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a b s t r a c t

Dy3+:Li2Gd4(MoO4)7 crystal with dimensions of ∅20 × 25 mm3 has been grown by the Czochralski
method. The spectroscopic properties of Dy3+:Li2Gd4(MoO4)7 crystal have been investigated. Based on the
analysis of polarized absorption spectra in the framework of the Judd–Ofelt theory, the main spectroscopic
characteristics, including the phenomenological intensity parameters, spontaneous transition probabil-
ities, fluorescence branching ratios and radiative lifetimes of Dy3+ in the crystal, have been determined.
The emission cross-sections for the 4F9/2 → 6H13/2 transition of special interest for laser application have
been calculated using the Füchtbauer–Ladenburg (F–L) equation. The fluorescence and radiative lifetimes
2.70.Hj
8.20.−e

eywords:
ptical materials
rystal growth

of 4F9/2 manifold are equal to 126.5 �s and 201.1 �s, respectively, which mean the quantum efficiency
is 62.9%. The results propose the possibility of Dy3+:Li2Gd4(MoO4)7 crystal for solid-state yellow laser
pumped by commercially available blue laser diodes.

© 2010 Elsevier B.V. All rights reserved.
ptical properties
uminescence

. Introduction

In recent years, there has been renewed interest in optical mate-
ials doped with Dy3+ ions due to the perspective of developing
ew laser media for the near-infrared (NIR) and visible regions,
r NIR saturable absorber for Q-switch devices [1–4]. As we all
nown, there is still a blank region between 550 and 650 nm,
hich cannot be covered even with the Ti:Al2O3 laser and its

econd harmonic, while the yellow laser emission has potential
pplication in a variety of scientific and technological fields, such
s military, telecommunication, and commercial. Not until 2000,
aminskii et al. demonstrated yellow laser operation of Dy3+-doped

ungstates in a novel laser channel: 4F9/2 → 6H13/2 (∼570 nm), at
iquid nitrogen temperature under Xe-flashlamp pumping for the

rst time [1]. As a consequence, the Dy3+-doped crystal materials
ave been widely investigated [5–15].

Li2Gd4(MoO4)7 crystal belongs to the tetragonal system with
= 5.192 Å, c = 11.30 Å [16]. Single crystal of Li2Gd4(MoO4)7 was

∗ Corresponding author. Tel.: +86 554 6673717; fax: +86 554 6672521.
E-mail address: zwwwz@live.com (W. Zhao).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.12.176
first mentioned as a new paramagnetic ferroelectric crystal [16,17].
However, it was subsequently stated that Li2Gd4(MoO4)7 was not
a new ferroelectric but rather a defect scheelite with the for-
mula Li0.286Gd0.571∅0.143MO4 (∅ stands for the vacancies in the
cation site) [18]. Subsequently, the growth and certain proper-
ties of Li2Gd4(MoO4)7 crystal were investigated in Refs. [19,20].
Recently, it was regarded as a promising laser gain medium [21–23].
When Nd3+:Li2Gd4(MoO4)7 crystal microchip was pumped by a
Ti:sapphire laser, the maximum 514 mW quasi-cw laser output
around 1060 nm was obtained with the slope efficiency of 32% [22].
The Li2Gd4(MoO4)7 crystals doped with rare-earth ions are charac-
terized with the inhomogeneous broadening of the absorption and
emission spectra due to structural disorder, which bring a number
of advantages from the point of view of applications as active media
in LD-pumped solid-state lasers. To our knowledge, the spectral
properties of Dy3+:Li2Gd4(MoO4)7 crystal have not been presented.
Herein, this paper reports the growth and spectral characteristics
of Dy3+:Li2Gd4(MoO4)7 crystal.
2. Experimental

Since Li2Gd4(MoO4)7 crystal melts congruently [18], the Li2Gd4(MoO4)7 crystal
doped with 2 at.% Dy3+ was grown by the Czochralski method. The raw materials
with the composition Li2Gd3.92Dy0.08(MoO4)7 were synthesized by the solid-state

dx.doi.org/10.1016/j.jallcom.2010.12.176
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:zwwwz@live.com
dx.doi.org/10.1016/j.jallcom.2010.12.176
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Fig. 1. Dy3+:Li2Gd4(MoO4)7 crystal grown by the Czochralski method.

eaction with 1 wt.% excess amount of MoO3 to compensate for the evaporation of
oO3 during the solid-state reaction and crystal growth. The crystal growth proce-

ure can be found in our previous work [23]. Finally, the Dy3+:Li2Gd4(MoO4)7 crystal
ith dimension of∅20 × 25 mm3 was obtained, as shown in Fig. 1.

A sample cut from the medium of the as-grown crystal was applied to measure
he Dy3+ concentration in the crystal. The Dy3+ concentration was determined to be
.63 wt.%, i.e. 1.28 × 1020 cm−3 by inductively coupled plasma and atomic emission
pectrometry (ICP-AES). The segregation coefficient K of Dy3+ ion in the crystal can
e expressed as:

= Csol

Cliq
(1)

here Csol and Cliq are the concentrations of Dy3+ ions in the solid and liquid phases,
espectively. Thus, the segregation coefficient K of Dy3+ in Dy3+:Li2Gd4(MoO4)7 crys-
al is 0.85.

A sample with dimension of 8 mm × 5 mm × 3.1 mm cut from the as-grown
rystal was used for the spectral measurement. The polarized absorption spec-
ra were measured using a Perkin-Elmer UV-VIS-NIR Spectrometer (Lambda-900)
n 350–2000 nm wavelength range at ambient temperature. The polarized flu-
rescence spectra and fluorescence lifetime were recorded using an Edinburgh
nalytical Instruments FLS920 Fluorescence Spectroscopy.

. Results and discussion

.1. Absorption spectra and J–O analysis

Fig. 2 illustrates polarized absorption spectra of the
y3+:Li2Gd4(MoO4)7 crystal at the room temperature. All the
bsorption bands are attributed to the transitions of Dy3+ ions
rom the ground state 6H15/2 to the excited state J′ manifolds,
hich are marked in Fig. 2. The peak absorption cross-sections at

09 nm are calculated to be 1.09 × 10−20 cm2 for �-polarization
nd 0.65 × 10−20 cm2 for �-polarization, respectively, which are
lightly larger than those of Dy3+:KPb2Cl5 (0.35–0.73 × 10−20 cm2)
7] and Dy3+:NaGd(WO4)2 (0.91 × 10−20 cm2 for �-polarization
nd 0.76 × 10−20 cm2 for �-polarization) [13]. The full widths at

alf maximum (FWHM) of absorption band are 8 nm and 10 nm

or �- and �-polarization, respectively. The wide absorption
and indicates that the crystal can accommodate some shift of
he laser output wavelength of AlGaAs diode laser (� ≈ 808 nm)
ith temperature and keep the output laser power stable. In
Wavelength (nm)

Fig. 2. Polarized absorption spectra of Dy3+:Li2Gd4(MoO4)7 crystal at room temper-
ature. The � spectrum has been vertically displaced for clarity.

past studies, little attention was paid to the visible emission
originating in the 4F9/2 manifold due to the fact that the spectral
region between the emitting state and the UV absorption edge of
matrices is too narrow to ensure efficient population on the higher
laser level with classical broad band pumping sources. However,
commercialization of blue laser diodes opens new possibilities
of optical pumping; therefore, potential laser transitions in the
visible are to be reconsidered [6]. The absorption cross-sections of
absorption band assigned to 6H15/2 → 4I15/2 transition at 450 nm,
which is suitable for blue laser diodes pumping, are also estimated
to be 0.44 × 10−20 cm2 for the �-polarization and 0.25 × 10−20 cm2

for the �-polarization.
The Judd–Ofelt theory is the most popular method for estimat-

ing the spectroscopic parameters of rare-earth ions in crystals and
glasses [24,25]. The intensity parameters ˝t (t = 2, 4, 6) can be cal-
culated from the absorption spectra, and then the spontaneous
emission probability, fluorescence branching ratios and radiative
lifetimes of the excited manifolds can be estimated.

The experimental oscillator strength fexp for the transition from
the ground 6H15/2 (J = 15/2) manifold to the excited J′ manifolds can
be calculated from the absorption spectra using the formula:

fexp = mc2

�e2�
2
absN0

∫
˛(�)d� (2)

where m and e are the electron mass and charge, respectively; c is
the velocity of light; N0 is the concentration of Dy3+ in the crys-
tal, which is 1.28 × 1020 ions/cm3; �̄abs is the mean wavelength
of the absorption band and

∫
˛(�)d� is the integrated absorption

coefficient.
For the Dy3+ ions, magnetic-dipole transitions also exist besides

electric-dipole transitions. For example, the absorption transition
6H15/2 → 4I15/2 contains significant contribution of magnetic-dipole
component. The magnetic-dipole contribution to the transition
strength for 6H15/2 → 4I15/2 transition was calculated and sub-
tracted from the measured transition strength to give the pure
electric-dipole transition strength according to the following for-
mula:

fed(J → J′) = fexp − fmd (3)
fmd(J → J′) = nh

6mc�̄abs(2J + 1)

×
∣∣〈4f n˛ [LS] J

∥∥L + 2S
∥∥4f n˛

[
L′S′] J′

〉∣∣2
(4)
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Table 1
Measured and calculated oscillator strengths of Dy3+:Li2Gd4(MoO4)7 crystal at room temperature (md: magnetic-dipole contribution).

Transitions f (10−6), �-polarization f (10−6), �-polarization

6H15/2→ fexp fcal (set 1) �f (set 1) fcal (set 2) �f (set 2) fexp fcal (set 1) �f (set 1) fcal (set 2) �f (set 2)

4I15/2 1.33 1.14ed 0.07 1.11ed 0.10 0.86 0.87ed −0.14 0.85ed −0.12
0.12md 0.12md 0.13md 0.13md

6F3/2 0.35 0.30 0.05 0.34 0.01 0.27 0.21 0.06 0.24 0.03
6F5/2 1.81 1.58 0.23 1.78 0.03 1.30 1.09 0.21 1.28 0.02
6F7/2 3.62 3.39 0.23 3.64 −0.02 2.81 2.58 0.23 2.83 −0.02
6F9/2 + 6H7/2 4.22 4.28 −0.06 4.21 0.01 3.73 3.79 −0.06 3.73 0
6H9/2 + 6F11/2 26.72 26.70 0.02 – – 23.06 23.04 0.02 – –
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6H11/2 2.98 3.13 −0.15 2.98
rms �f 2.10 × 10−7 1.32 × 10−7

et 1 and set 2 are related to the data with and without a hypersensitive transition,

here the fed and fmd are the oscillator strengths of electric-dipole
ransitions and magnetic-dipole transitions, respectively. h is the
lanck constant, and fmd are calculated according to Refs. [26,27]. n
s the refractive index. The values of the refractive index reported
n Ref. [19] were used to fit the following Sellmeier equations:

2
o = 1 + 2.96911�2

�2 − 0.02813
(5)

2
e = 1 + 2.93595�2

�2 − 0.02849
(6)

here � represents the wavelength (unit: �m). In the subsequent
alculation, the values of ordinary and extraordinary refractive
ndices of the Li2Gd4(MoO4)7 crystal are used for the �- and �-
olarized spectra, respectively.

In the framework of the Judd–Ofelt theory, the oscillator
trengths for an electric-dipole transition between states 4f n [L, S] J
nd 4f n [L′, S′] J′ are expressed as follows:

ed(J → J′) = 8�2mc

3h(2J + 1)�̄abs

(n2 + 2)
2

9n

×
∑

t=2,4,6

˝t

∣∣〈4f n [L, S] J
∥∥U(t)

∥∥4f n
[
L′, S′] J′

〉∣∣2
(7)

here U(t) (t = 2, 4, 6) is the reduced matrix elements of unit tensor
perators, which are almost insensitive to the ion environment.
hey have been taken from Ref. [28] for the calculations. After
btained the fexp and fmd from Eqs. (2) and (4), the fed can be
btained from Eq. (3). Thus, the intensity parameters ˝t (t = 2, 4,
) can be derived from the electric dipole contributions of the
xperimental oscillator strengths by a least-square fitting of Eqs.
3) and (7). Taking advantage of Eq. (7) and the obtained ˝t value,
he calculated oscillator strength fcal can be determined. Then,
he experimental and calculated oscillator strengths are listed in
able 1.

The intensity parameters ˝t (t = 2, 4, 6) obtained are
2 = 23.80 × 10−20 cm2, ˝4 = 2.51 × 10−20 cm2, ˝6 = 2.70 × 10−20

m2 for �-polarization and ˝2 = 19.99 × 10−20 cm2,
4 = 2.90 × 10−20 cm2, �6 = 1.84 × 10−20 cm2 for �-polarization,

espectively. Compared with Dy3+-doped other crystals and glasses
6], the values of the ˝2 parameter for Dy3+:Li2Gd4(MoO4)7 crystal
re high. This phenomenon is also mentioned in Ref. [11]. This
s because we does not take into consideration the peculiarity of
he so-called hypersensitive transitions that obey the following
election rules:

∣∣�S
∣∣ = 0,

∣∣�L
∣∣ ≤ 2 and

∣∣�J
∣∣ ≤ 2. These transitions

re very sensitive to the environment and are usually intense than

he others. Considering the reduced matrix elements involved
n the J–O calculations [28], it can be concluded that the value
f the ˝2 parameter exclusively depends on the intensity of the
ypersensitive 6H15/2 → F11/2 absorption band and that also the ˝4
alue is strongly related to this transition. It seems that J–O theory
2.34 2.48 −0.14 2.33 0.01
1.86 × 10−7 0.27 × 10−7

ctively.

does not work well when hypersensitive transitions dominate
the spectrum. Therefore, we also carried out the calculation for
absorption data without a hypersensitive transition.

The quality of our fitting was measured by means of the root-
mean-square deviation between the experimental and calculated
oscillator strengths, which is defined as:

rms �f =

√√√√√√
N∑

i=1

(fexp − fcal)
2

N − 3
(8)

where N is the number of transitions involved in the calculations
above.

As a result, the better fitting between experimental
and calculated values of oscillator strengths was observed
when a hypersensitive transition was excluded from the
calculations. The root-mean-square deviation decreases dra-
matically as shown in Table 1. The intensity parameters
˝t (t = 2, 4, 6) were found to be ˝2 = 19.51 × 10−20 cm2,
˝4 = 1.96 × 10−20 cm2, ˝6 = 3.03 × 10−20 cm2 for �-
polarization and ˝2 = 15.90 × 10−20 cm2, ˝4 = 2.38 × 10−20 cm2,
˝6 = 2.16 × 10−20 cm2 for �-polarization, when the 6H15/2 → 6F11/2
transition was not included. Therefore, the ˝t obtained from
absorption data without a hypersensitive transition was used for
further calculations. In Table 2, the Judd–Ofelt parameters that
result from the above mentioned analysis are compared with the
values obtained for several laser crystals containing Dy3+. The
spectroscopic quality factor, X = ˝4/˝6, first introduced by Kamin-
skii [29], is also an important laser characteristic in predicting the
stimulated emission in laser active medium. The spectroscopic
quality factors for Dy3+ in Li2Gd4(MoO4)7 are determined to be
0.62 for the �-polarization and 1.10 for the �-polarization, which
fall within the range of 0.37–2.13 for Dy3+ doped in different hosts
listed in Table 2.

The obtained Judd–Ofelt parameters were used to calculate the
total spontaneous emission probabilities Atotal. The spontaneous
emission probability of the electric- and magnetic-dipole transi-
tions between the excited state J′ and terminating state J′′ of the
emission transitions J′ → J′′ are given by the following expression:

Atotal =
∑

J′

(
Aed

J′J′′ + Amd
J′J′′

)
(9)

Aed(md)(J′ → J′′) = 8�2e2n2

mc�̄2
em

f ed(md)(J′ → J′′) (10)
where �̄em is the mean wavelength of emission bands and the val-
ues of the reduced matrix elements of unit tensor operators have
been given in Ref. [27].

The fluorescence branching ratio of each of the transitions and
the radiative lifetime of each of the excited levels can be deter-
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Table 2
The J–O intensity parameters of Dy3+-doped crystals.

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

Dy3+:BaY2F8 1.52 2.33 3.67 0.63 [8]
Dy3+:Y3Sc2Ga3O12 0.13 0.73 1.06 0.69 [9]
Dy3+:YVO4 6.59 3.71 1.74 2.13 [10]
Dy3+:Lu2SiO4 4.31 1.28 3.49 0.37 [11]
Dy3+:YAl(BO3)4 9.49 2.77 2.10 1.33 [9]
Dy3+:KGd(WO4)2 15.35 3.05 2.01 1.52 [6]
Dy3+:NaLa(WO4)2 14.43 2.60 1.68 1.55 [12]
Dy3+:NaY(MoO4)2 15.01 1.98 1.05 1.89 [15]
Dy3+:CaMoO 26.60 2.89 1.79 1.61 [14]

m
e

ˇ

�

e
t
s
c
t
s
t

3

c
s
b
a
4

t
fl

F
p

4

Dy3+:Li2Gd4(MoO4)7 19.51� 1.96�

15.90 � 2.38

ined from the spontaneous emission probability according to the
xpressions:

J′J′′ =
Aed

J′J′′ + Amd
J′J′′

Atotal
(11)

r = 1
Atotal

(12)

Then the calculated electric and magnetic dipole spontaneous
mission probabilities, radiative lifetimes, and branching ratios for
he main emission transitions of Dy3+ in Li2Gd4(MoO4)7 crystal, are
ummarized in Table 3. In the case of 4F9/2 manifold, the highest
alculated value of the fluorescence branching ratio corresponds
o 4F9/2 → 6H13/2 transition at 575 nm, which means yellow emis-
ion should dominate the emission spectrum. It suggests that this
ransition could give rise to lasing action.

.2. Fluorescence spectra and stimulated emission cross-sections

Fig. 3 displays the fluorescence spectra of Dy3+:Li2Gd4(MoO4)7
rystal at room temperature, which was excited by the steady
tate xenon lamp (Xe900, Edinburgh) at 455 nm. Four fluorescence
ands centered around 480 nm, 575 nm, 660 nm and 750 nm are

4 6 4 6 4 6
ssigned to the F9/2 → H15/2, F9/2 → H13/2, F9/2 → H11/2 and
F9/2 → 6H9/2 + 6F11/2 transitions, respectively. To assess the spec-
ral distribution originating in the 4F9/2 manifold, the experiment
uorescence branching ratios ˇexp were evaluated by integration
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ig. 3. Polarized fluorescence spectra of Dy3+:Li2Gd4(MoO4)7 crystal at room tem-
erature. The � spectrum has been vertically displaced for clarity.
3.03� 0.65� This work
2.16� 1.10�

of the fluorescence spectrum using the following formula:

ˇ =
∫ b

a
I(�)d�∫ ∞

0
I(�)d�

(13)

It should be noticed that only four luminescence bands have
been recorded in this paper. Accordingly, we neglected weak
transitions in the infrared region and assumed the total emis-
sion intensity integration in four measured bands as 100% [6].
Table 4 exhibits experiment branching ratio ˇexp and calcu-
lated branching ratio ˇcal determined by the J–O analysis for the
4F9/2 → 6H13/2 emission in several hosts doped with Dy3+. It can
be observed the values of ˇexp for Dy3+:Li2Gd4(MoO4)7 crystal
are higher than other crystals and glasses listed in Table 4. In
general, the luminescence branching ratio ˇ is a critical parame-
ter to the laser designer, because it characterizes the possibility
of attaining stimulated emission for any specific transition. The
experiment branching ratios ˇexp for the 4F9/2 → 6H13/2 transi-
tion are found to be 0.711 and 0.875 for �- and �-polarization,
respectively, suggesting that that the yellow emission intensity
on the transition (4F9/2 → 6H13/2) at 575 nm is much more intense
than that of other transitions, and it is of interest for applica-
tion. In addition, it can be seen from Table 4 that the difference
between ˇexp and ˇcal may be obvious for some hosts. For exam-
ple, ˇexp = 0. 539, ˇcal = 0.653 was reported for Dy3+:LiNbO3 crystal
[6] and ˇexp = 0.578, ˇcal = 0.762 was reported for Dy3+-doped
fluorophosphates glass [30]. The similar instance also happed
in Dy3+:Li2Gd4(MoO4)7 crystal for �-polarization, although ˇexp

matches well with ˇcal for �-polarization. The intrinsic uncer-
tainty of Judd–Ofelt calculation (±30%) is large enough to explain
the deviation between ˇexp and ˇcal for the 4F9/2 → 6H13/2 transi-
tion.

The stimulated emission cross sections �em of 4F9/2 → 6H13/2
transition can be determined by the fluorescence spectrum using
the Füchtbauer–Ladenburg (F–L) formula [32]:

�em = �5ˇ

8�n2c

1
�r

I(�)∫
�I(�)d�

(14)

where n is the refractive index, c is the speed of light, I(�) is
the fluorescence intensity at wavelength �. Thus, the wavelength
dependence of cross-sections �em for the transition 4F9/2 → 6H13/2
is shown in Fig. 4, and the maximal emission cross-sections
�em at 575 nm were determined to be 1.34 × 10−20 cm2 for
�-polarization and 1.45 × 10−20 cm2 for �-polarization. These
values are higher than those of most of other materials inves-
tigated (0.78 × 10−20 cm2 for Dy3+:YVO4 [10], 0.74 × 10−20 cm2
for Dy3+:Lu2SiO4 [11], 1.04 × 10−20 cm2 for Dy3+:NaLa(WO4)2
[12] and 0.36 × 10−20 cm2 for Dy3+:fluorogermanate glass[6]), and
slightly lower than that of Dy3+:YAl(BO3)4 (1.90 × 10−20 cm2 for
�-polarization) [6]. By the way, Dy3+:YAl(BO3)4 crystal offer the
highest value of cross-sections ever reported for the 4F9/2 → 6H13/2
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Table 3
Calculated spontaneous emission probabilities, radiative branching ratios and radiative lifetime in Dy3+:Li2Gd4(MoO4)7 crystal.

Transition 4F9/2→ �em (nm) �-Polarization �-Polarization �rad (�s)

Aed (S−1) Amd (S−1) ˇ (%) Aed (S−1) Amd (S−1) ˇ (%)

6F5/2 1156 48.55 0.86 40.36 0.87 201.05
6F7/2 992 13.22 11.54 0.44 12.36 11.69 0.52
6H5/2 918 8.31 0.15 8.80 0.19
6H7/2 836 56.54 6.65 1.12 51.04 6.72 1.24
6F9/2 831 29.39 11.76 0.73 28.80 11.90 0.88
6F11/2 748 120.00 108.56 4.07 101.88 109.87 4.55
6H9/2 747 86.81 6.24 1.66 72.98 6.32 1.71
6H11/2 661 424.52 28.85 7.97 360.41 24.71 8.28
6H13/2 574 4042.20 71.88 3345.39 71.96
6H15/2 487 625.59 11.12 455.68 9.80

Table 4
Fluorescence branching ratios of the 4F9/2 → 6H13/2 emissions in Dy3+-doped hosts.

Li2Gd4(MoO4)7 YAl3(BO3)4 LiNbO3 Fluoro-germinate glass Fluoro-phosphate glass Fluoro-zicronate glass

� �

.1

.3
]

t
p
a
t
w
t
e
v

F
a

T
C

ˇexp 71.1 87.5 64.7 53.9 70
ˇcal 71.9 72.0 65.9 65.5 66
Ref. This work [6] [6] [6

ransition in Dy3+-doped matrices, which was regarded as the most
romising material for yellow laser operation among the crystals
nd glasses investigated by Ryba-Romanowski [6]. It is notewor-
hy that the calculated values depend on incertitude associated

ith radiative transition rates derived from a fitting procedure in

he framework of the Judd–Ofelt theory. Therefore, the calculated
mission cross-sections should be treated as estimated values to be
erified by laser experiments.
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ig. 4. Fluorescence decay curve of 4F9/2 multiplet for Dy3+:Li2Gd4(MoO4)7 crystal
t room temperature.

able 5
omparison of the emission spectroscopic parameters of several Dy3+-doped laser crysta

Crystal �em (10−20 cm2) �f (�s)

Dy3+:LiNbO3 0.32 (�), 0.03 (�) 298
Dy3+:YVO4 – 130
Dy3+:YAl3(BO3)4 1.90 (�), 0.62 (�) 520
Dy3+:Lu2SiO4 0.74 509
Dy3+:KGd(WO4)2 190 (150K) 175
Dy3+:NaLa(WO4)2 1.04 (�), 1.01(�) 268
Dy3+:NaY(MoO4)2 1.21 (�), 1.04(�) 107
Dy3+:CaMoO4 – 152
Dy3+:Li2Gd4(MoO4)7 1.45(�), 1.34 (�) 126.5
57.8 48.0
72.6 61.0
[30] [31]

3.3. Fluorescence lifetime and quantum efficiency

Fig. 5 presents the luminescence decay curve in correspon-
dence with the emission line 4F9/2 → 6H13/2 at 575 nm at ambient

temperature. The linear relationship displays single exponential
behavior of the fluorescence decay, and the fluorescence lifetime of
4F9/2 → 6H13/2 transition at 575 nm is found to be 126.5 �s with chi-
square of 1.51 × 10−4. Then the fluorescence quantum efficiency
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Fig. 5. Emission cross-sections corresponding to the 4F9/2 → 6H13/2 transition of
Dy3+:Li2Gd4(MoO4)7 crystal.

ls.

�R (�s) � (%) Ref.

387 77.0 [6]
440 29.5 [10]
508 >100 [6]
635 80.2 [11]
160 >100 [5]
292 89.9 [12]
271 39.5 [15]
177 85.9 [14]
201.1 62.9 This work
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(� = �f/�r) is derived as 62.9%. This indicates that the multi-
honon relaxation is inefficient, as expected from the fact that the
nergy gap between the 4F9/2 emitting level and the next-lower
tate (about 7700 cm−1) is large with respect to the maximum
honon energy of the host lattice (∼900 cm−1 [33]). It is inter-
sting to observe that the fluorescence quantum efficiency � of
y3+:Li2Gd4(MoO4)7 crystal is lower than that of Dy3+:YAl3(BO3)4
rystal [6,34]. Generally, the larger the energy gap and the lower
he maximum phonon energy is, the lower nonradiative transition
ate is. So the fluorescence quantum efficiency � of molybdates is
ften higher than those of borates (some specific examples can be
eferred to in Table 5 of Ref. [35]). Concentration quenching effect
ay account for this in view of the fact that the fluorescence life-

imes of 0.5% Dy3+:YAl3(BO3)4 and 2% Dy3+:Li2Gd4(MoO4)7 were
nvestigated for comparison.

Table 5 shows the emission parameters of the 4F9/2 → 6H13/2
ransition for the Dy3+:Li2Gd4(MoO4)7 crystal as compared with
ther Dy3+-doped laser crystals. Based on the above analysis,
y3+:Li2Gd4(MoO4)7 crystal has high quantum efficient �, large
mission cross-sections �em and fluorescence branching ratio ˇ
or the 4F9/2 → 6H13/2 transition. These results indicate that it is
potential candidate for laser operation in the yellow region and
eserves further investigations in this direction.

. Conclusions

Dy3+:Li2Gd4(MoO4)7 crystal with dimensions of ∅20 × 25 mm3

as been grown by the Czochralski method. Polarized absorp-
ion spectra, fluorescence spectra and fluorescence decay curve
f Dy3+:Li2Gd4(MoO4)7 have been recorded at room tempera-
ure. Based on the Judd–Ofelt theory, the intensity parameters,
he spontaneous emission probabilities, fluorescence branch-
ng ratios and radiative lifetimes of the excited manifolds

ere estimated. The peak emission cross-sections �em for the
F9/2 → 6H13/2 transition were calculated to be 1.34 × 10−20 cm2

or �-polarization and 1.45 × 10−20 cm2 for �-polarization using
he Füchtbauer–Ladenburg (F–L) equation. The fluorescence and
adiative lifetimes of 4F9/2 manifold were 126.5 �s and 201.1 �s,
espectively, so the quantum efficiency was 62.9%. The results of
hese investigations indicate that the Dy3+:Li2Gd4(MoO4)7 crystal

ay be regarded as a potential solid-state yellow laser material.
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