
Journal of Solid State Chemistry 177 (2004) 901–908

ARTICLE IN PRESS
�Correspond

and Physics, C

Academy of Sc

China. Fax: +

E-mail add

(H. Liang), suq

0022-4596/$ - se

doi:10.1016/j.js
Photoluminescence of Ce3+, Pr3+ and Tb3+ activated Sr3Ln(PO4)3
under VUV-UV excitation

Hongbin Liang,a Ye Tao,b Jianhua Xu,b Hong He,c Hao Wu,a Wenxuan Chen,a

Shubin Wang,c and Qiang Sua,c,�

aState Key Laboratory of Optoelectronic Materials and Technologies, School of Chemistry and Chemical Engineering, Sun Yat-Sen University,

Guangzhou, Guangdong 510275, People’s Republic of China
bLaboratory of Beijing Synchrotron Radiation, Institute of High Energy Physics, Chinese Academy of Sciences,

Beijing 100039, People’s Republic of China
cKey Laboratory of Rare Earth Chemistry and Physics, Changchun Institute of Applied Chemistry, Chinese Academy of Sciences,

Changchun, Jilin 130022, People’s Republic of China

Received 18 June 2003; received in revised form 3 September 2003; accepted 23 September 2003
Abstract

The spectroscopic properties in VUV-Vis range for the eulytite structural phosphors Sr3Gd(PO4)3:Ln3+ (Ln3+=Ce3+, Pr3+,

Tb3+), Sr3Ce(PO4)3, Sr3Gd(PO4)3 and Sr3Tb(PO4)3 were investigated. The bands near 170 nm in VUV excitation spectra are

assumed to connect with the host lattices related absorption. The f–d transitions of Ce3+, Pr3+ and Tb3+ in the host lattices are

assigned and corroborated. A convenient experiment formulation on the relationship between the lowest f–d transition energies and

n value for trivalent 4f n-series rare earth ions in these host lattices is applied.

r 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Ternary orthophosphates Sr3Ln(PO4)3 belong to the
large family of eulytite (also called eulytine or agricolite)
compounds. The structural type of eulytite was first
recognized in the mineral Bi4(SiO4)3 (BSO). It is cubic
space group, with Bi in the 16c, Si in the 12a and O in
the 48e equipoints of space group I %43d: There are four
formula units in the unit cell [1]. Potential and effective
technological applications have significantly revived
interest in new materials crystallizing with eulytite
structure. A large number of compounds isostructural
with this mineral, for example, Bi4(GeO4)3 (BGO),
Pb3Bi(XO4)3 (X=P, As, V), M3RE(PO4)3 (M=Ca,
Sr, Ba; RE=rare earth) and Ba3Bi(PO4)3 have been
reported over the past years [2–7].
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As far as spectroscopic properties are concerned,
attention has been brought to eulytite structural
phosphates doped with rare earth ions. Hoogendorp
et al. reported the luminescence of M3La(PO4)3:Ce

3+

(M=Sr, Ba) under UV excitation [8]. The possible
application of Ba3Y(PO5)3:Nd

3+ as powder laser
materials was discussed by Znamierowska et al. [9].
However, to our knowledge, the photoluminescence of
rare earth-doped eulytite structural phosphates under
VUV (vacuum ultraviolet, E450; 000 cm�1) excitation
has not been reported so far.
Some investigations on the luminescent properties

under VUV excitation of rare earth activated fluorides
and oxides have been performed. These investigations
are very important from the standpoint of the develop-
ment of (V)UV tunable laser materials, scintillators, and
intense luminescent materials which are applicable to
the phosphors used in mercury-free lamp or plasma
display panels (PDP) [10–12]. The design of phosphors
optimized for PDP or the mercury-free lamp involves a
new set of considerations that is not included in the
development of traditional lamp phosphors. The plasma
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of xenon containing noble gas mixture provides the
excitation in a PDP or mercury-free lamp. The main
emission of this plasma consists of 147 and 172 nm
bands. The requirement that the phosphor host lattice
or activators must absorb efficiently around these
wavelengths is setting up new restrictions on the
materials to be investigated. In order to seek these
materials, the spectroscopic properties of rare earth in
VUV range must be well understood first. It is known
that Dieke diagram was extended to about 65,000 cm�1

by Meijerink’s group recently [13,14]. However, the f–d
transitions of the rare earth ions, which are dependent
intensively on the host lattices, as well as the host
lattice absorption are necessary for further investiga-
tions [15–18].
In this work we present investigations on the VUV-

Vis range spectroscopic properties of Sr3Gd(PO4)3,
Sr3Ln(PO4)3 (Ln=Ce, Tb), and Ce3+, Pr3+, Tb3+

activated Sr3Gd(PO4)3 phosphors.
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Fig. 1. The VUV excitation spectrum ((a) under emission at 314 nm),

VUV excited emission spectrum ((b) excitation under 172 nm), UV

excitation spectrum ((d) under emission at 314 nm) and UV excited

emission spectrum ((c) excitation under 274 nm) of phosphor

Sr3Gd(PO4)3 at 293K.
2. Experimental section

The samples were prepared using high temperature
solid-state reaction technique. The reactants include
analytical grade pure SrCO3, NH4H2PO4 and 99.9%
pure rare earth oxides CeO2, Pr6O11, Gd2O3 and Tb4O7.
According to the nominal compositions of compounds
Sr3Gd1�xLnx(PO4)3 (Ln3+=Ce3+, Pr3+, Tb3+; x ¼
0:0020:06), Sr3Ce(PO4)3 and Sr3Tb(PO4)3, appropriate
amount of starting materials were thoroughly mixed and
ground, and subsequently the mixture was pre-fired
at 600�C for 2 h. After milling for a second time, the
sample were calcined at 1250�C in air [for sample
Sr3Gd(PO4)3] or CO reducing atmosphere, [for
the samples Sr3Ce(PO4)3, Sr3Tb(PO4)3, and
Sr3Gd(PO4)3:Ln3+ (Ln3+=Ce3+, Pr3+, Tb3+)], respec-
tively. After these steps the temperature was slowly
cooled down to the room temperature.
The structure of prepared samples was checked by X-

ray powder diffraction using CuKa radiation and the
XRD data indicated that the samples were single cubic
phases and in good agreement with those in JCPDS
cards 29-1298 [Sr3Ce(PO4)3], 29-1301 [Sr3Gd(PO4)3] and
33-1353 [Sr3Tb(PO4)3], respectively.
UV excitation spectra and UV excited luminescent

spectra were recorded on a SPEX 2T2 spectrofluorom-
eter equipped with 0.22m SPEX 1680 double mono-
chromators at room temperature, and a 450W xenon
lamp as excitation source.
The VUV excitation and VUV excited emission

spectra were measured at the VUV spectroscopic
experimental station on beamline 3B1B, Beijing Syn-
chrotron Radiation Facilities (BSRF), under high-
energy physics mode (1.8GeV, 30–40mA) at 293K. A
Seya type VUV monochromator (1200 g/mm) was used
to provide the excitation VUV light, while an ARC SP-
308 monochromator was used for the emission spectra.
The optical signal was detected by a Hamamatsu H6240
photomultiplier. The relative VUV excitation intensities
of the samples were corrected by dividing the measured
excitation intensities of the samples with that of sodium
salicylate under the same measurement conditions. The
vacuum level in the sample chamber was around
2� 10�5mbar.
3. Results and discussion

3.1. The spectroscopic properties of Sr3Gd(PO4)3

Fig. 1 shows the VUV-UV excitation spectra and
VUV-UV excited emission spectra of the sample
Sr3Gd(PO4)3. The main purpose we determine the
spectra of Sr3Gd(PO4)3 is to corroborate the energy of
the host absorption band. The dominant band with a
maximum at 170 nm in VUV excitation curve (solid line
a) is assignable to a host excitation related band,
namely, the transition energy between conduct band
and valence band of PO4

3� group or the absorption due
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Fig. 2. The VUV excited emission spectrum ((a) excitation under

168 nm), VUV excitation spectrum ((b) under emission at 380 nm), UV

excited emission spectrum ((c) excitation under 310 nm) and UV

excitation spectrum ((d) under emission at 380 nm) of phosphor

Sr3Ce(PO4)3 at 293K.

Table 1

The host related absorption band of phosphors Sr3Gd1�xLnx(PO4)3
(Ln3+=Ce3+, Pr3+, Tb3+, x=0.00, 0.06), Sr3Ce(PO4)3 and

Sr3Tb(PO4)3

Phosphor Figure Band position (nm)

Sr3Gd(PO4)3 1 172

Sr3Ce(PO4)3 2 168

Sr3Gd(PO4)3:Ce
3+ 3 170

Sr3Gd(PO4)3:Pr
3+ 4 172

Sr3Tb(PO4)3 5 175

Sr3Gd(PO4)3:Tb
3+ 6 173
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to near-excitonic and impurity in Sr3Gd(PO4)3. Gen-
erally speaking, the band-to-band transition energy of a
definite host lattice is an intrinsic property of this
compound; therefore, it has no considerable change
when the different activators were doped. In order to
confirm the attribution of this band, the optical spectra
of Sr3Gd1�x(PO4)3:xLn3+ (Ln3+=Ce3+, Pr3+, Tb3+,
x ¼ 0:0020:06), Sr3Ce(PO4)3 and Sr3Tb(PO4)3 were
performed and the observed host absorption bands are
listed in Table 1, it can be found that the change of the
doped ions have no considerable influence on this
energy, all of the samples exhibit the bands near
170 nm, this wavelength is very close to the emission
wavelength of Xe containing noble gases plasma. The
host related absorption bands of rare earth orthopho-
sphates [19,20] were calculated to be about 7.0–7.8 eV,
which is near our results.
The f–f transitions of Gd3+ can also be observed in

VUV excitation spectrum, 8S7/2–
6GJ transitions are with

the maxima around 200 nm, 8S7/2–
6DJ transition 250 nm

and 8S7/2–
6I11/2 274 nm. The latter two groups of

transitions were also found in UV excitation curve, the
VUV excitation curve is in good agreement with the UV
excitation line in the range of 240–280 nm. Upon
excitation the host absorption at 172 nm or direct
excitation the 8S7/2–

6I11/2 transition of Gd
3+ at

274 nm, the emission spectra under VUV-UV excitation
were obtained and the similar emission of Gd3þ6P7=2�
8S7=2 transition at 314 nm can be observed, as shown in
curves b and c. It implies that the host lattice efficiently
transfer energy to the activators.

3.2. The spectroscopic properties of Sr3Ce(PO4)3

and Sr3Gd(PO4)3:Ce3+

In Fig. 2 the VUV excited emission spectrum (curve
a), VUV excitation spectrum (curve b), UV excited
emission spectrum (curve c) and UV excitation spectrum
(curve d) for the sample Sr3Ce(PO4)3 are plotted. The
spectroscopic curves in 130–500 nm range for sample
Sr3Gd(PO4)3:Ce are presented in Fig. 3. The samples
Sr3Ce(PO4)3 and Sr3Gd(PO4)3:Ce

3+ show strong emis-
sion band with the maximum around 370 nm
(27,027 cm�1) under UV-VUV excitation, and the
emission curves are rather broad with the full-width at
half-maximum (FWHM) about 5� 103 cm�1, the char-
acteristic splitting of the emission band of Ce3+ due to
the spin-orbit coupling is not observed. Upon 170 nm
(the host absorption) VUV excitation, both the Ce3+

and Gd3+ (6P7/2–
8S7/2, 314 nm) emission might be

observed, which implied that the efficient energy transfer
between host and RE3+ occurred.
In 1994, Hoogendorp et al. reported the luminescent

properties of Ce3+ activated isostructural compounds,
M3LaðPO4Þ3 : Ce3þðM ¼ Sr; BaÞ; Ba2:5La1:5ðPO4Þ2:5
ðSiO4Þ0:5: Ce3þ and Ba4ðPO4Þ2ðSO4Þ : Ce

3þ under UV
excitation [8]. It was found that the astonishing broad
emission and excitation bands are with the maxima at
375–380 and 315 nm for these phosphors, and it was
suggested that Ce3+ ions with variation surroundings
which is comparable to that of a glass probably result in
these remarkable broad emissions. Comparing our
VUV-Vis spectroscopic results (emission at 370 nm and
the lowest excitation at 310 nm) with Hoogendorp
reported UV-Vis spectra, it could be found that the
wavelengths of emission and lowest excitation band are
close to one another for these isostructural phosphors. It
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Fig. 3. The VUV excited emission spectrum ((a) excitation under

170 nm), VUV excitation spectrum ((b) under emission at 360 nm), UV

excited emission spectrum ((c) excitation under 310 nm) and UV

excitation spectrum ((d) under emission at 360 nm) of phosphor

Sr3Gd0.94Ce0.06(PO4)3 at 293K.
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seems that the dependence of the luminescence on the
composition of these host lattices is small. In the
prototypical eulytite compounds BGO and BSO, Bi3+

ion occupies a distorted octahedron of oxygen ions. The
site symmetry of Bi3+ is C3 symmetry [6,21]. For this
structure, there is complete order due to the fact that the
Bi3+ ion requires an asymmetrical coordination with
three short and three long Bi–O distances. The oxygen
ions occupy one set of (48e) sites to satisfy this
requirement. However, in M3Ln(PO4)3 (M:alkaline
earth metal ions) the cations do not have such specific
bonding requirements and the oxygen ions are found
equally disordered over three (48e) sites. The composi-
tion M3Ln(PO4)3 was found to show not only a cation
disorder (M2+/La3+ on Bi3+ sites) but also an oxygen
sublattice disorder [7,8]. In this way it can be imagined
that each of the Ce3+ ions seem to be able to choose its
own coordination in M3Ln(PO4)3, so that the emission
bands are very broad and show small differences.
The smaller value of the energy difference between the

emission and the excitation maximum can be used to
represent the Stokes shift. Because the f–d bands of Ce3+

in Sr3Ln(PO4)3:Ce
3+ are remarkable broad, the Stokes

shift is hard to be determined accurately. The lowest f–d
transition excitation bands were observed around 310nm
(32,258 cm�1) in Figs. 2(d) and 3(d); therefore, the Stokes
shift is estimated to be near or slightly lower than
5� 103 cm�1. The stokes shift of Ce3+ in YPO4:Ce

3+

was reported to be very small (550 cm�1) [17]. In our
previous work, this values are found to be 3000 cm�1 for
Ce3+ in Ba3(PO4)2:Ce

3+, 3800 cm�1 in Sr3(PO4)2:Ce
3+

and 2600 cm�1 in CaBPO5:Ce
3+ [22–24]. These results

implied that the changes of ion-lattice coupling for these
containing tetrahedral PO4

3� anions phosphates are as
the following order: Sr3LnðPO4Þ3: Ce3þ4Sr3ðPO4Þ2:
Ce3þ4Ba3ðPO4Þ2: Ce3þ4CaBPO5: Ce3þ4YPO4:Ce

3þ:
The bands peaking at about 220 nm in VUV excita-

tion curves are considered to connect with the highest
f–d transitions of Ce3+. This position is lower than
that of Ce3+ in YPO4 (203 nm) [17]. The 5d crystal
splitting components were not observed in the VUV-UV
excitation spectra, this is in agreement with the
above suggestions that each of Ce3+ ions are pro-
bably able to dictate its own coordination in the
hosts.
From the observed energy difference between the

highest and lowest f–d transitions in VUV-UV excita-
tion spectra, the crystal field splitting of 5d orbital for
Ce3+ in Sr3Ce(PO4)3 and Sr3Gd(PO4)3:Ce

3+ is calcu-
lated to be 13.0� 103 cm�1, and the barycenter of the
4f5d levels calculated from the mean value of the highest
and lowest excitation peaks is around 38.9� 103 cm�1.
The effect of crystal field on the 5d orbit will depress the
lowest and the barycenter of the level energies in
a specific host lattices compared to the free ions. It
is known that the level energy of lowest 5d state for free
Ce3+ is 49,340 cm�1, therefore, the lowest 5d level
energy depresses around 17.0� 103 cm�1. The centroid
energy of free Ce3+ ion was reported to be 51,230 cm�1,
hence the centroid shift for Ce3+ in Sr3Ln(PO4)3 is
about 12.3� 103 cm�1, this value is rather large for Ce3+

in phosphates, for example, the value for Ce3+ in
LnP5O14 (Ln=La, Ce), LaP3O9, REPO4 (RE=La, Y,
Lu) and K3La(PO4)2 is reported below 10.0� 103 cm�1

[25]. The results exhibit that the binding of the ligand
charge cloud to cations is smaller for Sr3Ln(PO4)3:Ce

3+

due to the larger nephelauxetic effect. In principle, with
the covalency and nephelauxetic effect increase, the
attraction of cations to charge cloud decrease, which
lead to the ion-lattice coupling increase, thus the
barycenter of the 5d levels decline.

3.3. The spectroscopic properties of Sr3Gd(PO4)3:Pr3+

The emission spectra under 172 nm VUV and 274 nm
UV excitation as well as VUV-UV excitation spectra
under emission at 627 nm for the sample
Sr3Gd0.94Pr0.06(PO4)3 at room temperature are shown
in curves a–d of Fig. 4. The band at 172 nm is the host
lattice absorption, as described before. The bands in the
range of 180–250 nm are related to the excitation of 4f5d
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states, among these bands, the band with a maximum at
222 nm (45,045 cm�1) is considered to be the lowest
4f2-4f15d1 transition for Pr3+ in the host lattice.
Therefore, the lowest 5d level of Pr3+ in Sr3Gd(PO4)3
decreases about 16.5� 103 cm�1, comparing to the free
ions (61,580 cm�1). It is interested to noted that this red
shift value of Pr3+ in Sr3Gd(PO4)3 is nearly equal to
that of Ce3+ in the same host lattice (17� 103)
mentioned above. As demonstrated by Dorenbos in an
extensive review on the position of 5d transitions of
lanthanides, it is possible to use the position of the 5d
levels of Ce3+ to predict that of all other lanthanides
[25–27]. This can be done because the influence of the
crystal field and covalency of the host lattice on the red
shift of 4f5d levels are approximately equal for all rare
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Fig. 4. The VUV excited emission spectrum ((a) excitation under

172 nm), VUV excitation spectrum ((b) under emission at 627 nm), UV

excitation spectrum ((c) under emission at 627 nm), UV excited

emission spectrum ((d and e) excitation under 274 nm) of phosphor

Sr3Gd0.94Pr0.06(PO4)3 at 293K.

Table 2

The CIE coordination x, y values of Sr3Gd(PO4)3:Pr
3+, Sr3Tb(PO4)3 and S

Excitation Sr3Gd(PO4)3:Pr
3+ Sr3Tb(P

x y x

lex ¼ 172; 274 nm lex ¼ 1
VUV 0.57 0.29 0.28

UV 0.64 0.31 0.26
earth ions. This is true for Ce3+ and Pr3+ in
Sr3Ln(PO4)3. From the observed energy of the lowest
5d state and red shift for Ce3+ in Sr3Ln(PO4)3
(17,000 cm�1), the lowest 5d level of Pr3+ in this host
lattice can be predicted to be 224 nm, this result is in line
with the band we observed, which corroborates the
attribution of this band.
As the broad and parity-allowed f–d transitions

overlap on the weak 1S0–
3H4 transition of Pr

3+, this
f–f transition was not observed in VUV excitation
spectrum. It is reported that the energy of 1S0 level is
about 46,450 cm�1 (215 nm) for Pr3+ in most oxides and
fluorides host, obviously, it is higher than that of the
lowest 5d level of Pr3+ in Sr3Gd(PO4)3, therefore, the
photon cascade emission cannot occur in
Sr3Gd(PO4)3:Pr

3+ [28]. As shown in Fig. 4, upon
excitation the host absorption band or 8S7/2–

6I11/2
transition of Gd3+ at 274 nm, except the 6P7/2-

8S7/2
emission transition of Gd3+ peaking at 318 nm, a weak
d–f transitions band at about 355 nm (most probably the
traces of Ce3+ impurities emission) and the f–f transi-
tions around 488 nm (3P0-

3H4), as well as the red
emission at 628 nm (3P0-

3H6) transition of Pr
3+ were

observed. These emission spectra are similar with that of
BGO:Pr3+ [the prototypical eulytite compound of
phosphates Sr3Ln(PO4)3] under UV excitation [29].
The spectroscopic results imply that the energy transfer
among the host lattice-Gd3+-Pr3+ occurred. The CIE
(Commission Internationale de l’Eclairage, Interna-
tional Commission on Illumination) chromaticity co-
ordinates of the National Television Standard
Committee (NTSC) for red are x ¼ 0:67; y ¼ 0:33; the
calculated chromaticity coordinates for the phosphor
Sr3Gd(PO4)3:Pr

3+ are listed in Table 2, showing there is
a small difference with NTSC values.

3.4. The spectroscopic properties of Sr3Tb(PO4)3

and Sr3Gd(PO4)3:Tb3+

The VUV excitation spectra, measurements at 293K
for the samples Sr3Tb(PO4)3 and Sr3Gd0.94Tb0.06(PO4)3
under 5D4–

7F5 emission of Tb
3+ are presented in Figs. 5

and 6, respectively. The host lattice absorption band
near 170 nm can be observed in VUV excitation spectra
and was listed in Table 1.
r3Gd(PO4)3:Tb
3+

O4)3 Sr3Gd(PO4)3:Tb
3+

y x y

75; 258nm lex ¼ 173; 274nm
0.59 0.24 0.45

0.60 0.23 0.46



ARTICLE IN PRESS

5 D
4-

7 F
5

(d)

(b)

(c)

(a)

Sr
3
Tb(PO

4
)
3
, RT

ex = 258 nm (c)
em = 544 nm (d)R

el
at

iv
e 

in
te

ns
ity

 (
a.

u.
)

Wavelength (nm)

Sr
3
Tb(PO

4
)
3
, RT

ex = 175 nm (a)
em = 544 nm (b)

250200 300 350 400 450 500 550 600

250200150 300 350 400 450 500 550 600 650 700100

Fig. 5. The VUV excited emission spectrum ((a) excitation under

175 nm), VUV excitation spectrum ((b) under emission at 544 nm), UV

excited emission spectrum ((c) excitation under 258 nm) and UV

excitation spectrum ((d) under emission at 544 nm) of phosphor

Sr3Tb(PO4)3 at 293K.

200 250 300 350 400 450 500 550 600 650

5 D
4-7 F

5

(c)

(d)

(b) (a)

Sr3Gd(PO4)3:Tb3+, RT
ex = 274 nm (c)
em = 545 nm (d)R

el
at

iv
e 

in
te

ns
ity

 (
a.

u.
)

Wavelength (nm)

100 150 200 250 300 350 400 450 500 550 600

Sr
3
Gd(PO

4
)
3
:Tb3+ ,RT

ex = 173 nm (a)
em = 545 nm (b)

Fig. 6. The VUV excited emission spectrum ((a) excitation under

173 nm), VUV excitation spectrum ((b) under emission at 545 nm), UV

excited emission spectrum ((c) excitation under 274 nm) and UV

excitation spectrum ((d) under emission at 545 nm) of phosphor

Sr3Gd0.94Tb0.06(PO4)3 at 293K.

H. Liang et al. / Journal of Solid State Chemistry 177 (2004) 901–908906
The ground states (4f 8) of Tb3+ are 7FJ configura-
tions, when one electron is promoted to 5d shell,
different with Ce3+ and Pr3+ ions, it can give rise to
two 4f75d1 excitation states: the high-spin states with 9DJ

configurations or low-spin states with 7DJ configura-
tions. Obviously, 9DJ states will be lower in energy
according to Hund’s rule, and the transitions between
7FJ and

7DJ are spin-allowed, while
7FJ–

9DJ transitions
are spin-forbidden. Therefore, the spin-allowed f–d
transitions are strong, with higher energy; the spin-
forbidden f–d transitions are weak, with lower energy.
We might firstly estimate the lowest spin-allowed f–d
transition and the lowest spin-forbidden f–d transition
of Tb3+ using the lowest 5d states decrease obtained
from Ce3+ and Pr3+. It is known that when compare
with the free ion, the lowest 5d states decrease
17.0� 103 cm�1 for Ce3+ and 16.5� 103 cm�1 for Pr3+

in Sr3Ln(PO4)3, respectively, and the lowest spin-
allowed and spin-forbidden f–d transitions for free
Tb3+ ions was reported to be 62,500 and 56,350 cm�1.
Hence, the lowest spin-allowed and spin-forbidden
f–d transition for Tb3+ in Sr3Ln(PO4)3 is expected to
be about 45.5�46.0� 103 cm�1 (217–220 nm) and
39.4�39.9� 103 cm�1 (251–254 nm), respectively. Then
we might compare these predictions with the spectro-
scopic figures; the strong bands at 224 in Figs. 5 and 6
and weak band at 260 nm in Fig. 5 is probably
assumable to be the lowest spin-allowed and spin-
forbidden f–d transitions, respectively.
The energies of the lowest WfdðnÞ of f n-series RE3+

ions might be represented as Eq. (1) [30,31].

WfdðnÞ ¼ Eðf n�1dÞ � Eðf nÞ ¼ Vfd þ DUðnÞ; ð1Þ

where Vfd is the single-electron-scheme transition
energies from the 4f-orbit to the 5d-orbit, and DU the
many-electron correction to the single-electron-scheme
binding energies. The estimated values of DU for Ln3+

ions were reported and listed in Table 3, and the Vfd � n

correlation was considered to be linear. Therefore,
Eqs. (2) and (3) for RE3+ in Sr3Ln(PO4)3 is obtained
by fitted the experimental results. The fitted and
predicted lowest f–d transitions for Ln3+ in host
Sr3Ln(PO4)3 are listed in Table 3 also, showing the
predicted value agrees with the experimental value.

Vfd ¼ 30:29þ 0:71n ð�103 cm�1Þ; ð2Þ

WfdðnÞ ¼ 30:29þ 0:71n þ DUðnÞ ð�103 cm�1Þ: ð3Þ
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Table 3

The fitted and predicted lowest f–d transitions for Ln3+ in hosts

Sr3Ln(PO4)3

n Ln3+ DU(n)

(103 cm�1)

Predicted

(103 cm�1)

Experimental

(103 cm�1)

Relative

error (%)

1 Ce3+ 1.2 32.20 32.258 0.18

2 Pr3+ 13.4 45.11 45.045 �0.14
8 Tb3+ 2.5 38.47 38.461 �0.02
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The UV excitation spectrum and emission spectra
under VUV-UV excitation are presented in Figs. 5 and 6
also. The UV excitation is in line with the VUV curve in
the range of 240–300 nm, weak f–f transitions of
Tb3+ occur in 300–500 nm range of two figures, and
the 8S7/2–

6I11/2 and
6P7/2–

8S7/2 transitions of Gd
3+

present in Fig. 6 in Sr3Gd(PO4)3:Tb
3+. Some differences

are presented in the emission spectra between the
phosphors Sr3Tb(PO4)3 and Sr3Gd(PO4)3:Tb

3+ when-
ever under VUV-UV excitation. The 5D3-

7FJ transitions
of Tb3+ in 400–450 nm range can be clearly observed in
the emission curve of Sr3Gd(PO4)3:Tb

3+, while these
transitions are very weak for Sr3Tb(PO4)3. This is
related to the self-quenching originating from the cross
relaxation of Tb3+ in pure Sr3Tb(PO4)3. The Tb

3+–
Tb3+ separation in diluted system Sr3Gd(PO4)3:Tb

3+ is
large, and the 5D3–

7FJ blue emission emerged. When the
Tb3+ concentration increase, the distances between two
Tb3+ ions decrease, which make 5D3 decay mainly non-
radiatively in pure compound Sr3Tb(PO4)3 via a cross-
relaxation process between transitions 5D3–

5D4 and
7F0–

7F6 of Tb
3+ [32]. The calculated CIE coordination

x; y values for Sr3Tb(PO4)3 and Sr3Gd(PO4)3:Tb
3+

under VUV-UV excitation are listed in Table 2, the
luminescent chromaticity coordinates of NTSC for
green are x ¼ 0:21; y ¼ 0:71; hence the improvement
on the color pure for these phosphors is required.
4. Conclusions

The VUV-UV excitation spectra and corresponding
emission spectra of Sr3Gd(PO4)3:Ln3+ (Ln=Ce, Pr, Tb)
and Sr3Ln(PO4)3 (Ln=Ce, Gd, Tb) were determined.
The following conclusions could be suggested:
(1)
 The host lattice absorption band of Sr3Ln(PO4)3
peaks near 170 nm as shown from the VUV
excitation spectra.
(2)
 The f–d bands for Ce3+, Pr3+ and Tb3+ in
Sr3Ln(PO4)3 were assigned and corroborated, the
lowest f–d transition energies (WfdðnÞ) and n value
for 4f n configuration Ln3+ ions in these host lattices
is suggested to be expressed as WfdðnÞ ¼ 30:29þ
0:71nþDUðnÞ:
(3)
 The energy transfer occurs among the host lattices,
Gd3+ and Ce3+, Pr3+, Tb3+ ions. The calculated
CIE chromaticity coordinations for the phosphors
Sr3Gd(PO4)3:Pr

3+, Sr3Gd(PO4)3:Tb
3+ and

Sr3Tb(PO4)3 under VUV-UV excitation show small
difference with NTSC standard values.
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