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a b s t r a c t

The room-temperature absorption spectrum, fluorescence spectra, and fluorescence decay curves of
Pr3+-doped Gd3Ga5O12 single crystal were studied systematically. The standard and modified Judd–Ofelt
theories were used to determine the Judd–Ofelt intensity parameters ˝t (t = 2, 4, 6), radiative transition
probabilities, radiative lifetimes and branching ratios. The stimulated emission cross-sections and the
fluorescence quantum efficiency of the promising laser levels were calculated and discussed. The multi-
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exponential behavior of the fluorescence decay curve of the D2 → H4 transition was explained by using
the Inokuti–Hirayama theory. The obtained spectroscopic results show the potential application of the
Pr3+-doped Gd3Ga5O12 crystal as visible solid-state lasers.

© 2010 Elsevier B.V. All rights reserved.
-O theory calculation
pectroscopic properties

. Introduction

Among different rare-earth ions, the trivalent praseodymium
on (Pr3+) has been found to be very attractive due to its intricate
nergy level scheme with various energy gaps. It demonstrates
wide and complex emission spectra extending from ultravio-

et (UV) to mid-infrared (MIR) regions. Recently the spectroscopic
roperties of Pr3+ ion have been investigated extensively in vari-
us hosts including single crystals [1–3], nanocrystals [4], powders
5–8], glasses [9], etc. When the Pr3+ ions are pumped to the
losely grouped 3PJ (J = 0, 1, 2) multiplets, several emissions in
ed (3P0 → 3F2), deep red (3P0 → 3F4), orange (3P0 → 3H6), green
3P1 → 3H5), and blue (3P0 → 3H4) spectral regions have been
emonstrated in tungstate [6], vanadate phosphors [8], molybdate
3], fluoride crystals [1,10], etc. Also, two dominant transitions from
he fluorescent 3P0 level of Pr3+ to the lower 3H6 and 3H4 states can
e mixed to give out white light for application to white LEDs [11].
resently, the rapid development of blue GaN laser diode operat-
ng around 450 nm, which can be used to directly pump the 3P0,1,2
mitting levels of the Pr3+ ions, promotes the investigation of visible

asers of Pr3+ ion [3,10]. Actually, efficient continuous-wave green,
range, red and near-infrared lasers have been achieved in Pr-
oped fluoride scheelite crystals at room-temperature as pumped
y GaN laser diode, and the best results were obtained with the

∗ Corresponding author. Tel.: +86 591 8371 1368; fax: +86 591 8371 4946.
E-mail address: tcy@fjirsm.ac.cn (C. Tu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.04.140
maximum output power 208 mW and the highest slope efficiency
59% [12]. The perspectives for the visible lasers are linked to the
development of a new generation of colour displays, new data
storage techniques, holographic techniques and also in medical
treatments, etc.

The garnet crystals with the chemical formula A3B2
′B3

′′O12 and
space group Ia3d have attracted much attention for several decades.
For instance, rare-earth ions doped GGG (Gd3Ga5O12) crystals have
been widely studied due to their excellent lasing properties, e.g.
Nd:GGG [13], Er:GGG [14], Tm:GGG [15] and Dy:GGG [16] crystals.
Also owing to the large heat capacity, it has been chosen as high-
power solid heat capacity laser host. GGG crystal belongs to cubic
system with the space group of Oh

10-Ia3d. The cell parameters are
as follows: a = 12.38 Å, Z = 8 [17]. The melting point is 1725 ◦C and
density is 7.09 g/cm3 [18].

The combination of Pr3+ ions with this laser host is a promising
media for visible solid-state device. There have been many reports
on Pr3+-doped GGG crystal, thin film or nanocrystalline [19–26],
among which the topics involved crystal field analyses, cross-
relaxation and energy transfer upconversion processes discussion,
structural, luminescence properties investigation, etc. However, to
our best knowledge, the Judd–Ofelt (J-O) theory [27,28] as one
widely used and effective spectral analysis tool has not been used

on Pr:GGG crystal till now. In this work, on the basis of the room-
temperature measured absorption spectrum, fluorescence spectra
and decay curves, the spectroscopic parameters of the Pr:GGG sin-
gle crystal are obtained by using the standard and modified J-O
theory, also the fluorescence properties of Pr:GGG with emphasis

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tcy@fjirsm.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.04.140
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Fig. 1. Room-temperature absorption spectrum of Pr3+:GGG crystal.

n 3P0 and 1D2 levels are analyzed and compared with referred
esults.

. Experimental procedures

The 1.0 at% Pr3+-doped GGG single crystal was grown by the Czochralski tech-
ique. The growth procedure was similar to that of Er:GGG described in our
revious publication [29]. The concentration of praseodymium ions in the crystal
as measured to be 0.268 wt% by the inductively coupled plasma-atomic emis-

ion spectrometry (ICP–AES) method and the corresponding Pr3+ concentration is
.12 × 1019 ions/cm3. The segregation coefficient K of Pr3+ ions in the GGG crystal
an be estimated by:

= Ccryst

Cmelt
(1)

here Ccryst and Cmelt are the Pr3+ concentrations in the grown crystal and the initial
elt, respectively. Here, the segregation coefficient of Pr3+ in the GGG crystal was

alculated to be 0.64.
The sample used for spectroscopic measurements was optically polished to flat

nd parallel faces. The thickness of the sample was measured to be 1.0 mm. Room-
emperature absorption spectrum of this crystal was recorded by a PerkinElmer
V–vis–NIR spectrometer (Lambda-900). The fluorescence spectra and the decay
urves were recorded at room-temperature by using an Edinburgh Instruments
pectrophotometer (FLS920).

. Results and discussion

.1. Absorption spectroscopy and Judd–Ofelt analysis

The room-temperature absorption spectrum of Pr3+:GGG is pre-
ented in Fig. 1. The terminal levels of the corresponding transitions
rom the 3H4 ground state have been assigned by comparing the
pectrum with previous data [30] and marked in Fig. 1. As seen
rom the spectrum, Pr3+:GGG crystal shows strong absorption in
he two bands with peaks at 450 nm and 590 nm, which can be
umped by Xenon lamp effectively.

For several decades, the Judd–Ofelt (J-O) [27,28] theory has been
idely used to analyze the spectroscopic properties of rare-earth

ons doped host materials. For Pr3+ ions, the magnetic dipole tran-
itions are not taken into account in the J-O calculations owing to
heir slight contributions to the line strengths, so only the electric
ipole transitions are considered. According to standard J-O theory,
he measured line strength Smeas(J → J′) can be calculated by using
he following formula:

meas(J → J′) = 3ch(2J + 1)
8�3N0�e2

9n

(n2 + 2)2
� (�̄) (2)

3+ 3
here N0 is the Pr concentration in the crystal (unit: ion/cm ),
¯ is the mean wavelength of the absorption band, c is the vacuum
peed of light, e is the electron charge, h is Planck’s constant, J is
he total angular momentum of the ground state (J = 4 in Pr3+), n
s the refractive index which can be calculated from the Sellmeier
ompounds 502 (2010) 184–189 185

dispersion equation [31]:

n2(�) = 1 + 2.7382�2

�2 − (132.476)2
(3)

and � (�̄) is the integrated absorption coefficient for each absorp-
tion band which can be calculated by:

� (�̄) =
∫

D(�)d�

L log e
=

∫
D(�)d�

0.4343L
(4)

where L is the sample thickness, D(�)d� is the measured optical
density as a function of wavelength.

Then the measured line strengths were used to obtain J-O inten-
sity parameters ˝t (t = 2, 4, and 6) by fitting the following set of
equations:

Scalc(J → J′) = ˝2U(2)
JJ′n

+ ˝4U(4)
JJ′n

+ ˝6U(6)
JJ′n

(5)

U(t)
JJ′ =

∣∣< f N�J
∥∥U(t)

∥∥ f N�J′ >
∣∣2

(6)

where U(t)
JJ′ (t = 2, 4, 6) are the reduced matrix elements of tensor

operators, given in Ref. [32]. When two absorption manifolds over-
lapped, the squared matrix element was taken to be the sum of the
corresponding squared matrix elements. Combining the Eqs. (5)
and (6) with the measured line strengths, the effective Judd–Ofelt
intensity parameters for Pr:GGG were obtained. The root mean
square (rms) deviation between the experimental and calculated
line strengths was obtained by:

rms�S =

√√√√ N∑
i=1

(Smeas − Scalc)2

(N − 3)
(7)

where N is the number of absorption bands.
After a least-square fitting of Smeas to Scalc, the three J-O inten-

sity parameters ˝2, ˝4 and ˝6 were obtained to be −1.20 × 10−20,
5.72 × 10−20 and 3.86 × 10−20 cm2, respectively. And the value of
the relative error of the fitting given by rms�S/rmsS was calcu-
lated to be 2.377. The experimental and calculated line strengths
are listed in Table 1, among which the values of the 3H4 → 3P2 tran-
sition of Pr3+ in GGG crystal are 4.99 × 10−20 and 0.73 × 10−20 cm2,
respectively. Here appeared a negative value for the parameter ˝2,
which is meaningless in physics, and large deviation between cal-
culated and experimental absorption line strengths for the Pr:GGG
crystal by using the standard J-O theory. These were also encoun-
tered in other Pr3+-doped materials [33–35]. The abnormal results
are usually explained by the smaller gap between barycenters of
the 4f2 ground and 4f15d1 excited configuration of Pr3+ than those
of other lanthanide ions, which tends to make the absorption tran-
sitions to high-lying 4f2 states stronger than the prediction of the
J-O theory [30]. In order to overcome the problems, it is custom-
ary to simply exclude the value of the hypersensitive transition
3H4 → 3P2, in which 3P2 is the most high-lying 4f2 state of Pr3+

ions (as identified in Fig. 1). In the fitting procedure large discrep-
ancy between the calculated and experimental line strengths is
owing to this transition [35,36]. For the Pr:GGG crystal, J-O inten-
sity parameters were then recalculated after excluding the relevant
values of 3H4 → 3P2 transition in the fitting procedure. Then we
found decreased value of rms error and minor changes in the ˝t

setting, the three J-O intensity parameters were obtained to be
−0.92 × 10−20 cm2, 5.73 × 10−20 cm2 and 3.50 × 10−20 cm2, respec-

tively, but ˝2 still be negative. The obtained results are also shown
in Table 1.

Modified J-O theory as one method to improve the reliability
of the J-O parameters has been proposed by Dunina et al [36]. This
theory improved calculated line strengths with an additional intro-
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Table 1
Experimental and calculated line strengths of Pr3+:GGG crystal by using the standard and modified J-O theory (S is in units of 10−20 cm2).

Excited states �̄ (nm) � (�̄) (nm/cm) The standard J-O theory The modified J-O theory

With 3H4 → 3P2 Without 3H4 → 3P2 With 3H4 → 3P2 Without 3H4 → 3P2

Smeas Scalc Smeas Scalc Smeas Scalc Smeas Scalc

3H6 2292 21.59 0.576 3.38 0.576 3.192 0.749 1.681 0.749 1.271
3F2 1853 79.74 2.611 2.147 2.611 2.254 2.872 2.695 2.872 2.757
3F3 + 3F4 1548 194.5 7.622 6.736 7.622 6.336 4.073 3.389 4.073 3.706
1G4 1031 1.53 0.089 0.142 0.089 0.133 0.123 0.093 0.123 0.114
1D2 607 12.44 1.223 0.295 1.223 0.277 2.449 2.137 2.449 2.246
3
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the wavelength �. With the present data we can estimate the emis-
sion cross-sections of the transitions from 3P0 and 1D2 manifold.
Table 4 shows the emission peak wavelengths and cross-sections
of several main transitions for Pr3+:GGG crystal. It can be found
that the peak emission cross-sections of the 3P0 → 3F2 as red laser
P0 487 7.97 0.952 0.988
3P1 + 1I6 473 6.0 0.738 1.353
3P2 450 38.92 4.991 0.730
rms error 2.377 1.573

uced parameter. The modified line strength formula is expressed
s

calc = Scalc(standard)

[
1 +

Ei − 2E0
f

E5d − E0
f

]
(8)

here the standard line strength is defined in Eq. (5), Ei is the energy
f transition, E5d is the energy of the lowest 4f5d state, and E0

f
is the

verage energy over the 4f2 states. The values of E0
f

and E5d are

0,000 and 60,000 cm−1, respectively [34]. By applying the modi-
ed J-O theory and including or excluding the 3H4 → 3P2 transition

n the calculation, we got the experimental and calculated line
trengths for Pr3+:GGG crystal, as given in Table 1. Table 2 shows
he J-O intensity parameters for Pr3+ ion in GGG crystal and other
rystal hosts. As seen from the tables, the values of line strengths
nd J-O parameters are reasonable by using the modified JO theory
ithout considering the 3H4 → 3P2 transition. Also, we can find that

r:GGG has relatively smaller values as compared with other two
inds of Pr3+ doped garnet laser crystals. In the following analysis,
he J-O parameters determined by the modified J-O theory without
he 3H4→3P2 transition are adopted.

The radiative transition probabilities of the transitions from an
xcited manifold J to a lower manifold J′ can be calculated from the
-O parameters by:

(J → J′) = 64�4e2

3h(2J + 1)�3

n(n2 + 2)
2

9

×
∑

t=2,4,6

˝t

∣∣〈(S, L)J
∥∥U(t)

∥∥ (S′, L′)J′
〉∣∣2

×
[

1 +
Ei − 2E0

f

E5d − E0
f

]
(9)

The emission transition matrix elements for Pr3+ have been tab-
lated in Ref. [40]. The radiative branching ratio is expressed as:

JJ′ = A(J → J′)∑
J′

A(J → J′)
(10)

nd the radiative lifetime is

Rad = 1∑
J′

A(J → J′)
(11)
According to the above equations and the relevant data, the
adiative transition probabilities, branching ratios and the radia-
ive lifetimes of Pr3+ in GGG crystal for different transition levels
an be obtained, which are given in Table 3.
0.952 0.991 2.332 2.136 2.332 2.286
0.738 1.35 1.287 1.657 1.287 1.503
– – 5.518 4.644 – –
1.598 0.661

3.2. Fluorescence spectroscopy and stimulated emission
cross-sections

The room-temperature emission spectrum of Pr3+:GGG in the
visible region excited by 450 nm pumping is shown in Fig. 2.
Seven emission bands with peak at 487, 531, 561, 617, 658, 712,
740 nm can be observed, and the emissions mainly origin from
the metastable 3P0 manifolds. The two most intensive emission
located around 617 nm and 658 nm are assigned to the transitions
3P0 → 3H6 and 3P0 → 3F2, respectively.

The room-temperature fluorescence spectra in the spectral
region 600–1250 nm of this crystal excited by 590 nm pumping
are shown in Fig. 3. The are mainly two emission bands between
600 and 800 nm with peaks 607 and 634 nm, and two main emis-
sion bands are located around 825 and 1062 nm in the region
of 800–1200 nm; all the fluorescence emission bands are mainly
assigned to the transitions from the 1D2 manifold, as listed in
Table 4.

The emission cross-sections is an important parameter influ-
encing the potential laser performance. The stimulated emission
cross-sections can be estimated from the room-temperature fluo-
rescence spectra by using the Füchtbauer–Ladengurg (F-L) formula
[41]:

�em(�) = �5A(J → J′)I(�)

8�cn2
∫

�I(�)d�
(12)

where I(�) is the experimental emission intensity as a function of
Fig. 2. Visible fluorescence spectrum of Pr3+:GGG crystal excited by 450 nm pump-
ing.
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Table 2
The J-O intensity parameters of Pr3+-doped crystals.

Material ˝2(10−20 cm2) ˝4(10−20 cm2) ˝6(10−20 cm2) Ref.

YAG 0 12.2 8.27 [38]
YAlO3 2 6 7 [39]
LaF3 0.12 ± 0.91 1.77 ± 0.81 4.78 ± 0.52 [40]
GGG 0.76 4.84 1.02 This work

Table 3
Calculated radiative transition rates, branching ratios and radiative lifetimes for different transition levels of Pr3+: GGG crystal.

Transition Wavelength (nm) A (s−1) ˇ �r (�s)

3P0→ 1D2 2594 2.951 2.087E−4 71
1G4 9248 0.74 5.23E−5
3F4 740 2438 0.172
3F3 712 0 0
3F2 658 847.81 0.06
3H6 617 685.16 0.048
3H5 531 0 0
3H4 487 10,170 0.719

1D2→ 1G4 1439 362.5 0.046 128
3F4 1062 374.2 0.048
3 540.73 0.069

1532 0.196
2697.8 0.345
2311 0.296
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Table 4
The stimulated emission cross-sections of main transitions for Pr3+:GGG crystal.

Transition Wavelength (nm) �e (10−20 cm2)

3P0 → 3H4 487 0.11
3P0 → 3H6 617 0.76
3P0 → 3F2 658 3.27
3P0 → 3F4 740 2.57
1D2 → 3H4 607 2.52
F3 937
3H6 825
3H5 634
3H4 607

hannel is 3.27 × 10−20 cm2, and this band has the largest emis-
ion cross-sections among all the emission bands of Pr:GGG crystal.

hile the emission cross-sections of 1.25% Pr3+-doped LiLuF4 crys-
al at 640.2 nm is 2.2 × 10−19 cm2, in which a red laser has been
chieved [10]. As we conceive, if Ce3+ or other ions is co-doped into
r:GGG crystal, direct and trap mediated capture and recombina-
ion of holes and electrons via Pr3+ and Ce3+ or other ions might
rovide the larger photon production in GGG crystals, and help to

ncrease the emission intensity and cross-sections of visible bands.

.3. Fluorescence lifetimes and quantum efficiency

In order to get better understanding of fluorescence dynamics,
e measured the decay curves of several transitions originating

rom 3P and 1D levels. Fig. 4 shows the luminescence decay curves
0 2
ecorded at 617 nm excited by 450 nm. It was found that the decay
urve is single exponential, which means that no energy transfer
rocesses involving the 3P0 level are present in this system. And
he lifetime 3P0 → 3H6 transition was fitted to be 21.0 �s, which

ig. 3. Visible and infrared fluorescence spectra of Pr3+:GGG crystal excited by
90 nm pumping.
1D2 → 3H5 634 0.64
1D2 → 3H6 825 1.24
1D2 → 3F4 1062 1.65

is close to 1 mol% Pr:GGG nanocrystalline: 18 �s [25]. The experi-
mental lifetime value of the 3P0 level can be compared to those of
1% Pr3+:YAG: 8.4 �s [42], of 1% Pr3+:YAP: 9.2 �s [43] and of 0.01%
Pr3+:LaF3: 47 �s [44]. By following the calculation equation of quan-
tum efficiency 	 = �f/�r, we can obtain the quantum efficiencies of
3P0 → 3H6 transitions to be 29.6%, which can be compared with the

quantum efficiencies of 1% Pr:YAG (82.3% [37]) and 1% YAP (70%
[43]). The relatively low quantum efficiency of this transition might
be due to the static perturbations of the crystal fields led by Gd3+

in octahedral a sites being a non-stoichiometric defect [21].

Fig. 4. Room-temperature luminescence decay curve at 617 nm excited by 450 nm
pumping.
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[13] Z.B. Wang, Q.L. Zhang, D.L. Sun, S.T. Yin, J. Rare Earthroom-temperatures 25
ig. 5. Room-temperature luminescence decay curve at 608 nm excited by 590 nm
umping.

As demonstrated in Fig. 5, the luminescence decay curve of
he 1D2 → 3H4 transition at the wavelength of 608 nm excited by
90 nm pumping is not singly exponential, but could be described
s two exponentials, among which the lifetime of �1 and �2 com-
onents are estimated to be 63.5 and 144.6 �s, respectively. And
he lifetime the 1D2 manifold is estimated to be 118.4 �s by using
= (B1�1

2 + B2�2
2)/(B1�1 + B2�2) [29], which is much longer than

hat of 3P0 level. The experimental lifetime value of the 1D2 level
an be compared to that of 1 mol%Pr:GGG nanocrystalline: 110�s
25], 0.5% Pr3+:YAG: 110�s [45] and of 1% Pr3+:YAP: 28�s [43]. It
s interesting to point that at 4 K the decay 1D2 → 3H4 profile of
r:GGG is exponential with a lifetime of 260 �s [23], as in contrast
ith the above results of this job. The quantum efficiency of the

D2 → 3H4 transition for Pr:GGG crystal is calculated to be 92.5%,
hich is higher than that of 1% Pr:YAG: 90% [37]. Furthermore, the
eak emission cross-sections of the 1D2 → 3H4 as yellow laser chan-
el is 2.52 × 10−20 cm2 as seen from Table 4; combing the large
mission cross-sections value with the high quantum efficiency, it
ight be possible to realize yellow laser gain in Pr:GGG crystal.
The non-exponential character of the excited 1D2 decay

ould be explained by a nearly resonant cross-relaxation process
etween the Pr ions in excited state and the ground state, the

ikely path is 1D2 + 3H4 → 1G4 + 3F4 [46]; this phenomenon was
bserved in Pr:GGG nanocrystalline samples too [25]. Here, the
nokuti–Hirayama theory [47] was used to understand the decay
urve:

(t) = I(0) exp

[
− t

�0
− �

(
1 − 3

S

)
N0

C0

(
t

�0

)3/S
]

(13)

here �0 is the fluorescence lifetime in absence of the energy
ransfer, N0 is the Pr3+ ion concentration in cm−3, C0=3/4�Rc

3, is
he critical concentration and � (x) is the gamma function of x,
nd S = 6, 8 or 10 corresponds to the transfer mechanism of elec-
ric dipole–dipole, dipole–quadrupole or quadrupole–quadrupole
haracter, respectively. Then, the fluorescence decay curve of the
D2 → 3H4 transition is plotted as ln[I(t)/I(0)] + t/�0 versus (t/�0)3/S

nd linear fitting is made to get the best value of S, as shown in
ig. 6. During the fitting process, the �0 value at low Pr3+ con-
entration was used as an additional free parameter. The best
tting was obtained when S = 6, �0 = 128 �s. It demonstrates that
he cross-relaxation energy transfer caused by the electric dipole-

ipole transfer mechanism is responsible for the non-exponential
ecaying behavior of the 1D2 manifold for Pr3+ ions in GGG, and for
he shorter fluorescence lifetime than the radiative lifetime.

[
[

Fig. 6. The fitting fluorescence decay curve for the 1D2 → 3H4 transition obtained
using the Inokuti-Hirayama model with S = 6.

4. Conclusions

The absorption spectrum of Pr3+-doped GGG single crystal was
analyzed by the standard and modified J-O theories, and the best
fitting results were obtained by the modified J-O theory with-
out the 3H4 → 3P2 transition. Three J-O intensity parameters were
obtained to be: ˝2 = 0.76 × 10−20 cm2, ˝4 = 4.84 × 10−20 cm2 and
˝6 = 1.02 × 10−20 cm2. The stimulated emission cross-sections of
some typical fluorescence transitions were estimated by using F-
L equation. The fluorescence lifetimes of 3P0 and 1D2 levels were
determined and the quantum efficiencies were estimated. Results
of this work conclude that 3P0 and 1D2 manifolds of the Pr3+-doped
GGG crystal are suitable as the upper laser levels, and Pr3+:GGG
crystal may be a potential candidate for visible solid-state laser
medium.
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