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ARTICLE INFO ABSTRACT

A series of novel luminescent emission-tunable phosphors Mg;Lag(SiO4)¢02:Ce®*, Tb** (MLS:Ce®*, Tb>*) have
been prepared by a solid-state reaction. The phase formation was firstly confirmed through X-ray diffraction
technique and refined by the Rietveld method. The MLS:Ce®*, Tb** phosphors, which crystallized in apatite-type
hexagonal phase, exhibited a broad excitation band ranging from 200 to 400 nm and several emission bands
centered at 426 nm and 551 nm. Energy transfer from Ce®* to Tb>* ions via a dipole-dipole mechanism
occurred in the as-synthesized phosphors upon ultraviolet (UV) excitation. The energy transfer efficiency
increases with increasing doping content of Th®* ions, which was confirmed by the luminescence spectra and
fluorescence decay curves of corresponding ions simultaneously. The energy transfer critical distance was
calculated and evaluated by both the concentration quenching and spectral overlap methods. The chromaticity
of emission-tunable phosphors was also characterized by the Commission International de 1'éclairage (CIE)
chromaticity indexes, and the color tone can be tuned from blue (0.179, 0.122) to green (0.267, 0.408) by
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controlling the ratio of Ce®*/Tb>*.

1. Introduction

As an important family of luminescence materials host, the oxy-
apatite structure compounds have attracted considerable interest
owing to their efficient luminescence as well as excellent chemical
and physical stabilities [1-5]. It is well known that oxy-apatite
structure compound belongs to the hexagonal symmetrical system
(space group of P63/m) with a general formula as A;o[MO4]s0,, where
A often represents divalent cations such as Ca®*, Ba%*, Sr**, Mg?",
Pb>*; M represents P, Si, Ge, or V [6-10]. For the A;o[MO4]60>
compound, the rare earth ions (RE®*") or alkali metal ions like Na*, and
K" can also occupy the A-site because of the isomorphic replacement
effect. In terms of a typical member of apatite structure compounds,
there are two kinds of cationic crystallographic sites labeled A(1) and
A(2) with the local symmetry C; and Cs, respectively. A(1) site (Wycoff
symbols 4f) coordinates with nine oxygen atoms to form a tricapped
trigonal-prismatic geometry; A(2) site (Wycoff symbols 6h) coordinates
by seven oxygen atoms to build an irregular polyhedron with pentago-
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nal bipyramidal geometry [11-13]. Both A(1) and A(2) sites are
certified to be suitable and easily accommodated by a great variety of
rare earth and transition metal ions. Additionally, this oxy-apatite
structure consists of a free oxygen atom (04), which locates on the 6-
fold axis generally named X site and does not belong to any tetrahedron
and only coordinates to three cations in the 6h sites [14-16].
Therefore, the study on the apatite structure compounds is of sig-
nificance and valuable, as they possess the capability of being sub-
stituted by versatile ions and of forming solid solution. As an important
class of apatite structure compounds, Mg,Lag(Si04)s0- is isostructural
to natural oxyapatite mineral, belongs to the P63/m space group with
Mg®** and La®" randomly distributed in the 4f sites and La®* fully
occupied the 6h sites. Hence, in the Mg,Lag(SiO4)s02 compound, the
A(1) and A(2) sites are labeled Mg(1), La(1), and La(2), respectively.
The Si atoms were determined to occupy on the 6h site, and the O
atoms were suggested to occupy on the 6h site (O(1) and O(2)), 121 site
(03) and 2a sites (04). In 1995, Lin’ group firstly synthesized the
apatite structure compound Mg,Yg(Si04)¢0- and revealed the photo-
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luminescence of Ce®*, Tb®>* and Sm>*, and energy transfer from Ce>*
Th?*, Dy** and Sm®* in Mg,Yg(Si04)60> [17]. They also proved that
the Mg,Yg(Si04)602:Ce>*/Mn>*/Tb>* phosphors show good CL inten-
sity and CIE coordinate stability with a color-tunable emission crossing
the whole visible light region under low-voltage electron beam excita-
tion [18]. However, to the best of our knowledge, there are no reports
about the detailed photoluminescence properties of rare-earth doped in
the MLS host lattice as well as the crystallographic structure informa-
tion of MLS matrix.

The luminescence properties of Th®* doped apatite structure com-
pounds have been widely investigated, for instance, Sr3Yo(Siz0q),:Th**
[19], Cas(PO4).Si04:Th%" [20], BagNaLa(PO4)sF:Tb%* [21], and LiRE¢
(Si04)602:Tb>* [22]. In fact, the absorption transition of Tb®* is difficult
to pump due to the absolutely forbidden 4—4f electric dipole transitions
[23,24]. As a consequence, Ce®* ions with allowed 5d—4f transitions are
frequently employed to promote the excitation and improve the emission
intensity of Th>* via the energy transfer behavior between Ce®* and Tb**
ions. [25—28]. Herein, we report the detailed photoluminescence (PL)
properties of Ce®* and Tb®" in the MLS host lattice as well as the
sensitization effect of Ce**-Tb* luminescence. Accordingly, the crystal-
lographic data of the MLS compound is firstly reported. The structural
properties of the MLS, the luminescence properties and energy transfer
mechanism between Ce®* and Tb®* ions have been carried out in details.
Furthermore, the emission colors could be tuned from blue to green by
changing the concentration of Th**.

2. Experimental procedure

Mg Lag(8i0,4)s02:Ce*, Th* phosphors were prepared by a conven-
tional high temperature solid-state method. The raw materials used for
the studied phosphors are MgO, SiO, (additional H;BO3 was added as
flux) with analytic grade purity and La»>O3 (99.99%), Tb40, (99.99%),
Ce03 (99.99%). Stoichiometric amounts of reactants were thoroughly
mixed by grinding in an agate mortar, then the final mixture was placed
into an alumina crucible and annealed at 1450 °C in a reducing
atmosphere (10% H, + 90% N>) for 3.5 h.

Powder X-ray diffraction (XRD, D8 Advance diffractometer, Bruker
Corporation, Germany, 40 kV and 40 mA, Cu Ka A = 0.15406 nm) was
used for phase identification. The step scanning rate (26 ranging from
5° to 130°) used as structural analysis was 2.5 s per step with a step size
of 0.02°. Crystal structure was refined by Rietveld method using the
computer software TOPAS 4.2 package [29]. High-resolution transmis-
sion electron microscope (HRTEM) images were checked by a JEOL
JEM-2010 microscope with an accelerated voltage of 200 kV. The
elemental analysis was carried out by energy dispersive spectroscopy
(EDS) using an X-ray detector attached to the TEM instrument. Room
temperature excitation and emission spectra were measured on a
fluorescence spectrophotometer (F-4600, HITACHI, Japan) with a
photomultiplier tube operating at 400 V, and a 150 W Xe lamp used
as the excitation lamp, a 400 nm cutoff filter was used to eliminate the
second-order emission of source radiation in the measurement. The
room-temperature luminescence decay curves were obtained from a
spectrofluorometer (Horiba, JobinYvon TBXPS) using a tunable pulse
laser radiation (nano-LED) as the excitation. All measurements were
carried out at room temperature. The relative error in the measurement
of fluorescence lifetime is estimated to be+2.5%. For data fitting
processes also, the error is + 2.5%.

3. Results and discussion

Fig. 1 shows the observed (solid line), calculated (red circles), and
difference (bottom) XRD profiles for the Rietveld refinement of
MgsLag(Si04)60- at 298 K with A = 1.5406 A by TOPAS program.
Almost all peaks were indexed by hexagonal cell with parameters close
to CdaNdg(Si04)602 (apatite-type structure) [30]. Therefore, the crystal
structure of CdoNdg(Si04)O- was taken as the starting model for
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Fig. 1. Rietveld refinement XRD patterns of Mg,Lag(Si04)sO2 at room temperature by
TOPAS program. Solid red circles are calculated intensities, and black lines are the
observed intensities. Short vertical lines show the position of Bragg reflections of the
calculated pattern. Green solid lines below the profiles stand for the difference between
the observed and the calculated intensities. Inset shows crystal structure of
Mg,Lag(Si04)60- along the (111) direction. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Main parameters of processing and refinement of the Mg,Lag(Si04)¢O» sample.

Sp.Gr. P63/m
a, A 9.6295(2)
¢, A 7.0687(2)
v, A3 567.65(3)
20-interval, ° 5-140
No. of reflections 398
No. of refined parameters 52
Rup, % 18.61
Ry, % 13.88
Rexp, % 6.52

? 2.86
Rg, % 7.06

Rietveld refinement. Sites of Cd/Nd ions were occupied by La/Mg ions
and the occupations were refined with the assumption that their total
in each site equal to 1. Refinement was stable and gives low R-factors
(Table 1, Fig. 1). Moreover, the refined atomic positions and isotropic
temperature factors for all atoms are listed in Table 2. Selected
interatomic distances from the refined crystal structure are presented
in Table 3. All the experimental peaks were well fitted by the
refinement, indicating that all of those peaks are Bragg reflections
from the Mg,Lag(Si04)60> structure and converge to Ry, = 6.52%, Ry,
= 18.61%, R, = 13.88% and x* = 2.86. In the MLS compound, the
lattice parameters are determined to be a = 9.6295 (2) &, ¢ = 7.0687(2)
A and V = 567.65(3) A3, respectively. There are two types of cationic
sites, one cationic site is labeled as Mg(1)/La(1) which is the 9-fold
coordinated 4f sites with C3 point symmetry and the other is labeled as
La(2) which is the 7-fold coordinated 6h sites with Cs point symmetry.
Hence, the structure of Mg,Lag(Si04)¢O> can be described as a
hexagonal oxyapatite structure with a general composition of

Table 2
Fractional atomic coordinates and isotropic displacement parameters of
Mg,Lag(Si04)60o.

x y z Biso Occ.
Lal 2/3 1/3 0.003 (1) 0.5 (1) 0.48 (2)
Mgl 2/3 1/3 0.003 (1) 0.5 (1) 0.52 (2)
La2 0.2284 (2) - 0.0144 (3) 1/4 0.8 (1) 1
Si 0.416 (1) 0.374 (1) 1/4 2.2(3) 1
o1 0.617 (3) 0.460 (3) 0.25 214) 1
02 0.330 (3) 0.513 (3) 0.25 2.1(4) 1
03 0.343 (2) 0.267 (2) 0.059 (2) 214) 1
04 0 0 0.25 214) 1
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Table 3
Selected interatomic bond distances of Mg,Lag(SiO4)s02 compound.

Mg,Lag(Si04)602 Distances

2.32 (2)A (3%)
2.31 (2)A (3x)
2.88 (1)A (3x)

(Lal/Mgl)—O01"
(Lal/Mg1)—02"
(Lal/Mgl)—03"1

La2—01! 2.60 (2)A
La2—021 2.85 (2)A
La2—03t 2.343 (14)A (2x)
La2—03"Y 2.717 (14)A (2x)
La2—04' 2.272 (2)A
Si—01" 1.68 (2)

Si—02 1.89 (2)

Si—03" 1.63 (2)

Symmetry codes: (i) -y+1, x-y, -z+1/2; (ii) -x+y, -x, -z+1/2; (iil) y, -x+y, -z; (iv) x, y, -z
+1/2; (v) -x+y+1, -x+1, -z+1/2; (vi) -x+1, -y+1, -z; (vil) -x+y+1, -x+1, z.

Table 4
Tonic radii (&) for given coordination number (CN) of La®*, Ce®*, Tb**, and Mg?>* ions in
MLS compound.

Tons Sites Symmetry Ionic radius (&) Tonic radius (A)
CN = 9 (4f) CN = 7 (6h)

La®* 4f/6h Cs/Cs 1.216 1.1

ce®* 4f/6h C;/Cs 1.196 1.07

Th* 4f/6h C;/Cs 1.095 0.98

Mg>* 4f Cs >0.89

[Mg1],[Lal]s[La2]6(Si04)60-. The Mg(1)/La(1) atom is nine-coordi-
nated by nine O atoms with an average Mgl/Lal-O distance of 2.50 A.
The La(2) atom is seven-coordinated by seven O atoms with an average
La-O distance of 2.549 A. The Si(1) atoms are tetrahedrally coordi-
nated by four O atoms, which randomly occupy in the 6h site. The
relevant crystal structure along with the (111) direction is shown in the
inset of Fig. 1. Based on the effective ionic radii and charge balance of
cations with different coordination number (CN) shown in Table 4, the
rare-earth Ce®* and Tb®* ions are expected to randomly occupy the
La®* ion sites in the MLS host, respectively [31].

The energy dispersive spectroscopy (EDS) was performed to
analyze the chemical composition of as-prepared Mg,Lag(SiO4)s02
phosphor, as shown in Fig. 2, and Mg, La, Si, O, Cu, and C were
detected consequently. The results revealed that no extra impurity
element was found except for the C and Cu from the electric latex of
TEM sample holder, supporting the formation of pure phase of
Mg,Lag(Si04)60-. The fine local structures of Mg,Lag(Si04)¢0> were

Counts (a.u.)

0 1 2 3 4 5 6 7 8 9
Energy (keV)

Fig. 2. EDS spectrum of Mg,Lag(Si04)sO2 powder phosphor. Insert: (a, b) TEM and
HRTEM images of Mg,Lag(Si04)s02, (¢) the fast Fourier transforms (FFTs) of the
relevant HRTEM images (d).
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also studied by HRTEM technique and the fast Fourier transform
(FFT) images are given in Fig. 2a-d. As shown in Fig. 2d, the calculated
d spacing of the lattice fringes is 0.471 nm, which could be assigned to
the (110), (-120) and (-210) planes with conventional d spacing of
0.481 nm in the solved structure of Mg,Lag(SiO4)¢O> compound by
Rietveld refinement. As we know, the d spacing of (110), (-120) and
(-210) planes in apatite structure (P63/m space group) represents the
same value. Here the (110) plane is chosen to explain the structural
evolution between Mg,Lag(Si04)s0> and Cd>Ndg(SiO4)02 compound.
In this case, the d(110) of Mg,Lag(Si04)s02 enlarged (d(;10y of 0.478 nm
for Cd>Ndg(Si04)60-> compound) slightly owing to the increase of the
cell parameters caused by the substitution of Mg?*/La®* for Cd%*/Nd>*
ions as compared with the Cd,Ndg(SiO4)¢O> compound, which is
consistent with the result determined by the structural analysis of
XRD [30].

Fig. 3a gives the PLE and PL spectra of MLS:0.07Ce®* emphasizing
on the two different Ce>* luminescence peaks. Upon 297 nm excitation,
the phosphor presents a broad emission band from 400 to 550 nm with
the emission peak at 426 nm which can be assigned to the 5d-4f
transition of Ce®>* ion. And the PL spectrum of MLS:0.07Ce®* can be
well decomposed into four Gaussian components. It is well-known that
the Ce®* emission should be consist of a double band in line with the
splitting of its ground state, and the theoretical energy difference of this
splitting between 2F7/2 and 2F5/2 of Ce®* is about 2000 cm™! [32-35].
As illustrated in Fig. 3(a), the PL spectrum of MLS:0.07Ce>" excited at
297 nm can be decomposed into four well-decomposed Gaussian
components. The former two bands peaked at 405 (24,691 cm™) and
433 nm (23,094 cm ™) on an energy scale with an energy difference of
about 1597 cm™! and the other two bands at 464 (21,552 cm™!) and
519 nm (19,268 cm™!) with an energy difference 2284 cm™, respec-
tively, which is in agreement with the theoretical difference the
splitting between 2F7/2 and °Fs /2 levels of Ce®*. So the four Gaussian
peaks can be ascribed to the 5d-4f emissions of the Ce®>* ions occupied
the La(1) and La(2) sites, which is related to its crystal structure, as
shown in the insert of Fig. 3a.

As shown in Fig. 3b, upon 226 nm excitation, the emission spectrum
illustrates the typical characteristic optical °D4-"F; (J = 6, 5, 4, 3)
transitions of Tb®* ions centered at 492, 551, 591, 626 nm. The obvious
5D3-"F; (J = 5,6) emissions of Tb* at 419 and 438 nm are also observed
in MLS:0.15Tb** phosphor, which may results from the lower acoustic
phonon energy in this matrix [36,37]. When monitored by the emission of
551 nm, the PLE spectrum of Th>" consists of several sharp lines in the
region from 200 to 525 nm, which is in good agreement with the 4f—4f
absorption transitions of Th®* ions. On the basis of the comparison of the
PLE spectrum of Th®* and the PL spectrum of Ce®* in Fig. 3¢, a spectral
overlap can be observed obviously. Therefore, the energy transfer from
Ce®* to Tb®" ions is expected in the MLS:Ce®>*,Tb®>* system. In order to
confirm the energy transfer phenomenon, the PLE and PL spectra of
MLS:Ce®*, Th®* phosphor was recorded, as shown in Fig. 3d. It is observed
that the shapes of PLE spectra are similar by using different monitoring
wavelength of Ce>* emission and Th®* emission. The PL spectrum of the
MLS:Ce®**,Tb®** includes both the emission bands of the Ce** and Tb>*
ions, showing the solid evidence of the occurrence of energy transfer
behavior from Ce®* to Tb®*. The schematic diagram of energy transfer
(Ce**>Tb®") in MLS host upon excitation with UV irradiation is also
given in the inset of Fig. 3c. As depicted in this diagram, Ce>* ions can
strongly absorb UV light from the ground state (°F5/») to the excited state
and then efficiently transfer the energy to the °Ds level of Th* ions,
subsequently, the °D5 level gives its characteristic transitions or continues
to transfer the energy to the ®D, level via cross relaxation, which is
ascribed to the similar value of energy level, and gives the lower vibration
frequency of phonon emission [38]. Consequently, a series of color-
tunable MLS:Ce®*, Tb%>* phosphors could be obtained on basis of the
energy transfer mechanism between Ce** and Tb%*.

To investigate the dependence of tunable emission on Tb®*content,
a series of MLS:0.07Ce®**,yTb** (y = 0, 0.03, 0.08, 0.15, and 0.25)
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Fig. 3. (a) PL and PLE spectra for MLS:0.07Ce®>* emphasizing on the two different Ce** luminescence centers and their corresponding crystallographic coordination. (b) PL and PLE
spectra for MLS:0.15Tb%*. (c) Spectral overlap between the PL spectrum of MLS:0.07Ce®* and the PLE spectrum of MLS:0.15Tb%", the schematic diagram of energy transfer in
MLS:Ce,Tb phosphors is shown in inset of Fig. 3(c). (d) PL and PLE spectra for MLS:0.07Ce>*,0.15Tb®* phosphor. The corresponding monitoring wavelengths are also given in the

figures.
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Fig. 4. The CIE chromaticity diagram of the selected MLS:0.07Ce®*,yTb>* (y = 0-0.25)
phosphors (point 1-5) excited at 297 nm, and a series of digital photographs of color-
tunable phosphors are also shown as evidence. (Insert) The PL spectra of
MLS:0.07Ce>*,yTb** phosphors as a function of Tb** doping content (y).
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Table 5
CIE chromaticity coordinates (x, y) for MLS:0.07Ce** yTb®* (y = 0, 0.03, 0.08, 0.15,
0.25) samples (Aex = 297 nm).

Sample no. Sample composition (y) CIE coordinates (x, y)
1 y=0 (0.179, 0.122)
2 y =0.03 (0.199, 0.178)
3 y =0.08 (0.206, 0.214)
4 y=0.15 (0.230, 0.274)
5 y=025 (0.267, 0.408)

samples have been prepared and the selected dependence of emission
spectra for MLS:0.07Ce>*,yTb®* excited at 297 nm are depicted in the
insert of Fig. 4. It is observed that the luminescence intensity of Ce®*
ions decreases monotonically with an increasing of Th®* concentration,
whereas the relative intensity of Tb* still increases and no concentra-
tion quenching occurs, which may attribute to the energy transfer from
Ce>" ions to Tb®* ions. Energy transfer makes a feasible route to realize
color-tunable emission under excitation of UV light. Therefore, the
emission colors could be tuned from blue (0.179, 0.122) to green
(0.267, 0.408) in the MLS:0.07Ce>* yTb®* (y = 0, 0.03, 0.08, 0.15, and
0.25) phosphors by varying the ratio of Ce®>*/Tb®*. In addition, the
corresponding variation of CIE chromaticity coordinates (x, y) with
different doping contents of Tb®* on basis of the corresponding PL
spectrum and the digital photos of the samples under a 254 nm UV
lamp are demonstrated and summarized in Fig. 4 and Table 5. It is
clear that the CIE color coordinate of MLS:0.07Ce>*,yTb** phosphors
(points 1-5) changes from point 1 (0.179, 0.122) to point 5 (0.267,



Y. Zhang et al.

MLS:0.07Ce” yTh**

- y value t value (ns)
=. —y=0 1=61.74
s —y=0.03 1=49.53
ol »=008 =427
‘:i ——y=0.15 t=31.22
= y=0.25 t=2591
D
~
=
—

A_ =297 nm

A, =426 nm

T I‘
50 150 200

Times (ns)

T
100

Journal of Solid State Chemistry 255 (2017) 36—41

1.8

R>=0.933

R’ =0.951

L R* =0.968

1.7

1.0

0.9 . .
0.005 0.010
C

™™

0.01

C

0.03

C

T T T T T
0.00 0.06 0.00 0.02  0.000
6/3 8/3

rl-hJ* Tb.h

Fig. 5. (a) Decay curves for the luminescence of Ce®* ions in MLS:0.07Ce**,yTh®** samples, the dependence of I,,/I, of Ce>**on (b) Crp®? (¢) Crp®/? and (d) Cpp' /2. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

0.408) with the increasing Tb®* doping contents, which implies the
current phosphor has great potential application as a tunable lumines-
cence material to meet the application requirements.

Fig. 5a shows the fluorescence decay curves of Ce®* ions in
MLS:0.07Ce**,yTh%* (y = 0, 0.03, 0.08, 0.15, and 0.25) phosphors by
monitoring the emission wavelength at 426 nm to validate the energy
transfer behavior between Ce®* and Th®* ions in the MLS lattice. It can
be seen that the decay lifetimes of Ce®* ions in the system of
MLS:0.07Ce®* yTh®* becomes faster and significantly deviate from
exponential decay, which can be fitted successfully with the following
typical non-exponential function as below: [39,40]

/Oool(t)tdt
/0°°1(t)dt

1)

where I(t) stands for the intensity at time t. Based on the above
function, the average decay lifetimes (t) are determined to be 61.74,
49.53, 42.17, 31.22, and 25.91 ns for MLS:Ce**, Tb** with different
Tb®* concentrations, respectively. Obviously, the decay lifetimes de-
crease monotonically as the Tb®* concentration increases, which
strongly demonstrated the energy transfer from Ce®"to Tb%".
Furthermore, the energy transfer efficiency from Ce®* to Tb®* can be
calculated based on the following expression: [41-43]

'7'1‘:1_2
70

@

where 7, and 7, are the corresponding lifetimes of donor Ce®* in the
absence and in the presence of the acceptor Tb®*, and 7y is the energy
transfer efficiency. According to the above estimated lifetime and Eq.
(2), when the doped Tbh3* concentration was fixed at 0.25 mol y =
0.25), the energy transfer efficiency (1) was estimated to be 58.03%.
That is to say, the Tb®>* emission intensity was enhanced via energy
transfer from sensitizer Ce®*, instead of the energy absorption by Th®*
ions themselves. Furthermore, the critical distance of energy transfer
R. was obtained by using the concentration quenching method. As
suggested by Blasse, the average separation R, between Ce®**and
Tb**can be estimated according to the following equation: [44]

(25
R. ~
3)

where N is the number of available sites for the dopant in the unit cell,
x. is defined as the total doping concentration of Ce* and Tb>* ions at
which the emission intensity of the Ce3* ions is half of that of the
sample in the absence of Th®* ions, and V is the volume of the unit cell.
In our case of MLS, N equals to 2, and V is estimated to be 567.65 A3,
and the critical doping content x,, which is defined as the luminescence

3v
dax.N

40

intensity of Ce®* is half that of the sample in the absence of Tb®* is
determined to be 0.32 mol. According to Eq. (3), the critical distance
was determined to be around 11.92 A. The electric multipolar interac-
tion will take place for energy transfer between Ce®** and Th®* rather
than the exchange interaction mechanism in view of the longer distance
(more than 5 A). According to Dexter's energy transfer expressions for
the exchange and multipolar interaction, the energy transfer mechan-
ism for multipolar interactions can be evaluated using the following
relation:[45]

I
50« Cn/3

s

)

where I, and I, are the luminescence intensities of the sensitizer Ce>*
with and without activator Tb®*. C is the Tb®*ion dopant concentration.
The plots of (Is,/I) versus C? with n = 6, 8, and 10 correspond to
dipole-dipole (d-d), dipole-quadrupole (d-q), and quadrupole-quadru-
pole (g-q) interactions, respectively. The linear (red line) fit to the
relationship between Igy/Is and C"? based on the above equation are
illustrated in Fig. 5b. One can see that the R? value is closest to 1 when
n = 6, which means that the energy transfer from Ce>* to Tb®* follows a
nonradiative dipole-dipole interaction. Therefore, according to dipole—
dipole interaction mechanism, R¢ can be obtained from the following
simplified equation: [23,39]

K(E)Fy (E)dE

6 — 12
Re = 3.024 x 10", f =

)]
where f, is the oscillator strength of the involved absorption transition
of the acceptor (Tb®*), E is the energy involved in the transfer (in eV),
and [ Fg(E)F4(E)dE/E* represents the spectral overlap between the
normalized shapes of the Ce®* emission Fg(E) and the Tb>* excitation
F4(E). In our case, using the above equation with f, 1075, E was
calculated to be about 0.0193 eV~#, and the critical distance Rc was
estimated to be 10.95 A, which agrees approximately with the calcu-
lated data that obtained by concentration quenching method (11.92 A).
The result above further confirms that the mechanism of the energy
transfer between Ce®* and Tb®* ions is mainly due to a dipole-dipole
interaction.

4. Conclusions

In summary, a series of apatite-type structure color-adjustment
phosphors MLS:Ce®*,Tb3* were prepared by a traditional solid-state
reaction. The Rietveld refinement and fine local structure results
indicated the as-prepared phosphors crystallized in hexagonal symme-
trical system with a space group of P63/m. The spectroscopic data and
fluorescence decay indicated that the energy transfer process could take
place from sensitizer Ce®* to activator Th®* via a nonradiative dipole-
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dipole mechanism, and the energy transfer efficiency was also esti-
mated. The critical energy transfer distance has also been calculated by
both the concentration quenching method and spectral overlap meth-
ods. The emission color of the obtained phosphors can be modulated
from blue (0.179, 0.122) to green (0.267, 0.408) by controlling the
doping content of the Tb®* ions with the fixed Ce®* content.
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