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Development of White Persistent Phosphors by
Manipulating Lanthanide Ions in Gadolinium Gallium
Garnets

Jumpei Ueda,* Shun Miyano, Jian Xu, Pieter Dorenbos, and Setsuhisa Tanabe

1. Introduction

Persistent phosphors are materials that show luminescence for a
long duration after ceasing excitation. Due to this unique optical
property, persistent phosphors are widely used as luminous
paints in the dark for many products such as dial plates of

watches and emergency signs. The most
commercially used persistent phosphor is
SrAl2O4:Eu

2þ–Dy3þ because of its excellent
persistent luminescence (PersL) perfor-
mance. It was developed by Matsuzawa
et al. in Nemoto company in 1993.[1]

After the discovery of SrAl2O4:Eu
2þ–

Dy3þ, a large number of persistent
phosphors based on the Eu2þ–Ln3þ pair
have been developed.[2] Recently, the
PersL mechanism of lanthanide (Ln)
ion–doped materials has become more
apparent. In the Eu2þ–Ln3þ pair, the Eu2þ

ion is photo-oxidized and the ionized elec-
tron is captured by Ln3þ, although there are
still discussions about the valence state
changing from Ln3þ to Ln2þ as an electron
trap.[3] In many compounds, the predicted
Ln2þ energy level locations on the basis of
the vacuum referred binding energy
(VRBE) proposed by Dorenbos[4] can
explain the electron trap depth obtained
experimentally.[5] Thus, the best codopant
as an electron trap can be predicted using
the Ln-VRBE diagram. Also, the Ln-VRBE

diagram can help to predict a suitable PersL center (recombina-
tion center) that can keep a hole captured up to higher temper-
atures. The hole trap depth in the persistent phosphors should be
much deeper than the electron trap depth to support a mecha-
nism of electron detrapping PersL.[6] Thus, by utilizing the
VRBE diagram with Ln ions, a new persistent phosphor can
be developed strategically.[7]

Many of the reported persistent phosphors emit in the blue
and green.[2b,c] The number of white persistent phosphors is
limited despite there being several advantages due to the three
primary RGB colors of light.[3c] For instance, white persistent
phosphors can cover the maximum eye sensitivity of cone and
rod retina cells. It is known that the wavelength for maximum
eye sensitivity changes from green to blue with time of darkness
after ceasing light illumination because of the different adapta-
tion times for cone and rod retina cells in the dark.[8] Also, if
bright white persistent phosphors are developed, an object color
can be observed correctly even under the light from the persistent
phosphors, which is a fascinating point for illumination
applications.

In this study, we design and develop new white persistent
phosphors. There are several ways to generate white PersL:
1) using directly white PersL from one luminescent ion such
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Lanthanide ions act as excellent luminescence centers and good charge carrier
traps. By selecting proper lanthanide ions, persistent phosphors with the desired
luminescent color can be developed. In addition, an appropriate host material can
give not only better persistent luminescence performance but also an additional
function. Herein, bright white persistent phosphors of Pr3þ–Tb3þ–Eu3þ tridoped
paramagnetic Gd3Ga5O12 (GGG) are successfully developed. The GGG phos-
phors singly doped with Pr3þ, Tb3þ, and Eu3þ show reddish-white (3PJ–

3HJ), blue
(5DJ–

7FJ), and red (5D0–
7FJ) photoluminescence, respectively, by UV excitation.

On the other hand, the GGG samples codoped with Pr3þ–Eu3þ and with
Tb3þ–Eu3þ show only Pr3þ reddish-white persistent luminescence and Tb3þ blue
persistent luminescence, respectively. Based on the thermoluminescence glow
curves, it is found that the Eu3þ ion acts only as an electron trap in the persistent
luminescence mechanism and the trapped electrons are released at around
325 K. The cool-white persistent luminescence is achieved by combining Pr3þ and
Tb3þ persistent luminescence centers in the GGG:Pr3þ–Tb3þ–Eu3þ phosphors.
It is demonstrated that the white persistent phosphor powder in water can
be dragged around by a permanent magnet due to the paramagnetic property
of GGG.
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as Dy3þ ions,[9] Pr3þ,[10,11] Tb3þ,[12] Ti3þ,[13] Eu2þ,[14] and Bi3þ

ions;[15] 2) using persistent energy transfers from the blue
PersL to red, green luminescent ions in a compound;[16–18]

and 3) using a composite material with persistent phosphors
and photoluminescent materials.[19] However, the best way is
to use the general PersL process from lanthanide ions (Dy3þ,
Pr3þ, Tb3þ) in a compound to obtain strong PersL. In addition,
for an efficient charging process, a strong absorption band
should be used. The 4f–4f forbidden transition probability of
lanthanide ions is not high, while the 4f–5d allowed transition
exhibits strong absorption. Thus, it is a good strategy to use
the 4f–5d absorption of Pr3þ and Tb3þ for efficient electron
charging. However, the 4f–5d absorption of Pr3þ and Tb3þ is
located in the deep UV region in many compounds.[20] To red-
shift the 4f–5d energy of Pr3þ and Tb3þ, a host compound
providing a large centroid shift and strong crystal field should
be selected.[21] Among many oxide compounds, the garnet struc-
ture for Ln3þ in a dodecahedral site provides such a strong crystal
field as seen for Y3Al5O12:Ce

3þ.[22] Based on the aforementioned
reasons, Tb3þ- or Pr3þ-doped oxide garnet materials are suitable
candidates for white persistent phosphors. In addition, to obtain
the efficient photoionization process of Pr3þ and Tb3þ through
the 4f–5d absorption, the 5d energy level should be located
within/or just below the conduction band (CB).

Figure 1 shows the VRBE diagram of the lanthanide alumi-
num gallium garnets Lu3Al5O12 (LuAG), Y3Al5O12 (YAG),
Y3Al2Ga3O12 (YAGG), Y3Ga5O12 (YGG), and Gd3Ga5O12

(GGG).[23] The VRBE of Tb3þ, Pr3þ, Eu3þ, Cr2þ, Eu2þ, and
Yb2þ and the 4f–5d energy of Tb3þ and Pr3þ in YAG are used
to visualize roughly the energy location for each displayed garnet
compound. Among these garnets, the VRBE of VB, CB andmetal
ions may vary few 0.1 eV typically. The lowest 5d energy levels of
Pr3þ and Tb3þ are located below the bottom of the CB with a
large enough energy gap in LuAG and YAG. On the other hand,
they are located just below or within the CB in YGG and GGG
due to a raising of the lowest 5d energy level of Pr3þ and Tb3þ

combined with a lowering of the CB bottom.[24] This can give the
desired efficient photoionization process upon the lowest 5d
excitation.

Among the garnets, the GGG host material is fascinating from
the viewpoint of its magnetic property. It is known that GGG is a
paramagnetic material above around 150 mK.[25] The Gd3þ ion
has a local magnetic moment (S¼ 7/2) on the basis of its [Xe] 4f 7

electron configuration and a long electron spin relaxation time.
Thus, the Gd ion in complexes[26] and inorganic nanocrystals[27]

can act as an excellent probe for magnetic resonance imaging
(MRI). Also, Gd-based materials can be attracted by a permanent
magnet due to the large magnetic moments, which means that
the spatial location of Gd-based materials can be controlled
magnetically.[28]

For inducing PersL from Tb3þ and Pr3þ in GGG, the Cr3þ and
Yb3þ electron traps, which were demonstrated to be suitable in
YAGG,[5c,29] cannot work well because trap depths become too
shallow in GGG. Although the best trap depth for PersL depends
on the temperature and the frequency factor related to host com-
position, the electron trap depth of bright persistent phosphors is
located between �0.5 and 1.0 eV. In Figure 1, it is clear that the
Cr3þ electron trap is too shallow (<0.5 eV). From the rough
VRBE diagram, it seems that the Yb3þ electron trap is appropri-
ate in GGG. However, it is reported that the Yb3þ acts as a suit-
able electron trap (�1 eV) in YAGG. The CB bottom of GGG is
lower by �0.5 eV than that of YAGG. In GGG, the deepest
electron trap among the Ln3þ codopants will be Eu3þ, which
makes it the best choice for obtaining Pr3þ and Tb3þ PersL at
around room temperature. In actuality, Eu3þ codoping enhanced
the Cr3þ PersL in GGG:Cr3þ–Eu3þ.[30]

Herein, paramagnetic GGGwhite persistent phosphors doped
with Tb3þ–Eu3þ, Pr3þ–Eu3þ, and Tb3þ–Pr3þ–Eu3þ are success-
fully developed. The compositions of prepared samples are
shown in Table 1. The PL and PersL properties of the samples
are investigated. From the obtained spectroscopic data, the pre-
cise VRBE diagram of GGG is constructed to discuss the electron

Figure 1. VRBE diagram of several garnets (LuAG, YAG, YAGG, YGG, and
GGG) with Pr3þ, Tb3þ, and Eu3þ 4f energy levels and electron traps of
Cr3þ, Yb3þ, and Eu3þ.

Table 1. Sample name and composition.

Sample name Composition

GGG:Tb3þ (Gd0.999Tb0.001)3Ga5O12

GGG:Pr3þ (Gd0.999Pr0.001)3Ga5O12

GGG:Eu3þ (Gd0.999Eu0.001)3Ga5O12

GGG:Tb3þ–Eu3þ (Gd0.998Tb0.001Eu0.001)3Ga5O12

GGG: Pr3þ–Eu3þ (Gd0.998Pr0.001Eu0.001)3Ga5O12

GGG: Pr3þ–Tb3þ(0.1%)–Eu3þ (Gd0.997 Pr0.001Tb0.001Eu0.001)3Ga5O12

GGG: Pr3þ–Tb3þ(0.3%)–Eu3þ (Gd0.995 Pr0.001Tb0.003Eu0.001)3Ga5O12
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and hole traps. It is also demonstrated that the white persistent
phosphor powder when immersed in water can be dragged by a
permanent magnet.

2. Results and Discussion

2.1. Photoluminescence (PL) and Photoluminescence
Excitation (PLE)

2.1.1. GGG:Tb3þ

Figure 2a,b show PLE and PL spectra of the Ln3þ(Ln¼ Tb, Pr,
Eu) singly doped GGG samples. Each sample shows several
sharp PL lines in the range from 350 to 800 nm under UV exci-
tation. These sharp PL lines originate from the characteristic
4f–4f transitions. In the PL spectrum of the GGG:Tb3þ (0.1%)
sample, several main PL lines are observed at 383, 418, and
437 nm, which are assigned by the 5D3!7F6,5,4 transitions,
respectively, and at 488, 543, 590, and 624 nm, which are

assigned by the 5D4!7F6,5,4,3 transitions, respectively.
[31] In addi-

tion to these transitions, several weak PL lines are observed in the
range 650–700 nm, which can be attributed to 5D4!7F1.
The 5D4!7F2,0 luminescence was not observed. Joshi and
Page also reported that YGG:Tb3þ, which has a similar garnet
composition to that of GGG:Tb3þ, does not show the
5D4!7F2,0 transitions.[32]

In the PLE spectrum of 543 nm green luminescence, a strong
broadband at 265 nm, strong sharp lines at around 275 and
310 nm, and weak sharp lines in the range between 350 and
380 nm are observed. The strong broadband at 265 nm is
assigned to the spin-allowed transition from the 4f ground state
to the low-spin (LS) 5d excited state.[33] The sharp lines at around
275 and 310 nm are related to Gd3þ: 6I15/2,

6P5/2,7/2←
8S7/2, while

the sharp lines in the range between 350 and 380 nm are related
to Tb3þ: 5D3←

7F6. The observation of Gd3þ: 4f–4f excitation
bands indicates that energy transfer from Gd3þ to Tb3þ occurs.
The Tb3þ:4f75d1 high-spin (HS) excited state is expected around
310 nm.[33] In our low-concentration Tb3þ-doped GGG sample,

Figure 2. a,b) PLE and PL spectra of GGG singly doped with Tb3þ (0.1%), Pr3þ (0.1%), and Eu3þ (0.1%). c) PLE spectra of GGG:Tb3þ, GGG:Pr3þ, and
GGG:Eu3þ from the VUV to UV range at 10 K. d) VRBE diagram of Ln in the GGG host.
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the excitation to the HS state was not distinguished because of
its overlap with the strong Gd3þ absorption.

2.1.2. GGG:Pr3þ

In the PL spectrum of the GGG:Pr3þ (Figure 2b), sharp PL lines
are observed mainly at 485, 560, 617, and 650–750 nm, which are
attributed to Pr3þ:3P0!3H4,

3P1!3H5,
3P0!3H6, and

3P0!3FJ
(J¼ 2,3,4), respectively.[34] In the PLE of the GGG:Pr3þ sample
(Figure 2a), a broad band at 280 nm and sharp lines at 460 nm are
observed. The broad PLE band is attributed to the Pr3þ: 4f–5d
transition and the sharp lines are attributed to the
Pr3þ:3H4!3PJ transitions. For the GGG:Pr

3þ sample, Gd3þ exci-
tation lines were not observed at around 275 and 310 nm, which
indicates that the Gd3þ!Pr3þ energy transfer does not occur.

2.1.3. GGG:Eu3þ

In the PL spectrum of the GGG:Eu3þ sample (Figure 2b), sharp
lines are observed at 590, 610, 640, 710, and 780 nm, which are
attributed to 5D0!7F1,2,3,4,6.

[35] In the PLE spectrum (Figure 2a),
a Gd3þ excitation band was observed at around 275 and 310 nm
in the PLE of GGG:Tb3þ. The observed broad band at 250 nm is
attributed to the charge transfer (CT) band between O2� and
Eu3þ and sharp lines at around 390 and 465 nm are attributed
to 5L6 and 5D2←

7F0, respectively.
[36]

2.2. Vacuum UV (VUV) Spectroscopy at Low Temperature

To construct an energy diagram for GGG, the PLE spectra from
the VUV to UV range at 10 K were measured, as shown in
Figure 2c. All of the samples show a PLE band at around
214 nm (5.79 eV). It can be attributed to the host exciton peak.
The CT band between O2� and Eu3þ is located at 234 nm
(5.30 eV). It is slightly shorter than the peak of the CT band
observed in the PLE spectra (Figure 2a), which was measured
by the spectrophotometer using a Xe lamp. This is because
the intensity of excitation light decreases significantly below
250 nm in the spectrophotometer and because of a peak shifting
with temperature. The PLE bands from the 4f grounds state to
the 5d1 excited state with LS and HS configurations at 10 K are
located at 264 nm (4.70 eV) and 311 nm (3.99 eV), respectively.
The Pr3þ:5d1← 4f PLE band is located at 279 nm (4.44 eV).

The VRBE diagram of Ln in the GGG host was constructed
using the spectroscopic data compiled in Table 2 using a method
proposed by Dorenbos.[4,21,22b,37]U (6, A) is the energy difference
between the VRBE of the Eu2þ and Eu3þ ground states, Eex is the
exciton creation energy, D (þ1, 3, A) is the redshift parameter of

Ce3þ, ECT (þ7, 2, A) is the CT energy between O2� and Eu3þ, and
ΔEexc (þ8, 3, A) is the exchange splitting between the [LS] and
[HS] of Tb3þ. The estimated VRBE of the Eu2þ valence band
(VB) and CB is also shown in Table 2 as EEu2þ, EV, and EC,
respectively. Figure 2d shows the constructed VRBE diagram.
Pr3þ:5d1 is located within the CB in the VRBE diagram, in which
the 4f–5d energy of Ce3þ is used to determine the VRBE of
Pr3þ:5d. This energy location corresponds to the experimental
result that Pr3þ did not show 5d1–4f luminescence by auto-
ionization process in the GGG host.

2.3. PersL Spectra

2.3.1. GGG:Tb3þ-Eu3þ

Figure 3a shows the PersL spectrum after UV charging and PL
spectra by 280 and 245 nm excitation for GGG:Tb3þ–Eu3þ. In the
PersL spectrum, the Tb3þ luminescence bands from 5D3 and

5D4

levels dominate, while very small Eu3þ PersL peaks are observed.
In the PL spectra, the spectral shape totally changes with excita-
tion wavelength. Under 280 nm excitation, which corresponds to
the absorption of Tb3þ:5d←4f, the Tb3þ luminescence is domi-
nant as observed for Tb3þ singly doped GGG. Under 245 nm
excitation, which corresponds to the absorption of the CT from
O2� to Eu3þ, the Eu3þ luminescence is dominant, as observed
in Eu3þ singly doped GGG. When GGG:Tb3þ–Eu3þ was
illuminated by 254 nm from a Hg lamp, the PL color was red
due to the Eu3þ strong luminescence, as shown in Figure 3c.
After ceasing the 254 nm Hg lamp, the PersL color was pale blue
by the Tb3þ contribution, as shown in Figure 3c. The Tb3þ ions
act as the recombination center for PersL, whereas the Eu3þ ions
do not. The energy gaps between Tb3þ and the VB top and
between Eu2þ and the CB bottom can be estimated to be 1.99
and 0.76 eV, respectively, from the constructed VRBE. It is pre-
dicted that the hole trap depth of Tb3þ is much deeper than the
electron trap depth of Eu3þ even if the hole trap depth becomes
shallower due to the Vk center.

[6b] Thus, the PersL from Tb3þ can
be induced by releasing electrons from the Eu3þ electron traps.
The small PersL peak of Eu3þ can be caused by persistent energy
transfer from Tb3þ.

2.3.2. GGG:Pr3þ–Eu3þ

Figure 3b shows the PersL spectrum by UV charging and PL
spectra by 270 and 245 nm excitations for GGG:Pr3þ–Eu3þ. In
the PersL spectrum, almost only Pr3þ luminescence from the
3PJ levels is observed. Like in GGG:Tb3þ–Eu3þ, very small
Eu3þ PersL peaks are also observed. The spectral shape in PL
depends on the excitation wavelength, as was observed in the
PL spectra of GGG:Tb3þ–Eu3þ. Under 270 nm excitation, which
corresponds to the absorption of Pr3þ:5d←4f, the Pr3þ lumines-
cence is dominant, as in the Pr3þ singly doped GGG. Under
245 nm excitation, which corresponds to the absorption due to
the CT of O2�!Eu3þ and the 5d!4f absorption of Pr3þ, both
Eu3þ luminescence and Pr3þ luminescence are observed.
GGG:Pr3þ–Eu3þ also showed a different luminescent color for
PL and PersL, which are red and reddish-white, respectively,
as shown in Figure 3d. The Pr3þ ions act as the recombination

Table 2. Parameters and spectroscopic data utilized to construct the VRBE
diagram of Ln in the GGG host and the estimated VRBE values in eV units.
The method of Dorenbos[37] was followed.

U
(6, A)

Eex D
(þ1, 3, A)

ECT

(þ7, 2, A)
ΔEexc

(þ8, 3, A)
EEu2þ EV EC

GGG 6.77 5.79 3.22 5.3 0.71 �3.96 �9.26 �3.20
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center for PersL, whereas the Eu3þ ions do not. Like in GGG:
Tb3þ–Eu3þ, the hole trap depth of Pr3þ (2.04 eV) is deeper than
the electron trap depth of Eu3þ (0.76 eV) from the VRBE
(Figure 2d). Thus, the VRBE diagram also agrees with the
Pr3þ PersL. The small PersL peak of Eu3þ could be caused by a
persistent energy transfer from Pr3þ.

2.4. Thermoluminescence (TL) Glow Curves

Figure 4a shows the TL glow curves of the GGG samples doped
with Tb3þ singly and Tb3þ–Eu3þ and Figure 4b shows the TL
glow curves of the GGG samples doped with Pr3þ and Pr3þ–
Eu3þ. Both the GGG:Tb3þ and GGG:Pr3þ samples show weak
TL glow peaks, which are very similar to the previous reports
of GGG:Pr3þ[38] and nondoped GGG.[39] These TL glow peaks
could be related to the electron traps of the intrinsic defect.
On the other hand, the Eu3þ-codoped GGG:Tb3þ and GGG:
Pr3þ show an intense TL glow peak at 333 and 340 K, respec-
tively, in the TL glow curves at 1 K s�1 heating rate. This result
indicates that an identical electron trap was formed by Eu3þ

codoping. To estimate the trap depth of the Eu3þ electron trap
center in GGG:Pr3þ–Eu3þ, the heating-rate method was applied
because the frequency factor of the GGG host was not known.

From the well-known equation for the TL glow curve caused
by first-order kinetics carrier transportation as presented by
Randall and Wilkins,[40] one can derive[41]

βE
kT2

m
¼ s� exp

�
� E
kTm

�
(1)

where β is the heating rate, k is the Boltzmann constant (eV K�1),
E is the trap depth, s is the frequency factor (s�1), and Tm is the
TL glow peak temperature (K). Equation (1) can be transformed
into

ln
�
T2
m

β

�
¼ E

kTm
þ ln

�
E
ks

�
(2)

In a 1/kTm versus ln(T2
m/β) plot, a linear relation is obtained

with a slope equal to the trap depth of E, and the y-intercept
equals ln(E/ks). Thus, the trap depth and frequency factor can
be obtained from a linear fitting.

Figure 4c shows the TL glow curves of the GGG:Pr3þ–Eu3þ

sample at different heating rates (2, 3, 4, 5, 6, and
10 Kmin�1). The ln(T2

m/β) calculated from the observed TL peak
temperatures in different TL glow curves at various heating rates
are plotted against 1/kTm in Figure 4d. The data were fitted by a

Figure 3. Comparison between PersL and PL spectra of a) GGG:Tb3þ(0.1%)–Eu3þ(0.1%) and b) GGG:Pr3þ(0.1%)–Eu3þ(0.1%). Images of the samples
under 254 nm excitation (PL) and after stopping the excitation (PersL) of c) GGG:Tb3þ(0.1%)–Eu3þ(0.1%) and d) GGG:Pr3þ(0.1%)–Eu3þ(0.1%).
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linear function and the trap depth and frequency factor were esti-
mated to be 0.87 eV and 3.00� 1011 s�1. It is assumed that the
frequency factor depends on the host material but not on a small
fraction of dopant ions. Using the obtained parameter of Tm (333 K
@1K s�1) in GGG:Tb3þ–Eu3þ and s (3.00� 1011 s�1) in
Equation (1), the trap depth of GGG:Tb3þ–Eu3þ was estimated
to be 0.83 eV.

To check how the persistent phosphors can be charged by UV
light, TL glow curves were measured after charging by mono-
chromatic light with a different wavelength from 350 to
250 nm. Figure 4e, f shows the contour plots of TL intensity
in charging wavelength versus temperature for the GGG:
Tb3þ–Eu3þ and GGG:Pr3þ–Eu3þ samples, respectively. In each
figure, the upper figure is a plot of the TL intensity as a function
of the charging wavelength, TL excitation (TLE) spectrum, and
the right-sided figure shows general TL glow curves. Both sam-
ples show clear TL glow peaks after UV charging. For GGG:
Tb3þ–Eu3þ, two main TLE bands are observed at around 310
and 270 nm, which can be attributed to the transition of Tb3þ

from 4f8 to 4f75d1(HS, spin-forbidden transition) and to 4f75d1

(LS, spin-allowed transition). Sharp 4f–4f lines of Gd3þ are not
observed in the TLE spectra. The VRBE of the Gd3þ ground state

is located at �12.04 eV and is very low due to the 4f7 half-filled
shell. The excited 6P5/2,7/2 (310 nm) level is located around�8 eV
in the VRBE diagram. This energy is far from the bottom of the
CB at around�3.2 eV. Thus, the Gd3þ absorption at 310 nm can-
not lead to photoionization and phosphor charging. For the
GGG:Pr3þ–Eu3þ, a TLE band was observed around 275 nm,
which can be attributed to the 5d1←4f transition of Pr3þ.
Because the Tb3þ:5d1 (LS) and Pr3þ:5d1 are located within the
CB in the VRBE diagram (Figure 2d), the excited 5d electron
can be autoionized efficiently. Subsequently, the ionized elec-
trons are captured by Eu3þ electron traps leaving Tb4þ and Pr4þ.

2.5. PersL Color, Spectra, and Decay Curves

As shown in Figure 3c,d, GGG:Tb3þ–Eu3þ is a blue persistent
phosphor and GGG:Pr3þ–Eu3þ is a reddish-white persistent
phosphor because of the wide luminescent spectra in the visible
range of each. Figure 5a shows the chromaticity diagram (CIE
1931) with PersL color points of the samples at 30 s after ceasing
UV excitation. The chromaticity (x, y) of GGG:Tb3þ–Eu3þ and
GGG:Pr3þ–Eu3þ PersL is (0.226, 0.182) and (0.423, 0.377),
respectively. If the blue color component from Tb3þ and the

Figure 4. TL glow curves at 1 K s�1 heating rate after β-irradiation for 1 min for a) GGG:Tb3þ and GGG:Tb3þ–Eu3þ and b) GGG:Pr3þ and GGG:Pr3þ–Eu3þ.
c) TL glow curves of GGG:Pr3þ(0.1%)–Eu3þ(0.1%) at different heating rates (2, 3, 4, 5, 6, 10 Kmin�1) after UV charging for 5 min. d) Heating rate plot to
estimate the trap depth. Excitation wavelength versus temperature 2D contour plot of TL in e) GGG:Tb3þ–Eu3þ and f ) GGG:Pr3þ–Eu3þ.
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red-color component from Pr3þ are mixed, white-color PersL will
be obtained.

Figure 5b shows the PersL spectra with the radiance value of
Tb3þ and Pr3þ-codoped samples. Both PersL spectra of GGG:
Pr3þ–Tb3þ(0.1%)–Eu3þ and GGG:Pr3þ–Tb3þ(0.3%)–Eu3þ are
composed of Pr3þ and Tb3þ 4f–4f luminescence lines. For
GGG:Pr3þ–Tb3þ(0.3%)–Eu3þ, the PersL at 540 nm becomes
stronger. It is known that the 5D4 luminescence intensity
increases and the 5D3 luminescence decreases with increasing
Tb3þ concentration due to the cross-relaxation process between
5D3!5D4 and 7F0←

7F6 of Tb3þ.[42] As expected, the prepared
GGG:Pr3þ(0.1%)–Tb3þ(0.1%)–Eu3þ(0.1%) and GGG:
Pr3þ(0.1%)–Tb3þ(0.3%)–Eu3þ(0.1%) show more white PersL
color compared to GGG:Tb3þ–Eu3þ and GGG:Pr3þ–Eu3þ, as
shown in the legend of the chromaticity diagram in Figure 5a.
The color coordinates (x, y) of GGG:Pr3þ(0.1%)–Tb3þ(0.1%)–
Eu3þ(0.1%) and GGG:Pr3þ(0.1%)–Tb3þ(0.3%)–Eu3þ(0.1%)
PersL are (0.331, 0.298) and (0.313, 0.314), respectively. Both
chromaticity values are located around the pure white point
(0.333, 0.333). By enhancing Tb3þ green luminescence from
the 5D4 level using the cross-relaxation process of the Tb3þ

ion, the y-coordinate was increased and the color approached
more pure white.

Figure 5c shows the normalized PersL spectra at different
elapsed times after ceasing excitation. In the PersL spectra at
30, 90, 150, 210, 270, and 330 s after ceasing UV excitation,
the Tb3þ:5D3,

5D4!7FJ, and Pr3þ:3PJ!3HJ,
3FJ PersL was

observed. The PersL intensity ratio of Tb3þ and Pr3þ was not
changed by the elapsed time, which means the PersL color
remains the same. Practically, white luminescence can be
achieved by a mixture of multiple different phosphors.
However, in those cases the PersL color usually changes with
time because of different PersL decay profiles for the phosphors
in the mixture. In the GGG:Pr3þ–Tb3þ–Eu3þ persistent phos-
phors, both Pr3þ and Tb3þ recombination centers have identical
electron traps of Eu3þ. The common detrapping behavior is then
the reason that the PersL spectral shape of GGG:Pr3þ–
Tb3þ(0.3%)–Eu3þ and GGG:Pr3þ–Tb3þ(0.1%)–Eu3þ (see
Figure S1, Supporting Information) remains invariant with time.

Figure 5d shows the PersL spectra of GGG:Pr3þ–Eu3þ, Tb3þ–
Eu3þ, and Pr3þ–Tb3þ(0.1%)–Eu3þ at 30 s after ceasing UV
excitation with luminance (mcd·m�2), respectively. The PersL
spectra with radiance (mW·Sr�1·m�2) and photon flux per
steradian per square meter (cps·Sr�1·m�2) are also shown in
Figure S2, Supporting Information. As the Pr3þ, Tb3þ, Eu3þ ions
show several luminescence lines in the wide wavelength range

Figure 5. a) PersL color of GGG samples doped with Pr3þ–Eu3þ, Tb3þ–Eu3þ, Pr3þ–Tb3þ(0.1%)–Eu3þ, and Pr3þ–Tb3þ(0.3%)–Eu3þ in the CIE chromaticity
diagram. b) PersL spectra of GGG: Pr3þ–Tb3þ(0.1%)–Eu3þ and GGG: Pr3þ–Tb3þ(0.3%)–Eu3þ in radiance (mW·Sr�1·m�2) unit at 30 s after UV
charging. c) PersL spectra of GGG: Pr3þ–Tb3þ(0.3%)–Eu3þ at 30, 90, 150, 210, 270, and 330 s after UV charging. d) PersL spectra of GGG:Tb3þ–Eu3þ,
Pr3þ–Eu3þ, Pr3þ–Tb(0.1%)–Eu3þ at 30 s after UV charging for 5 min in luminance (mcd·m�2) unit. e) PersL decay curves of GGG samples doped with
Pr3þ, Tb3þ, Pr3þ–Eu3þ, Tb3þ–Eu3þ, Pr3þ–Tb3þ(0.1%)–Eu3þ, and Pr3þ–Tb3þ(0.3%)–Eu3þ after UV charging for 5 min in luminance (mcd·m�2) unit.
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from UV to visible, the luminescent spectra in three different
units are quite different. Although each spectrum has a different
meaning, the luminance spectrum is important for the applica-
tion of persistent phosphors to investigate howmuch visible light
can be detected by human eyes. Figure 5e shows the PersL decay
curves of all samples with luminance (mcd·m�2). In the PersL
decay, the PersL is clearly enhanced by codoping with Eu3þ.
This is because the electron traps by Eu3þ (TL glow peak at
350 K in Figure 4a,b) works effectively for the PersL at ambient
temperature. GGG:Pr3þ–Eu3þ shows the highest luminance in
the entire time range after ceasing excitation among all the sam-
ples. GGG:Tb3þ–Eu3þ shows similarly intense PersL. This result
indicates that the concentration of electron traps and the concen-
tration of recombination centers in the charged phosphors of
GGG:Pr3þ–Eu3þ and GGG:Tb3þ–Eu3þ are similar. Also, the
shapes of PersL decay curves for GGG:Pr3þ–Eu3þ and GGG:
Tb3þ–Eu3þ are almost identical because the Eu3þ electron trap
depth and the trap distribution are very similar in both samples,
as shown in Figure 4a,b. The PersL of the tridoped samples is
diminished from around 1min after ceasing excitation com-
pared to the codoped samples. Because the total concentration
of persistent luminescent centers for the tridoped samples is
increased and that of electron traps is kept the same as that
of the codoped samples, the average distance between the
hole-trapped Ln3þ (Pr3þ, Tb3þ) and the electron-trapped Eu3þ

can become shorter. Consequently, the nonradiative recombina-
tion process could be increased.

Table 3 shows the luminance at 60min after ceasing UV exci-
tation, the duration to reach the 0.32 mcd·m�2 level, the corre-
lated color temperature (CCT), and the color of the samples. The
PersL luminance and the duration upon 0.32 mcdm�2 decrease
in the order of Pr–Eu>Tb–Eu>Pr–Tb(0.1%)–Eu>Pr–Tb(0.3%)–
Eu. White PersL is obtained in the GGG doped with Pr3þ–Eu3þ,
Pr3þ–Tb3þ(0.1%)–Eu3þ, and Pr3þ–Tb3þ(0.3%)–Eu3þ. The tri-
doped samples have higher CCT and close to pure white point
(x, y¼ 0.33, 0.33, CCT¼ 5455 K), and the CCT of GGG:Pr3þ–
Tb3þ(0.1%)–Eu3þ and Pr3þ–Tb3þ(0.3%)–Eu3þ are 6226 and
6639 K, respectively. As a cool-white persistent phosphor,
GGG:Pr3þ–Tb3þ(0.1%)–Eu3þ is the balanced one on the basis
on the luminance (1.73 mcd·m�2 at 60min) and duration
(200min upon 0.32mcd). The CCT of GGG:Pr3þ-Eu3þ is
2998 K, which corresponds to “warm white” and similar to that
of the incandescent lamp. GGG:Pr3þ–Eu3þ is one of the longest
and brightest persistent phosphors among the reported
white persistent materials shown in Table S1, Supporting
Information.[3c] For instance, it is reported that

(Li,Na)8Al6Si6O24(Cl,S)2:Ti
3þ and CdSiO3:Dy

3þ show bright
and long white PersL with duration upon 0.32mcd·m�2 of
7 and 5 h, respectively. On the other hand, in GGG:Pr3þ–Eu3þ,
the luminance at 60min after ceasing excitation is 8.84mcd·m�2

and the duration upon 0.32mcd·m�2 is 800min (13.3 h).

2.6. Applications for Persistent Phosphors

As a proof of concept for applications, several experimental
demonstrations were performed. To investigate stability in water,
the persistent phosphors were put in water and the PersL
was checked as shown in Figure 6a. Each persistent
phosphor (GGG:Tb3þ–Eu3þ, GGG:Pr3þ–Eu3þ, and GGG:Pr3þ–
Tb3þ(0.1%)–Eu3þ) shows a good water-resistant property.
The GGG:Tb3þ–Eu3þ, GGG:Pr3þ–Eu3þ, GGG:Pr3þ–
Tb3þ(0.1%)–Eu3þ samples show blue, warm white, and
cool-white PersL even in water, as shown in Figure 6b. The per-
sistent luminescent performance did not change for at least
3months.

Due to the paramagnetic center of the Gd3þ ion (4f7), GGG is
also paramagnetic with high susceptibility. Figure 6c shows a
schematic diagram of the experimental setup to demonstrate
the attraction of the GGG sample by a magnet utilizing the para-
magnetic property. In the demonstration, the magnet was
attached to a steel pole and a GGG:Pr3þ–Tb3þ(0.1%)–Eu3þ pellet
of 10mm-φ could be lifted by the magnet, as shown in Figure 6d.
The GGG:Pr3þ–Tb3þ(0.1%)–Eu3þ sample did not drop and its
PersL was also observed as lifted (Figure 6e). Figure 6f shows
a schematic diagram of the experimental procedure to drag
powder phosphors in water. Powder samples of GGG:Pr3þ–
Tb3þ(0.1%)–Eu3þ were put into a quartz cell filled with water
and then a phosphor dispersed solution was obtained. The phos-
phors were charged by a Hg lamp. In this situation, the larger
particles precipitated at the bottom of the quartz cell and the
small persistent phosphor particles remained dispersed in water.
The larger particle size is around 50 μm and the smaller particle
sizes are distributed in the range from �1 μm to 150 nm based
on the SEM images and the particle size distribution measure-
ment in Figure S3 and S4, Supporting Information. The powder-
dispersed water was opaque just after stirring; however, it
became clear with time (Figure S5, Supporting Information).
With increasing time intervals, the particle size of the dispersed
powder became smaller, from 1 μm at 5min after stirring
to 150 nm at 1 day after stirring (Figure S5, Supporting
Information). Thus, the strongest PersL was observed at bottom
and weaker PersL was observed in the upper part of the dispersed
solutions, as shown in Figure 6 g. In general, the PersL becomes
weaker with decreasing particle size because the surface defect
affects it dominantly due to the increase of surface area. When
the magnet is fixed on the wall of the quartz cell by plastic tape
and the powder dispersed in water is stirred, the powder is
dragged around the magnet. As a result, PersL is observed at
the bottom and near the magnet, as shown in Figure 6h and
in Video S1, Supporting Information. Also, to check the effect
by the magnetic field for the PersL property, the PersL decay
curves of the sample on the nonmagnetic aluminum plate
and on the magnet are shown in Figure 6i. The PersL intensities
were almost the same. Thus, the magnet field did not affect PersL

Table 3. Persistent luminance properties (luminance, duration, CCT,
color).

Luminance
at 60 min
[mcd·m�2]

Duration
upon 0.32
[mcd·min]

CCT [K] Color

Pr–Eu 8.84 800 2998 K Warm white
(reddish-white)

Tb–Eu 4.73 490 – Blue

Pr–Tb(0.1)–Eu 1.73 200 6226 K Cool white

Pr–Tb(0.3)–Eu 0.83 110 6639 K Cool white
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Figure 6. a) Schematic experimental procedure for water stability and b) the image of the PersL from the GGG powder-type phosphors in water. c) Schematic
experimental image for demonstration of paramagnetic GGG phosphor and the GGG:Pr3þ–Tb3þ(0.1%)–Eu3þ sample, which is lifted by a magnet, d) before
UV charging and e) after UV charging. f ) Schematic image of the experimental procedure to control the GGG:Pr3þ–Tb3þ(0.1%)–Eu3þ cool-white persistent
phosphors in water by a magnet, g) the PersL of the GGG powder–dispersed solution at 5min after stirring, and h) the PersL of the GGG powder–dispersed
solution at 5min after stirring with the magnet. i) PersL decay curves of the GGG:Tb3þ–Eu3þ with and without a magnet.
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properties. From these results, it has been demonstrated that the
series of GGG persistent phosphors shows warm or cool-white
PersL, their performance remains the same when immersed in
water, and the phosphor particles can be attracted by a magnet.
These unique properties will open new applications such as anti-
counterfeiting, bioimaging, and luminous paint in water.

3. Conclusion

New persistent phosphors of GGG:Tb3þ–Eu3þ, GGG:Pr3þ–
Eu3þ, and Pr3þ–Tb3þ–Eu3þ were developed with the help of a
VRBE diagram. The PL, PersL, and PLE of the obtained samples
were measured. Only Tb3þ and Pr3þ account for the intense
PersL in GGG:Tb3þ–Eu3þ and GGG:Pr3þ–Eu3þ, and Eu3þ does
not contribute. From analysis of the TL glow curves, it was con-
firmed that Eu3þ acts as an electron trap in the PersL mecha-
nism. The estimated Eu3þ electron trap depths of GGG:Pr3þ–
Eu3þ and GGG:Tb3þ–Eu3þ are 0.87 and 0.83 eV, respectively.
Based on the TL excitation results, these two persistent phos-
phors are efficiently charged by UV excitation into the 5d states
for Pr3þ and Tb3þ. Also, by combining Pr3þ and Tb3þ persistent
luminescent ions, the prepared GGG:Pr3þ(0.1%)–Tb3þ(0.1%)–
Eu3þ(0.1%) and GGG:Pr3þ(0.1%)–Tb3þ(0.3%)–Eu3þ(0.1%)
show white PersL. The CCT of GGG:Pr3þ–Tb3þ(0.1%)–Eu3þ

and Pr3þ–Tb3þ(0.3%)–Eu3þ are 6226 and 6639 K, respectively.
The CCT of GGG:Pr–Eu is 2998 K, which is warm white and
similar to an incandescent lamp. GGG:Pr3þ–Eu3þ is one of
the longest and brightest persistent phosphors (800min upon
0.32 mcd·m �2) ever reported among the white persistent
materials.

We demonstrated that the series of GGG powder phosphors
also show warm or cool-white PersL when dispersed in water and
due to their paramagnetic properties the phosphor particles can
be attracted by a magnet.

4. Experimental Section

Sample Preparation: Polycrystalline ceramics of GGG garnet doped with
Tb3þ, Pr3þ, and Eu3þ, as shown in Table 1, were synthesized by solid-state
reactions. Chemicals of Gd2O3 (99.99%), Ga2O3 (99.99%), Tb4O7

(99.99%), Pr6O11 (99.99%), and Eu2O3 (99.99%) were used as starting
materials. The powder was mixed by a ball milling system (Premium
Line P-7, Fritsch) with ethanol. The obtained slurry was dried and pulver-
ized. The dried powders were pressed at 50MPa into 10mm-φ� 2mm
thick pellets. The pellets were sintered at 1400 �C for 10 h in air. The crys-
talline phase of the obtained samples was checked by XRD measurement
and identified as the single phase of GGG (see Figure S6, Supporting
Information).

Optical Measurements: The PL and PersL spectra were measured by a
CCD spectrophotometer (QE65Pro, OceanOptics). The PLE spectra in the
UV region were measured by a spectrophotometer (RF5300, Shimadzu).
The PLE spectra in the VUV region at 10 K were measured at the BL3B
beamline of the UVSOR facility (Institute for Molecular Science,
Okazaki, Japan). In this experiment, a spherical grating with a groove den-
sity of 300 lines mm�1 optimized at a photon energy of �12 eV was used.
High-order light from the normal incidence monochromator was removed
using lithium fluoride and quartz filters. The PLE spectra were corrected for
the spectral photon flux of the excitation light source. For the PL and PersL
spectrum with the photon flux per steradian per square meter
(cps·Sr�1·m�2), luminance (mcd·m�2) and radiance (mW·Sr�1·m�2) were
measured by using a luminance-measurement setup (BW-L1, Konica-

Minolta) composed of a CCD spectrometer (Glasier X, B&W Tek Inc.),
a fiber and a collimator lens after charging by UV light (250–400 nm)
obtained from a cold mirror and a Xe lamp (MAX-302, Asahi Spectra)
or by monochromatic light obtained from the Xe lamp unit with a band-
pass filter. Because the calibration data are provided for the wavelength
longer than 380 nm, all the calibrated spectra (photon flux, luminance,
radiance) are started from 380 nm. These analyses may have led to under-
evaluation of radiance values by �1%, but the errors could be
small enough to continue discussion. The potential error in the estimated
values can be ignored because Tb3þ and Pr3þ did not show strong UV
luminescence below 380 nm for the compounds studied herein. The
PersL decay curves were measured by a self-build system with the UV exci-
tation source from the Xe lamp, a photomultiplier (PMT) (R928,
Hamamatsu), and the luminance-measurement setup. By integrating
the PerL spectra with photon flux, luminance, and radiance in the range
from 380 to 780 nm at 30, 90, 150, 210, 270, and 330 s after ceasing UV
excitation, the persistent decay curves were calibrated.

To check the created traps by codoping with lanthanide ions, TL glow
curves of the obtained sample at 1 K s�1 heating rate were measured after
irradiation by a 90Sr/90Y beta source for 1min using a RISO TL/OSL reader
model DA-15 and a controller model DA-20. The TL was detected by a PMT
with a bandpass filter (BG 39). TL glow curves starting from liquid nitrogen
temperature were measured using a self-built setup, which was composed
of a cryostat (VPF-800, Janis), the Xe lamp with the cold mirror as an excita-
tion source, and a PMT covered by a heat-absorbing glass filter as a detector.

For the TL excitation spectra, the samples were illuminated with
monochromatic light obtained from a Xe lamp (Newport, 66921) and a
monochromator (Newport, 74 004), and after the illumination, the TL
glow curve was measured using the RISO TL/OSL at 5 K s�1. The proce-
dure was repeated by stepping the monochromator through a chosen
wavelength range.

For the demonstration that the persistent phosphors can be moved
magnetically and are resistant to water, the powder sample was immersed
in water and charged by a Hg arc lamp (6035, Newport) and dragged
around by a NdFeB permanent magnet.
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