼ Arad

Arad þ Anrad
, (1)

where Arad and Anrad are the radiative and the nonradiative
transition probabilities, respectively.

The emission intensity, I, taken as the integrated intensity S of
the emission curves, for the 5D0-

7FJ (J ¼ 0, 1, 2, 3, 4) transitions, is
expressed by

Ii!j ¼ _wi!jAi!jNi � Si!j, (2)
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Table 1
Photoluminescence data of Gd1.96WO6:Eu0.04

3+ , Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and

Gd1.96MoO6:Eu0.04
3+ phosphors

PL Gd1.96WO6:Eu0.04
3+ Gd1.96W0.5Mo0.5O6:Eu0.04

3+ Gd1.96MoO6:Eu0.04
3+

lem (nm) 576, 582, 589, 595, 607, 611, 626, 655, 705

I02/I01 3.97 4.12 4.45

t (ms)b 0.695 0.670 0.594

1/t (s�1) 1439 1494 1682

Arad (s�1) 656 662 438

Anrad (s�1) 783 832 1244

Z (%) 45.6 44.3 26.1

O2 (10�20) 6.57 6.91 4.98

O4 (10�20) 0.39 0.22 0.20
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where i and j represent the initial (5D0) and final levels (7F0�4),
respectively, _wi!j is the transition energy, Ai-j corresponds to
Einstein’s coefficient of spontaneous emission, and Ni is the
population of the 5D0 emitting level [23,24]. The radiative
contribution may be calculated from the relative intensities of
the 5D0-

7F0�4. The branching ratio for the 5D0-
7F5,6 transitions

are not observed experimentally. Therefore, their influence in the
depopulation of the 5D0 excited state can be ignored [25,26].
The magnetic dipole 5D0-

7F1 transition is relatively insensitive to
the chemical environments around the Eu3+, and thus can be
considered as a reference. The experimental coefficients of
spontaneous emission, A0J, were calculated according to the
relation as follows:

A0J ¼ A01ðI0J=I01Þðu01=u0JÞ, (3)

where u01 and u0J are the energy baricenters of the 5D0-
7F1 and

5D0-
7FJ transitions, respectively [27]. A01 is Einstein’s coefficient

of spontaneous emission between the 5D0 and 7F1 levels. Since in
vacuo, (A0–1)vac ¼ 14.65 s�1, when an average index of refraction n

equal to 1.506 was considered, the value of A0�1 ¼ n3ðA0�1Þvac �

50 s�1 [28–30]. Lifetime, radiative (Arad) and nonradiative (Anrad)
transition rates are related through the following equation:

Atot ¼
1

t
¼ Arad þ Anrad, (4)

where Arad can be obtained by summing over the radiative rates
A01 for each 5D0-

7FJ (J ¼ 0–4) transition:

Arad ¼ A01
u01

I01

X4

J¼0

I0J

u0 J
¼
X

J

A0J , (5)

when Eqs. (1)–(5) are applied, the parameters Arad and Anrad and
the quantum efficiency values, Z, for the 5D0 Eu3+ excited state in
the five samples can be obtained, as shown in Table 1. The Z values
of the Eu3+ in these three phosphors Gd1.96WO6:Eu0.04

3+ , Gd1.96

W0.5Mo0.5O6:Eu0.04
3+ and Gd1.96MoO6:Eu0.04

3+ are 45.6%, 44.3% and
26.1%, respectively. That is, the luminescent quantum efficiency
of Gd1.96WO6:Eu0.04

3+ is higher than that of Gd1.96W0.5Mo0.5O6:
Eu0.04

3+ and Gd1.96MoO6:Eu0.04
3+ gradually. In spite of the slight

difference in ratio of red and orange from each other, the lifetime
of Gd1.96WO6:Eu0.04

3+ is much higher than the other two phosphors,
especially the Gd1.96MoO6:Eu0.04

3+ phosphor.
From the emission spectra of the Eu3+ (Fig. 7(II)) we have

determined the experimental intensity parameters O2 and O4

using the 5D0-
7F2 and 5D0-

7F4 transitions, and they are
estimated according to the equation [13,23,24,27,31]

A0�l ¼
4e2o3

3_c3

1

2J þ 1
w
X
l

Ol
5D0 UðlÞ

���
���7FJ

D E2
, (6)

where A0�l is the coefficient of spontaneous emission, e the
electronic charge, o the angular frequency of the transition, _
Planck’s constant over 2p, c the velocity of light, w the Lorentz
local field correction that is given by n(n2+2)2/9 with the
refraction index n ¼ 1.5 [23], and h5D0jjU

ðlÞ
jj7FJi

2 values are the
square reduced matrix elements whose values are 0.0032 and
0.0023 for J ¼ 2 and 4 [32], respectively. The O6 parameter was
not determined since the 5D0-

7F6 transition could not be
experimentally detected. The O2 and O4 intensity parameters for
the three phosphors are shown in Table 1. O2 of Gd1.96WO6:
Eu0.04

3+ (6.57�10�20) is higher than that of Gd1.96MoO6:
Eu0.04

3+ (4.98�10�20), suggesting that the Eu3+ ion is located in a
more polarizable chemical environment in Gd2WO6 than in
Gd2MoO6. It means that Gd2WO6 possesses a stronger covalency
than Gd2MoO6. The radium of W6+ is similar to that of Mo6+ for
the lanthanide contraction effect, while the interaction between
W–O is stronger than that of Mo–O for the more electronic layer.

4. Conclusion

In summary, red phosphors of Gd(2�x)MO6:Eux
3+ (M ¼Mo, W)

have been successfully synthesized by solid-state reaction at
900–1300 1C for 4 h. The XRD results show that all samples are
monoclinic phase. The molybdate Gd2MoO6 is isomorphous with
Gd2WO6. The samples Gd(2�x)MO6:Eux

3+ (M ¼Mo, W) can be
excited efficiently by UV (393 nm) and emit red light at �608 nm.
And they both have an intense absorption band in the UV region
range from 200 to 350 nm corresponding to the O-W and O-Mo
LMCT, respectively. The quantum efficiency of the Eu3+ in these
three phosphors Gd1.96WO6:Eu0.04

3+ , Gd1.96W0.5Mo0.5O6:Eu0.04
3+ and

Gd1.96MoO6:Eu0.04
3+ are 45.6%, 44.3% and 26.1%, respectively. In

spite of the slight difference in the ratio between red and orange ,
the lifetime of Gd1.96WO6:Eu0.04

3+ is much higher than the other
two phosphors, especially the Gd1.96MoO6:Eu0.04

3+ phosphor.
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