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Abstract The luminescence properties of polyphosphates
NaEuxGd(1 − x)(PO3)4 (x = 0–1.00) and the energy transfer
from Gd3+ to Eu3+ were studied. In undoped NaGd(PO3)4

sample, the photon cascade emission of Gd3+ was ob-
served under 8S7/2 → 6GJ excitation (201 nm) in which
the emission of a red photon due to 6GJ → 6PJ tran-
sition is followed by an ultraviolet photon emission due
to 6PJ → 8S7/2 transition. When part of Gd3+ ions in
the host NaGd(PO3)4 were substituted by Eu3+ ions, the
NaGd(PO3)4:Eu3+ sample showed intensive red emission
under 172-nm vacuum-ultraviolet (VUV) excitation which
is suitable for mercury-free fluorescent lamps and plasma
display panel applications. Based on the VUV–visible spec-
troscopic characteristics and the luminescence decay prop-
erties of NaGd(PO3)4:Eu3+, it was found that the quantum
cutting by a two-step energy transfer from Gd3+ to Eu3+ can
improve the red emission of Eu3+ ions under VUV excita-
tion but only a part of the excitation energy in the excited
6PJ states within Gd3+ ions can be transferred to Eu3+ ions
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for its red emission, and the nonradiative energy transfer ef-
ficiencies from the excited 6PJ states within Gd3+ to Eu3+
were calculated.
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1 Introduction

The oxide phosphors doped with Eu3+ ions have received
great concern due to their good photoluminescence char-
acteristics. They are often used as red-emitting phosphors
in the fields of lighting and displaying under the excitation
of ultraviolet (UV) or vacuum-ultraviolet (VUV) light. For
example, (Y, Gd)BO3:Eu3+ is a well-known red-emitting
phosphor for mercury-free fluorescent tubes and plasma dis-
play panels (PDPs) because of its high luminous efficiency
under VUV excitation.

In both mercury-free fluorescent tubes and PDPs applica-
tion, the VUV radiation generated by a noble gas discharge
is used as the excitation source, which is converted into vis-
ible light by the VUV phosphors. But the energy of a VUV
photon is more than twice the energy of a visible photon.
If a VUV photon is converted into a visible photon, the en-
ergy efficiency will be much lower. Trivalent gadolinium ion
(Gd3+) doped in LiYF4 can give a photon cascade emission
(quantum cutting) upon 8S7/2 → 6GJ excitation [1], that is
after absorbing a high-energy VUV photon Gd3+ ion acting
as a quantum cutter can emit a red photon due to the 6GJ →
6PJ transition and an ultraviolet photon due to the 6PJ →
8S7/2 transition. And the energy of both transitions can be
transferred to Eu3+ ions through a two-step energy transfer
for emitting two red photons, so a visible quantum efficiency
of 190% from a VUV photon can be obtained [2, 3]. So an
efficient energy transfer from the donor to the acceptor is a
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critical requirement to yield a high luminous efficiency for
the visible emission under VUV excitation.

The inorganic condensed polyphosphates with general
formula MIREIII(PO3)4 (where MI are alkali metal ions
and REIII are rare-earth metal ions) are relatively stable un-
der ambient conditions of temperature and humidity [4, 5].
These compounds can be kept for many years in a perfect
state of crystallinity and they are not water soluble [6]. They
have been extensively investigated in the past years due
to their interesting optical properties [7–9]. In our recent
works, the intensive green and white emission were obtained
when trivalent terbium ion (Tb3+) and dysprosium (Dy3+)

were doped in the polyphosphate NaGd(PO3)4, respectively
[10, 11]. In order to obtain a new red-emitting VUV phos-
phor, Eu3+-activated NaGd(PO3)4 (NaGd(PO3)4:Eu3+)

powder samples were prepared in the present work. After the
photon cascade emission of Gd3+ in NaGd(PO3)4 was de-
termined, the intensive red emission of NaGd(PO3)4:Eu3+
was measured under 172-nm VUV excitation, because the
172-nm VUV photon is one of the maximum wavelengths
yielded by the xenon dimmer discharge. And the energy
transfer behaviors from Gd3+ to Eu3+ ions were analyzed
according to the spectroscopic characteristics and the lumi-
nescence decay properties of NaGd(PO3)4:Eu3+.

2 Experimental details

A series of polycrystalline samples of NaEuxGd(1 − x)(PO3)4

(x = 0–1.00) were synthesized by a high-temperature solid-
state reaction of stoichiometric amounts (Na/RE/P = 1:1:4)
of analytical reagent grade Na2CO3, NH4H2PO4, and
99.99% pure rare-earth oxides (Gd2O3 and Eu2O3) using
the following reactions:

8NH4H2PO4 + (1 − x)Gd2O3 + xEu2O3 + Na2CO3

973 K/40 h
——–−→ 2NaEuxGd(1 − x)(PO3)4 + 8NH3

+ 12H2O + CO2.

The pulverous mixtures were ground in an agate mortar
and then calcinated at 973 K (700°C) for 40 h in a corundum
crucible under air atmosphere.

The X-ray powder diffraction analyses were carried out
with a Rigaku D/max 2200 vpc X-ray powder diffractometer
(Cu Kα radiation, 40 kV, 30 mA) at room temperature (RT),
and the data were collected with 2θ = 10–60◦, step size =
0.02◦.

The UV luminescence spectra and luminescence decay
curves at RT were recorded on an Edinburgh FLS 920 com-
bined fluorescence lifetime and steady state spectrometer,
which was equipped with a time-correlated single-photon
counting (TCSPC) card. A 450-W xenon lamp was used as
the excitation source for the UV-visible spectra and a blue-

Fig. 1 XRD patterns of samples NaGd(PO3)4, NaEu0.05Gd0.95
(PO3)4, and NaEu(PO3)4

sensitive photomultiplier tube (R1527 PMT) was used for
the emission spectra recording. The excitation photons for
the luminescence decay curve determining were provided
by a 60-W µF flash lamp with pulse width of 1.5–3.0 µs.

The VUV spectra were recorded at Beamline 4B8 in Bei-
jing Synchrotron Radiation Facilities (BSRF) under dedi-
cated synchrotron mode (2.5 GeV, 150–60 mA). A 1 m Seya
monochromator (1200 grooves/mm, 120–350 nm, 1-nm
bandwidth) was used for the synchrotron radiation exci-
tation spectra measurement, and an Acton SP-308 mono-
chromator (600 grooves/mm, 330–900 nm) was used for the
emission spectra measurement. The signal was detected with
a Hamamatsu H8259-01 photon counting unit. The vacuum
in the sample chamber was about 1 × 10−5 mbar. The ef-
fect of the experimental setup response on the relative VUV
excitation intensities of the samples were corrected by divid-
ing the measured excitation intensities of the samples with
the excitation intensities of a reference sample sodium sali-
cylate (o-C6H4OHCOONa) measured simultaneously in the
same excitation conditions [12].

3 Results and discussion

3.1 Powder X-ray diffraction

In order to characterize the phase purity of the samples,
X-ray powder diffraction (XRD) measurements were per-
formed for all samples. As for example, the XRD pat-
terns of samples NaGd(PO3)4, NaEu0.50Gd0.50(PO3)4, and
NaEu(PO3)4 were plotted in Fig. 1 indicating that all sam-
ples are of single phase and in good agreement with the re-
ported powder patterns in JCPDS standard card numbered
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Fig. 2 The VUV spectra of undoped NaGd(PO3)4 at RT. (a) Excita-
tion spectrum (λem = 311 nm), (b) emission spectrum (λex = 273 nm)

47-0657 [NaGd(PO3)4]. These XRD patterns comparisons
also show that the polyphosphate samples were synthesized
successfully at 700◦C. This calcination temperature is much
lower than the preparation temperature (1100◦C) of cur-
rent commercial red-emitting phosphors (Y, Gd)BO3:Eu3+
by the solid-state reaction technique [13], which is in fa-
vor of energy saving for our society when the phosphor
NaGd(PO3)4:Eu3+ are synthesized on a large scale as a
commercial product.

The compound NaGd(PO3)4, crystallizing in a mono-
clinic system with P 21/n space group, can be described
as a long chain polyphosphate containing alternating zigzag
(PO3)n chains linked by distorted GdO8 dodecahedra, and
there is only one C1 site for Gd3+ ions which has the
lowest symmetry [14]. Because of the much smaller ionic
radii difference between rare-earth ions Eu3+ (106.6 pm)
and Gd3+ (105.3 pm) in the eight-fold coordination envi-
ronment [15], the compound NaEu(PO3)4 is isostructure
with compound NaGd(PO3)4, and the XRD patterns of
NaEu0.50Gd0.50(PO3)4 and NaEu(PO3)4 are the same with
that of NaGd(PO3)4, although all Gd3+ ions were substi-
tuted by Eu3+ ions in NaEu(PO3)4.

3.2 Photon cascade emission of Gd3+ in NaGd(PO3)4

The VUV excitation spectrum of undoped NaGd(PO3)4 by
monitoring Gd3+ emission at 311 nm (due to the 6P7/2 →
8S7/2 transition) is shown as a curve a in Fig. 2. The sharp
excitation peaks at around 273, 245, and 201 nm are as-
signed to the transitions from ground state 8S7/2 to excited
states 6IJ, 6DJ, and 6GJ within Gd3+ ion, respectively. And
those weak peaks from 162 to 180 nm can be attributed to
8S7/2 → 6HJ transition within Gd3+ ion according to [1].
As indicated by the threefold magnified spectrum shown in

the inset of Fig. 2, the broad absorption appearing at 155 nm
is ascribed to Gd3+–O2− charge transfer transition [3]. And
the weak broad band from 165 to 185 nm, which overlaps
with the peaks of 8S7/2 → 6HJ transition within Gd3+ ion,
is considered to be the PO−

3 host-lattice-related absorption.
In most phosphates, the host absorption of PO3−

4 locates at
around 170 nm [16] although the structure of NaGd(PO3)4

consists of GdO8 polyhedra sharing oxygen atoms with
phosphoric group PO4, the intrinsic absorption of PO−

3 is
also considered to be around this wavelength.

Within Gd3+ ion, the energy gap between the 6G7/2 level
and the next lower 6DJ level is large, so the multiphonon-
relaxation rates will be negligibly low. Therefore the photon
cascade emission can occur when Gd3+ ion is excited to 6GJ

level. In Gd3+ activated fluoride LiYF4, it was observed that
a Gd3+ ion excited in the 6GJ level can return to the ground
state by emitting two photons [1]. But comparing the tech-
nique for synthesizing oxide phosphors, the conditions for
preparing the fluorides are more fastidious, and the oxide
phosphors have higher VUV absorption efficiency [17]. If
the quantum cutting of Gd3+ ion can occur in oxide phos-
phors, the Gd3+-based compounds could have higher visible
quantum efficiency than VUV exciting phosphors.

Figure 3 shows the emission spectrum of undoped
NaGd(PO3)4 under 8S7/2 → 6GJ excitation (201 nm) at
RT. Besides the ultraviolet emission at around 311 nm due
to the 6PJ → 8S7/2 transition, there are some weak peaks at
around 593 nm. All emission lines in these spectra are as-
signed to 6GJ → 6PJ transition of Gd3+ ions, whose energy
agree very well with the calculated differences between the
energies of 6GJ levels and the energies of the 6PJ levels.
The detailed assignments were marked in the magnified
6GJ → 6PJ emission spectrum shown in the inset of
Fig. 3. The fact that Gd3+ ion in NaGd(PO3)4 excited
by 8S7/2 → 6GJ transition emits a red photon due to the
6GJ → 6PJ transition and an ultraviolet photon due to the
6PJ → 8S7/2 transition, as shown in the left part of Fig. 4,
confirms the occurrence of the photon cascade emission of
Gd3+ in this oxide host lattice polyphosphate NaGd(PO3)4.

3.3 Intensive red emission of Eu3+ doped in NaGd(PO3)4

The emission of Eu3+ ion consists usually of lines in the
red spectral area, which has important application in lighting
and color display. In order to obtained a new red-emitting
phosphor, Eu3+ ions were doped in the host NaGd(PO3)4

by conventional solid-state reactions.
Figure 5 shows the VUV excitation and emission spec-

tra of NaEu0.10Gd0.90(PO3)4 at RT, and the VUV spectra of
commercial phosphor (Y, Gd)BO3:Eu3+ as a reference were
also plotted in this figure. For these curves all parameters
were normalized, which include (emission and excitation)
slit width, integrated time, beam intensity, and relative in-
tensity of energy at the excitation wavelength.



142 J. Zhong et al.

Fig. 3 Emission spectrum of
undoped NaGd(PO3)4 under
8S7/2 → 6GJ excitation
(201 nm) at RT (the inset figure
is the magnified 6GJ → 6PJ
emission spectrum)

Fig. 4 The transitions for the
photon cascade emission of
Gd3+ ion in undoped
NaGd(PO3)4 compound and
energy transfer from Gd3+ to
Eu3+ ion in NaGd(PO3)4:Eu3+

The excitation spectra of both red phosphors were mea-
sured by monitoring Eu3+ emission at 611 nm due to the
5D0 →7F2 transition. Comparing the excitation spectra of
Eu3+ ions doped in the host NaGd(PO3)4 and (Y, Gd)BO3,

it can be seen that the maximum of charge transfer band
(CTB) of Eu3+–O2− in NaGd(PO3)4:Eu3+ is shifted about
18 nm toward high-energy region, which maybe benefit for
the luminescence of NaGd(PO3)4:Eu3+ under VUV excita-
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Fig. 5 VUV spectra of NaEu0.10Gd0.90(PO3)4 (labeled as NGP:Eu3+)

and commercial phosphor (Y, Gd)BO3:Eu3+ (YGB:Eu3+) at RT

tion because it was concluded by G. Blasse that the lumi-
nescence efficiency of phosphors doped Eu3+ ions increase
with energy increasing of CTB (Eu3+–O2−) [18].

From the excitation spectra in Fig. 5 it can be ob-
served that both red-emitting phosphors have almost the
same absorption intensity at 172 nm, which suggests that
NaGd(PO3)4:Eu3+ could be a potential red-emitting VUV
phosphor for mercury-free fluorescent lamps and PDPs ap-
plications. Then the emission spectra of NaGd(PO3)4:Eu3+
and (Y, Gd)BO3:Eu3+ were measured under the 172-nm
VUV excitation and both spectra are plotted in Fig. 5 as
curves c and d, respectively. The obvious discrepancy be-
tween both curves is that the electronic dipole 5D0 →7F2

transition at 611 nm within NaGd(PO3)4:Eu3+ is stronger
than the emission of magnetic 5D0 →7F1 transition at
593 nm because of the noninversion symmetry of Eu3+ sites
in NaGd(PO3)4, while in (Y, Gd)BO3:Eu3+ the later emis-
sion is much stronger which results in not having deep red
emission [19].

3.4 Energy transfer from Gd3+ to Eu3+ in
NaGd(PO3)4:Eu3+

Gd3+–Eu3+ pair was studied sufficiently as efficient en-
ergy transfer ion couple by many scientists [20, 21]. In
LiGdF4:Eu3+ systems a visible quantum efficiency higher
than 100% have been obtained through the 6GJ → 6PJ

(Gd3+) and 7FJ → 5D0(Eu3+) cross-relaxation energy
transfer from Gd3+ to Eu3+ ions [2]. In present study, the
emission spectrum of the sample NaEu0.50Gd0.50(PO3)4 ex-
cited by 201 nm vacuum ultraviolet due to 8S7/2 → 6G7/2

transition within Gd3+ ion is shown in Fig. 6a. Besides the

Fig. 6 Emission spectra of NaGd0.50Eu0.50(PO3)4 at RT

Eu3+ red emission due to 5D0 →7F1 and 5D0 →7F2 transi-
tion, the emission peak of Gd3+ ion at around 311 nm due to
6P7/2 → 8S7/2 transition can also be seen. The broad band
at around 350 nm is the intrinsic host emission. When the
sample NaEu0.50Gd0.50(PO3)4 was excited by 235-nm ul-
traviolet due to CTB of Eu3+–O2−, the characteristic Gd3+
6P7/2 → 8S7/2 emission at 311 nm was insignificant indi-
cating that there is no efficient energy transfer from Eu3+
to Gd3+ ions in NaGd(PO3)4:Eu3+, and the energy for
Gd3+ ultraviolet emission at 311 nm under 201-nm VUV
excitation would not come from Eu3+ ion although Gd3+
and Eu3+ have overlap absorption at about 201 nm. There-
fore, the photon cascade emission of Gd3+ would occur in
NaGd(PO3)4:Eu3+ under VUV excitation and it would im-
prove the red emission of Eu3+ through the cross-relaxation
energy transfer from Gd3+ to Eu3+ ions as shown in Fig. 4.

On the other hand, the existence of the emission peak
at 311 nm of Gd3+ under 201-nm VUV excitation also
shows that the energy transfer from Gd3+ to Eu3+ through
energy migration is not complete. In order to investigate
the energy transfer behaviors from Gd3+ to Eu3+ ions in
NaGd(PO3)4:Eu3+, the emission spectra of NaGd(PO3)4

samples doped with different Eu3+ concentration were de-
termined under 273-nm UV excitation. As for example,
Fig. 7 shows the emission spectra of NaEuxGd(1 − x)(PO3)4

samples (x = 0.1, 0.3, 0.5, 0.7) in the region between 290
and 680 nm excited at 273 nm corresponding to the 8S7/2

→ 6IJ transition of Gd3+. Both the UV emission of Gd3+
at 311 nm and the red emission of Eu3+ at 611 nm are
observed, and the emission intensity of Gd3+ decreases
with the increasing Eu3+ concentration but does not com-
pletely disappear even though the x value in excess of 0.50.
The inset figure in Fig. 7 shows the effects of Eu3+ ad-
dition on the emission intensities of both peaks. It can be
concluded that the intensity of Gd3+ emission decreases
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sharply when Eu3+ doping concentration increases from
1.0 to 20.0 mol%, while the intensity of Eu3+ emission at
611 nm increases up to 5.0 mol% Eu3+ addition and then
remains constant till 50.0 mol% Eu3+ addition. When the
concentration of Eu3+ exceeds 60.0 mol%, the intensity of
both emission peaks starts to diminish as the absorption for
273-nm UV radiation becomes weak due to the decreasing
of Gd3+ ions.

Fig. 7 Emission spectra of NaEuxGd(1 − x)(PO3)4 samples under
273-nm UV excitation. The inset figure is the relative emission in-
tensities of peaks at 311 (a, 6P7/2 → 8S7/2 transition of Gd3+) and
611 nm (", 5D0 →7F2 transition of Eu3+) varied with the x value in
NaEuxGd(1 − x)(PO3)4 samples

Figure 8 shows Emission spectra of NaEuxGd(1 − x)

(PO3)4 (x = 0.01–1.0) samples in the region between
550 and 680 nm excited at 393 nm corresponding to
the 7F0 →5L6 transition within Eu3+ ions. It can be ob-
served that the intensities of Eu3+ emission at 611 nm
always increase as the growing of Eu3+ addition and
there is no concentration quenching for the emission of
NaGd(PO3)4:Eu3+ samples even though all Gd3+ ions in
NaGd(PO3)4 were substituted by Eu3+ ions to form the
compound NaEu(PO3)4, which means that the energy ab-
sorbed directly by Eu3+ ions at 393 nm can be effectively
converted into the red emission of Eu3+ at 611 nm.

These phenomena that the intensities at 611 nm of Eu3+
increasing up to a constant under 273-nm UV excitation
whereas always increasing under 393-nm UV excitation
suggests again that there is energy transfer from Gd3+ to
Eu3+ ions but the energy absorbed by the Gd3+ ions at
273 nm can not be transferred completely to Eu3+ ions.
When the doping concentration of Eu3+ was increased up to
5.0 mol%, the efficiency of the energy transfer from Gd3+
to Eu3+ ions seems to be saturated.

Figure 9 shows the Eu3+ ion concentration dependence
of the luminescence decay curves of Gd3+ emission in
NaEuxGd(1 − x)(PO3)4 samples under 273-nm UV excita-
tion at RT. All the decay curves can be fitted with the fol-
lowing single-exponential decay equation (1):

I (t) = A exp
(−t/τP

Gd

)
, (1)

where A is a constant, τP
Gdis the decay time of 6P7/2 excited

state within Gd3+ ion in NaEuxGd(1 − x)(PO3)4 samples un-
der 273-nm UV excitation. The fitted results were listed in

Fig. 8 Emission spectra of
NaEuxGd(1 − x)(PO3)4 samples
under 393-nm UV excitation.
The inset figure is the relative
emission intensities of peaks at
611 nm varied with the x value
in NaEuxGd(1 − x)(PO3)4
samples
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Table 1. From the fitted results it can be concluded that the
decay rate of the 6P7/2 state within Gd3+ ion under 273-nm
UV excitation become faster and faster with the increase of
Eu3+ concentration.

For simplicity, we assume a quantum efficiency of η = 1
for Gd3+ emission in undoped host NaGd(PO3)4. Thus,
the energy transfer efficiency (ηTr) from Gd3+ to Eu3+ in
NaEuxGd(1 − x)(PO3)4 samples can be calculated according
to the general equation (2) as follows [22]:

ηTr = 1 − 1/τP
Gd0

1/τP
Gd

= 1 − τP
Gd

τP
Gd0

, (2)

Fig. 9 The Eu3+ ion concentration dependence of the luminescence
decay curves of Gd3+ emission in NaEuxGd(1 − x)(PO3)4 samples un-
der 273-nm UV excitation at RT

where τP
Gd0

represents the lifetime value of the 6P7/2 state

within Gd3+ in undoped host NaGd(PO3)4. All the calcu-
lated results of ηTr are also compiled in Table 1.

Figure 10 shows the luminescence decay curves of
NaEuxGd(1 − x)(PO3)4 samples when Eu3+ ions were di-
rectly excited by 393-nm violet light through 7F0 →5L6

transition within Eu3+ ions at RT. All the decay curves also
can be fitted with the single-exponential decay equation (1).
According to the fitted results, the decay time values for
Eu3+ transient emission at 611 nm (τD

Eu) always keep con-
stant at about 4.60 ms as NaEuxGd(1 − x)(PO3)4 samples
were excited directly by the 7F0 →5L6 transition of the

Table 1 The lifetime values of the 6P7/2 state within Gd3+ ions (τP
Gd)

in NaEuxGd(1 − x)(PO3)4 samples under 273-nm UV excitation and
the energy transfer efficiency (ηTr) from Gd3+ to Eu3+

No. x value τP
Gd (ms) ηTr

1 0 6.36 NA

2 0.01 4.83 0.24

3 0.05 2.34 0.63

4 0.10 1.39 0.78

5 0.20 0.78 0.88

6 0.30 0.55 0.91

7 0.40 0.42 0.93

8 0.50 0.35 0.94

9 0.60 0.30 0.95

10 0.70 0.27 0.96

11 0.80 0.23 0.96

12 0.90 0.20 0.97

Fig. 10 Luminescence decay
curves of NaEuxGd(1− x)(PO3)4
samples (λex = 393 nm,
λem = 611 nm). All curves were
fitted with (1)
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Fig. 11 The Eu3+ ion concentration dependence of the luminescence
decay curves of NaEuxGd(1 − x)(PO3)4 samples at RT (λex = 273 nm,
λem = 611 nm)

Eu3+ ions at 393 nm, and this values almost are not in-
fluenced by the Eu3+ concentrations.

The Eu3+ ion concentration dependence of the lumines-
cence decay curves of NaEuxGd(1 − x)(PO3)4 samples under
273-nm UV excitation at RT are shown in Fig. 11a. When
Gd3+ ions were excited by 273-nm UV light, there are two
processes in the decay curves for Eu3+ emission: build-up
process and decay process. Through build-up process, the
energies absorbed by the 8S7/2 → 6I7/2 transition within
Gd3+ ions are transferred to Eu3+ ions through energy
migration for red emission. From the luminescence decay
curves, it can be seen that the build-up process is obvi-
ously influenced by the Eu3+ concentration, and the build-
up processes become faster and faster with the increasing of
Eu3+ ions (see the magnified figure in Fig. 11a). The decay
process varied with Eu3+ concentration when the x value
in the NaEuxGd(1 − x)(PO3)4 is below 0.10, while the de-
cay process do not obviously vary with Eu3+ concentration

when x value is above 0.10 and the decay time value reaches
about 4.60 ms. This value is the same with the decay time
value when Eu3+ ions were directly excited by the 393-nm
UV (see Fig. 10).

According to the energy transfer from Gd3+ to Eu3+
ion in NaGd(PO3)4:Eu3+ as shown in Fig. 4, when
NaEuxGd(1 − x)(PO3)4 samples were excited by 273-nm
UV, the rate equations for the population densities in the
excited 6P7/2 state within Gd3+ ion and the excited 5D0

state within Eu3+ ion can be expressed as follows:

dNP∗
Gd

dt
= −NP∗

Gd

τP
Gd

− KGd−EuN
P∗
Gd, (3)

dND∗
Eu

dt
= −ND∗

Eu

τD
Eu

+ KGd−EuN
P∗
Gd, (4)

where NP∗
Gd and ND∗

Eu are the population densities in the ex-
cited 6P7/2 state within Gd3+ ion and the excited 5D0 state
within Eu3+ ion, respectively, KGd−Euis the nonradiative en-
ergy transfer rate from 6P7/2 state of Gd3+ to 5D0 state of
Eu3+ ions in NaEuxGd(1 − x)(PO3)4 samples including the
energy migration rate from 6P7/2 state of Gd3+ to 5IJ state
of Eu3+ ion and the nonradiative relaxation rate from 5IJ

state to 5D0 state within Eu3+ ion. Hence the fluorescence
intensity I (t) of Eu3+ ions at 611 nm under 273-nm UV
excitation can be given by

I (t) = ND∗
Eu (t)

= KGd−EuN
P∗
Gd(0)

( 1
τD

Eu
− 1

τP
Gd

)

[
exp

(
− t

τP
Gd

)
− exp

(
− t

τD
Eu

)]
, (5)

where NP∗
Gd(0) is the initial value of the population density

in the excited 6P7/2 state within Gd3+ ion immediately after
the excitation and the nonradiative energy transfer from 6IJ

to 6PJ state within Gd3+ is assumed to be instantaneous.
Using the lifetime values of the 6P7/2 state within Gd3+

ion shown in Table 1 and the lifetime value of the 5D0 state
within Eu3+ ion fitted from the decay curves in Fig. 10, the
simulation results with (5) for the decay curves of Eu3+ red
emission at 611 nm under 273-nm UV excitation are plotted
in Fig. 11b. The theoretical results show a similar trend to
that of the experimental observations.

4 Conclusions

The luminescence properties of NaEuxGd(1 − x)(PO3)4 sam-
ples under VUV excitation and energy transfer processes
from Gd3+ to Eu3+ ions under 273-nm UV excitation were
studied. The photon cascade emission of Gd3+ in oxide type
host NaGd(PO3)4 under 8S7/2 → 6GJ excitation (201 nm)
was observed, and this quantum cutting can improve the
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red emission of Eu3+ ions by a cross-relaxation energy
transfer from Gd3+ to Eu3+ within NaGd(PO3)4:Eu3+.
Compared with the VUV spectra of commercial phos-
phor (Y, Gd)BO3:Eu3+, the sample NaEu0.10Gd0.90(PO3)4

shows intensive and deeper red emission under 172-nm
VUV excitation, so this new red-emitting phosphor
NaGd(PO3)4:Eu3+ has potential applications in PDPs and
mercury-free fluorescent lamps considering its lower cal-
cination temperature and high chemical stability at ambi-
ent conditions. According to the spectroscopic characteris-
tics and the luminescence decay properties of NaGd(PO3)4:
Eu3+, the Eu3+ ion concentration dependence of the lumi-
nescence decay curves of emission Eu3+ in NaEuxGd(1 − x)

(PO3)4 samples under 8S7/2 → 6I7/2 excitation (273 nm)
within Gd3+ ions were simulated with the energy trans-
fer theory, and it was confirmed that the energy absorbed
by Gd3+ ions cannot be completely transferred to Eu3+
ions through the energy migration for Eu3+ red emission
in NaGd(PO3)4:Eu3+ system.
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