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a b s t r a c t

The Er3+:LiGd(MoO4)2 crystal with Ø21 × 33 mm3 was grown by the Czochralski technique, and the
absorption spectra, the fluorescence spectra and the fluorescence decay curves were measured at
room temperature. Some spectroscopic parameters, such as the parameters of oscillator strengths, the
spontaneous transition probabilities, the fluorescence branching ratios, the radiative lifetimes and the
eywords:
r3+:LiGd(MoO4)2 crystal
pectroscopic characteristics
pconversion

emission cross-sections were estimated based on Judd–Ofelt theory and Füchtbauer–Ladenburg method.
The infrared emission at 1450–1650 nm, due to 4I13/2 → 4I15/2 transition and the visible emission at
520–569 nm corresponding to 2H11/2,4S3/2 → 4I15/2 transition were observed in Er3+:LiGd(MoO4)2 crys-
tals under 979 nm excitation at room temperature. The emission cross-sections are 4.37 × 10−20 cm2 at
553 nm and 0.584 × 10−20 cm2 at 1561 nm for �-polarization, and the following measured lifetimes are
4.57 ms and 10.74 �s. The upconversion emissions were attributed to energy transfer between Er3+ ions

orptio
and the excited state abs

. Introduction

The development of the compact eye-safe and visible-
avelength Er3+ lasers has been a subject of numerous studies.

he infrared emission around 1.55 �m of Er3+, located in the
ptical communication window, is used in medicine, optics com-
unication and ranging (LIDAR), and 0.55 �m laser is used in

arious fields, such as data storage, submarine communication
nd laser display. Er3+ ion has a favorable energy-level structure
ith 4I15/2 → 4I9/2 transition (≈800 nm) and 4I15/2 → 4I11/2 transi-

ion (≈970 nm) in the near-infrared spectral region, which allows
he pumping with commercial high power semiconductor lasers.
herefore, the Er3+-doped bulk crystals, nano-/micro-materials and
lasses have attracted more and more interest [1–13].

The double molybdate crystals with the formula MRe(MoO4)2
M = alkali metal, Re = rare earth) as host materials for solid-state
asers have widely been investigated and possess the durability
n the air atmosphere, large nonlinear optical susceptibility �3

leading to be efficient Raman shifter), and large lanthanide ion
cceptance [9–22]. The LiGd(MoO4)2 (LGM) crystal, one member

f the MRe(MoO4)2, belongs to the tetragonal system with the
cheelite crystal structure [21]. The LiGd(MoO4)2 crystal can be
egarded as a disordered structure because Li+ and Gd3+ are dis-
ributed randomly, and this disordered structure usually makes
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the rare earth doped have broad absorption and emission band
[11,22]. The LiGd(MoO4)2 crystal melts congruently and has no
polymorphic transformation from its melting point to room tem-
perature, thus, rare-earth doped LiGd(MoO4)2 crystal can be grown
by Czochralski method. Green and red upconversion emission
in Er3+/Yb3+-codoped LiGd(MoO4)2 crystal was observed under
976 nm excitation [11]. However, the thermal expansion coefficient
parallel and perpendicular to the optical axis differs approximately
by two times, that is to say, the LiGd(MoO4)2 crystal has large ther-
mal expansion anisotropy, thereby, there exist many minute cracks
in the as-grown Er3+/Yb3+-codoped LiGd(MoO4)2 crystal (see Fig. 1
in Ref. [11]) and the scattering phenomena were observed under the
irradiation of xenon lamp, which may be resulted from structural
defects (stacking faults, dislocations, point defect complexes, and
others) [23]; some optical parameters of Er3+:LiGd(MoO4)2 crystal,
such as the fluorescence lifetime, the absorption and emission cross
sections have not been reported. These may limit the further study
of the Er3+:LiGd(MoO4)2 crystal laser. Therefore, the main objec-
tive of this paper is to investigate the spectroscopic properties of
Er3+:LiGd(MoO4)2 crystal.

2. Experimental details

To obtain one Er3+:LiGd(MoO4)2 crystal with high quality, non-scattering and

micro-cracks free, some growth technology was explored on basis of the growth
procedure described in Ref. [11] and [22]. The Pt plate was placed in the top of the
hot insulation and the thickness of the insulation was added to decrease the temper-
ature gradient; the pulling rate was decreased to 0.3–0.5 mm/h and the rotation rate
was increased to 60–80 r/m during the growth process; and the crystal was cooled
down to room temperature at a small rate (10–20 ◦C/h) after the growth ended. As

dx.doi.org/10.1016/j.jallcom.2011.03.061
http://www.sciencedirect.com/science/journal/09258388
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peak absorption coefficient for �-polarization is about 2 times
larger than that for �-polarization. Thereby, the pumping wave-
length was chose to 979 nm. The corresponding absorption cross
section �abs was determined by �abs = ˛/� with ˛ being the absorp-
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ig. 1. The photo of the as-grown Er3+:LiGd(MoO4)2 crystal by Czochralski tech-
ique.

result, the 5.0 at.% Er3+:LiGd(MoO4)2 crystal with Ø21 × 33 mm3 and pink color
as obtained, as shown in Fig. 1. In the as-grown Er3+:LiGd(MoO4)2 crystal there

xists no minute crack and the scattering light was not observed under the irra-
iation of xenon lamp. Other Er3+:LiGd(MoO4)2 crystals with different initial melt
oncentrations (0.5 at.%, 1.0 at.%, and 3.0 at.%) were also grown in the same way.

The crystal orientation was determined by the Laue technique using an YX-2
ype Orientation Unit. The investigated samples were cut into the dimension of
.0 × 5.0 × 2.0 mm3, polished and applied for the spectroscopic experiments. The
mm × 5 mm facet is parallel to the c-axis. According to the tetragonal character of

he lattices, the experimental spectra are labeled as � or �, which are defined in term
f the E-vector being perpendicular and parallel to the optical axis c, respectively.

The X-ray powder diffraction (XRD) patterns were collected using a D/max-rA
iffractometer and employing CuK� radiation (� = 1.54056 Å) at room temperature.
he samples cut from the top, middle and bottom of the as-grown crystals were
pplied to measure Er3+ concentrations in as-grown crystals using the inductively
oupled plasma and atomic emission spectrometry (ICP-AES) technique.

The room temperature polarized absorption spectra were measured using a
erkin-Elmer UV-VIS-NIR spectrometer (Lamada-900) in the range of 300–1700 nm.
he emission spectra and the fluorescence decay curves were preformed using the
dinburgh Analysis Instruments FLS920 spectrophotometer with laser-diode (LD)
nd xenon lamp as pumping sources, and the following excitation wavelengths were
79 nm and 488 nm. The fluorescence decay curves at 1561, 1000 and 553 nm, corre-
ponding to 4I13/2 → 4I15/2,

4I11/2 → 4I15/2, and 4S3/2 → 4I15/2 transitions, respectively,
ere measured at room temperature.

. Result and discussion

.1. Doped concentration and phase structure

The measured Er3+ concentration in the top, middle and bot-
om of the Er3+:LiGd(MoO4)2 crystals (see Table 1) is close to the
r3+ concentration in the respective initial melt, implying that Er3+

ons are distributed uniformly in LiGd(MoO4)2 crystal. This Er3+

niformly distribution phenomenon along the Er3+:LiGd(MoO4)2
rystal is similar to that along the Er3+:Yb3+:LiGd(MoO4)2 crystal
11].

The pattern of X-ray power diffraction (XRD) of as-grown
r3+:LiGd(MoO4)2 crystal at room temperature was shown in
ig. 2. Compared with the Joint Committee on Powder Diffrac-
ion Standard (JCPDS) card No:023-1179) [24], the as-grown

3+
r :LiGd(MoO4)2 crystal had some split XRD peaks and the dis-
orted shapes of the as-grown Er3+:LiGd(MoO4)2 crystal were
bserved. This could be resulted from the formation of ordered
hase with lowering of the crystal symmetry and the formation of
he super-structure [23,25–27]. X-ray diffraction analysis by using
2-Theta ( )

Fig. 2. The XRD pattern of Er3+:LiGd(MoO4)2 crystal and the standard data (JSPDS
card no. 18-0728) as a reference.

Topas 2 program shows that the as-grown Er3+:LiGd(MoO4)2 crys-
tal belongs to tetragonal system with I-4 space group and unit cell
parameters: a0 = 10.353 Å, c0 = 22.471 Å.

3.2. Polarized absorption spectra and analysis

The room-temperature polarized absorption spectra of 4.84 at.%
Er3+:LiGd(MoO4)2 crystal were depicted in Fig. 3. The spectra
are typical for Er3+ in crystals, and the groups of the lines near
407, 451, 488, 522, 553, 653, 801, 982 and 1536 nm are origi-
nated from the 4I15/2 ground state to the 2H9/2, 4F5/2 + 4F3/2,2H11/2,
4S3/2, 4F9/2, 4I7/2, 4I9/2, 4I11/2 and 4I13/2 of Er3+ according to the
prominent literature on the absorption features in Er3+-doped crys-
tals and glasses [1]. To our interest, for �-polarization, the peak
absorption wavelength of the 4I15/2 → 4I11/2 is located at 979 nm,
whereas for �-polarization, this wavelength shifts to 982 nm, and
the peak absorption coefficient for �- polarization is close to that
for �-polarization, while the peak absorption wavelength of the
4I → 4I lies at 801 nm for �- and �- polarization, and the
400 600 800 1000 1200 1400 1600

Wavelength (nm )

Fig. 3. Polarized absorption spectra of Er3+:LiGd(MoO4)2 crystal at room tempera-
ture.
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Table 1
The measured Er3+ concentration in the as-grown Er3+:LiGd(MoO4)2 crystals and the Er3+ concentration in the initial melt.

Sample The concentration in the initial melt (at.%) The concentration in as-grown crystals (at.%)
Top Middle Bottom

1# 0.5 0.58 0.55 0.53
2# 1.0 1.15 1.09 1.04
3# 3.0 2.79 2.84 2.87
4# 5.0 4.69 4.79 4.85

Table 2
The absorption cross section at 804 and 982 nm in Er3+:LiGd(MoO4)2 crystal.
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where � is the emission wavelength, � is the radiative lifetime,
which is 4.895 ms (see Table 4), and n is the refractive index which
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ion coefficient and � being the Er3+ concentration, as shown in
able 2. The value of absorption cross section of Er3+:LiGd(MoO4)2
rystal near 980 nm is similar to that of Er3+:NaGd(WO4)2 [13],
r3+:NaY(MoO4)2 [14], and Er3+:LiLa(MoO4)2 crystals [19], indicat-
ng the Er3+:LiGd(MoO4)2 crystal has a strong absorption capability
f the pumping light.

Based on Judd–Ofelt theory [29,30], the data of seven absorption
ands were used to predict the parameters of oscillator strengths
� (� = 2, 4 and 6), the radiative lifetimes �rad, the transition prob-

bilities Arad and the fluorescence branching ratios ˇ. The detailed
rocedure was given in the previous works [13]. Since the magnetic
ipole has a significant contribution to the 4I15/2 → 4I13/2 transition,
he magnetic dipole line strength was subtracted from the experi-

ental line strength value [1,31]. The 4I15/2 → 2H11/2 transition was
xcluded due to its hypersensitive nature [31]. The 4I15/2 → 4S3/2
ransition was also excluded since it overlapped the 4I15/2 → 2H11/2
ransition. The refractive index of LiGd(MoO4)2 crystal is 1.95 [21],
nd

〈
‖U(�)‖

〉
the double reduce matrix elements of the unit tensor

perators are in Ref. [1] and [31].
The relation between the polarized and effective parameters of

scillator strengths for the uniaxial crystal can be generally defined
s ˝eff = (2˝� + ˝�)/3. The results obtained (see Table 3) show that
he �2 values of Er3+:LiGd(MoO4)2 crystal are very large and close
o that of other Er3+-doped disorder scheelite crystals (see Table 3
n Ref. [19]), indicating that this crystal exhibit strong covalency of
r–O bond..

Once the effective parameters of oscillator strengths
ere obtained, the calculated line strengths Scal of Er3+ in

r3+:LiGd(MoO4)2 were listed in Table 4 with the mean wave-
ength and the experimental line strengths Sed. The transition
robabilities (AJJ′ ), fluorescence branching ratios (ˇJJ′ ) and radia-
ive lifetimes (�r) for main Er3+ multiplets were summarized in
able 5.

.3. Emission spectra and stimulated emission cross-sections

The polarized emission spectra of 4.84 at.% Er3+:LiGd(MoO4)2
rystal at room temperature were shown in Fig. 4a. The excited
avelength used was 979 nm. The intensity at 1400–1650 nm

ttributed to 4I13/2 → 4I15/2 transition is much larger than that at
40–1040 nm due to 4I11/2 → 4I15/2 transition and the intensity
f the former is as 3–8 times as that of the latter. The emis-
ion band at 1485–1650 nm consists of many sharp peaks, and
he intensity for �-polarization is about 3 times stronger than
hat for �-polarization. The emission band near 1550 nm has a

ull width at half-maximum (FWHM) of about 113 nm. The value
s close to that of Er3+:NaGd(WO4)2 [13], Er3+:NaY(MoO4)2 [14],
nd Er3+:LiLa(MoO4)2 crystal [19], and larger than that of Er3+:YAG
32], Er3+ doped ZBLAN glass [33] and Er3+:Y2O3 [34]. Such an
WHM can probably be resulted from the disorder structure of
�-polarization

982 801 979
0.83 0.42 0.69

LiGd(MoO4)2 crystal. This implies that the Er3+:LiGd(MoO4)2 crys-
tal may be regarded as a potential the generation of the tunable
laser pulse near 1550 nm.

The emission cross-section �e of the main channel 4I13/2 → 4I15/2
can be derived using the Füchtbauer–Ladenburg equation [35,36]:

5

540 550 560 570 580
0

Wavelength (nm)

Fig. 4. Polarized fluorescence spectra of Er3+: LiGd(MoO4)2 crystal excited with (a)
979 and (b) 488 nm LD at room temperature.
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Table 3
The parameters of oscillator strengths of Er3+:LiGd(MoO4)2 crystals.

�-polarization �-polarization Effective

�2(10−20 cm2) 15.58 15.62 15.60
�4(10−20 cm2) 2.52 2.09 2.23
�6(10−20 cm2) 1.32 2.39 2.03
�4/�6 1.90 0.87 1.09

Table 4
Mean wavelength, the experimental and calculated line strengths Sed of Er3+ in Er3+:LiGd(MoO4)2 crystal.

Excited state (from 4I15/2) �̄ (nm)
∫

meank(�)d� (nm/cm) Sed (10−20 cm2) Scal (10−20 cm2)

4I13/2 1538 237.77 4.43 4.18
4I11/2 982 32.11 0.91 1.08
4I9/2 801 16.21 0.57 0.49
4F9/2 653 51.10 2.18 2.22
4

i
e
a
r
d
(
1
(

T
S

F7/2 488 24.55
4F5/2 + 4F3/2 451 8.39
2H9/2 407 3.64
RMS

s 1.95, I(�) is the fluorescence intensity at wavelength �. The peak
mission cross sections obtained by using Eq. (1) are 0.584 × 10−20

nd 0.224 × 10−20 cm2 at 1568 nm for �- and �-polarization,
espectively. The values are close to these reported for other Er3+-

oped materials, such as 0.76 × 10−20 cm2 (�) and 0.78 × 10−20 cm2

�) for Er3+:NaGd(WO4)2 [13], 0.78 × 10−20 cm2 (�) and
.1 × 10−20 cm2 (�) for Er3+:NaY(MoO4)2 [14], 0.95 × 10−20 cm2

�) and 0.86 × 10−20 cm2 (�) for Ce3+,Er3+:NaLa(MoO4)2 [28], and

able 5
pontaneous-emission probabilities, radiative branching ratios, radiative and measured l

Manifold � (nm) Scal (10−20 cm2) Aed

4I13/2→ 4I15/2 1538.4 1.4267 123
4I11/2→ 4I13/2 2777.8 1.3154 24.3

4I15/2 990.1 0.5412 538

4I9/2→ 4I11/2 4651.2 0.1968 6.2
4I13/2 1739.1 0.5873 119
4I15/2 800 0.1905 122

4F9/2→ 4I9/2 3508.8 1.0542 14.5
4I11/2 1980.2 1.6034 80.8
4I13/2 1156.1 0.2997 406
4I15/2 660.1 0.9339 218

4S3/2→ 4F9/2 3125 0.0215 51.4
4I9/2 1639.3 0.2862 356
4I11/2 1212.1 0.0635 880
4I13/2 863.6 0.2769 243
4I15/2 545 0.1769 969

2H11/2→ 4S3/2 12500 0.2176 0.27
4F9/2 2500 2.9351 33.5
4I9/2 1449 1.9638 171
4I11/2 1105 0.4615 387
4I13/2 791 0.2934 105
4I15/2 522 6.2214 367

4F7/2→ 2H11/2 8695 1.3229 1.19
4S3/2 5128 0.0069 5.81
4F9/2 1923 0.1451 110
4I9/2 1242 0.5734 409
4I11/2 980.4 0.4284 832
4I13/2 724.6 0.3554 206
4I15/2 492.6 0.6560 656

4F5/2→ 4F7/2 6060.6 0.7476 4.7
2H11/2 3571.4 0.2078 22.9
4S3/2 2777.8 0.0699 48.7
4F9/2 1459.9 0.5476 336
4I9/2 1030.9 0.2281 954
4I11/2 843.9 1054 174
4I13/2 647.2 0.4623 385
4I15/2 455.6 0.1786 110
1.76 1.80
0.62 0.64
0.35 0.38

3.46%

0.45 × 10−20 cm2 for Er3+:YAG [32], which is advantageous for the
generation of laser operation.

The room temperature emission spectra in the region of

500–750 nm were obtained under 488 nm excitation and shown
in Fig. 4b. Green light emission was observed between 520 and
560 nm due to 2H11/2,4S3/2 → 4I15/2 transition of Er3+, and the emis-
sion after 560 nm is too weak to be detected in current experiment
condition. And the emission cross sections obtained using Eq. (1)

ifetime (�R) of Er3+ in Er3+:LiGd(MoO4)2 crystal at room temperature.

(s−1) Amd (s−1) ˇ (%) �r (ms) �f (ms)

.08 81.2 100 4.895 4.57
9 17.8 7.01 1.721 0.115
.7 92.99

4.3 3.18 0.263 –
.3 8.35
5.5 88.79

2 0.53 0.372 –
3.5 3.13

.1 15.02
2 80.73

0.39 0.075 0.0107
.0 2.69
.8 6.03
5.9 18.27
2.7 74.45

0.005 0.188 –
0.63

.8 3.23

.6 7.29
8.4 19.90
2 69.03

29 0.003 0.023 –
58 0.015
.3 0.25
191 94.11
.4 1.91
1.31 0.47
1.4 1.51

0.023 0.055 -
0.05
0.10

.1 1.85

.5 5.25
0.2 9.37
6.8 21.21
59 60.82
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re 4.37 × 10−20 and 1.93 × 10−20 cm2 at 553 nm for �- and �-
olarization, respectively.

.4. Fluorescence lifetime

The fluorescence decay curve at 1561 nm for Er3+:LiGd(MoO4)2
rystal is shown in Fig. 5a. The lifetime �f of 4I13/2 determined by
he single exponential fitting is around 7.20 ms, which is longer
han the radiative time (see Table 5). This phenomenon has also
xisted in some other Er3+-doped hosts, such as Er3+:NaGd(WO4)2
13], Er3+:NaY(MoO4)2 [14], and Er3+:LiLa(MoO4)2 [19]. There exist
nergy transfer between Er3+, the excited state absorption and seri-
us self-absorption in Er3+:LiGd(MoO4)2 crystal; therefore, the rate
f the depopulation from 4I13/2 decreases, accordingly, resulting in
he increase of the measured lifetime of 4I13/2 [35,36]. To mini-

ize this phenomenon, the room temperature lifetime of the 4I13/2
r3+multiplet was measured on Er3+:LiGd(MoO4)2 powders dis-
ersed in toluene. The toluene refractive index n = 1.495 decreases
he fraction of emission trapped in the particles by the inner reflec-
ion. The fluorescence decay curve obtained (see Fig. 5a) was fitted
y the single exponential with a time constant �f = 4.57 ms, which

s very close to the radiative time (see Table 5).
The fluorescence decay curve of the 4S3/2 state, as shown in

ig. 5b, exhibits the single exponential, implying that there exist
o additional processes. The fluorescence lifetimes of the 4S3/2 state
btained is 10.74 �s. The quantum efficiency 	 = �em/�rad with the
adiative lifetime of 75 �s (see Table 5) is determined to be 14.32%.
he Er3+:LiGd(MoO4)2 crystal also exhibits large emission cross-
ections and branching ratios of 4S3/2 → 4I15/2 transition, giving
ope to obtain green upconversion lasing around 0.55 �m.

The fluorescence decay curve of the 4I11/2 state is shown in Fig. 5c
o evaluate the relaxation rate from the 4I11/2 to the 4I13/2 upper
evel. The measured lifetimes of bulk and powder crystals are about
15 �s, which indicates that the effect of re-absorption is weak for
he emission from the transition of the 4I11/2 → 4I15/2. The lifetime
s similar to that of Er3+:YAG (100 �s) [37] but longer than those of
r3+:Ca2Al2SiO7 (41 �s) [38], and Er3+:YVO4 (23 �s) [39]. As to be
iscussed in Section 3.4, the longer fluorescence lifetime and higher
uantum efficiency (6.68%) of 4I11/2 in Er3+:LiGd(MoO4)2 crystal
re disadvantageous to the population in the upper laser level
f 4I13/2.

.5. Upconversion fluorescence

When these crystals were excited with a LD of pump power
bout several mW under 979 nm excitation, the green upcon-
ersion emission was observed by naked eyes. The polarized
pconversion fluorescence spectra were depicted in Fig. 6. The
pconversion emission exhibits a strong dependence on the polar-

zation and the intensity for �-polarization is much larger than that
or �-polarization. Strong upconversion emission bands attributed
o the (2H11/2, 4S3/2) → 4I15/2 transition of Er3+ ion were observed
n the region of 512–573 nm. And the upconversion emission
n the wavelength range of 560–800 nm was too weak to be
bserved. However, the red upconversion emission from 4F9/2
n Er3+/Yb3+-codoped LiGd(MoO4)2 crystal was detected under
76 nm excitation [11]. The explanation was given in the follow-

ng. Since the lifetime of 4I11/2 state is very short, some ions in
he 4I11/2 state nonradiatively decay to 4I13/2 state, and jump to
F9/2 state by the excited state absorption, the energy transfer from

he 4I11/2 state of an adjacent Er3+, and the phonon assisted energy
ransfer from the excited state 2F5/2Yb3+. The Yb3+ ion has a larger
bsorption cross-section than the Er3+ ion around 976 nm, and the
b3+ concentration is larger than that of Er3+ in Er3+/Yb3+-codoped
iGd(MoO4)2 crystal; thereby, the 4F9/2 state Er3+ ions mostly orig-
Time (ms)

Fig. 5. Fluorescence decay curves at 535, 1000 and 1535 nm of Er3+:LiGd(MoO4)2

crystal.

inate from the phonon assisted energy transfer from the excited

state 2F5/2Yb3+.

Fig. 7 shows the relationship between upconversion emis-
sion intensity of Er3+:LiGd(MoO4)2 crystal for �-polarization
under 979 nm excitation and different Er3+ concentrations. It
can be seen that the emission intensities at 534, 545 and
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ig. 6. Polarized upconversion emission spectra of Er3+:LiGd(MoO4)2 crystal under
79 nm excitation at room temperature

53 nm become stronger and stronger with the increase of Er3+

oncentration.
To understand the upconversion emission mechanism by which

he (4S3/2,2H11/2) excited states were populated under 979 nm
rradiation, the upconversion emission intensities of the green
4S3/2,2H11/2 → 4I15/2) transitions were measured as a function of
he excitation power (see Fig. 8). For upconversion mechanism, the
isible output power intensity (Iv) is proportional to some power
n) of the infrared excitation intensity (IIR): Iv∞In

IR with n being the
umber of IR photons absorbed per visible photon emitted. The
lope for (4S3/2, 2H11/2) → 4I15/2 is 2.05 under 979 nm excitation,
ndicating that two-photon processes were mainly involved in the
pconversion mechanism responsible for populating the (2H11/2,
S3/2) levels.

To sum up, it is believed that the upconversion emission is
esulted from the excited state absorption (EAS) or the energy
ransfer (ET) process between Er3+ ions in Er3+:LiGd(MoO4)2 crys-
al. The upconversion emission process is as follows (see Fig. 9).
The 979 nm LD excites the 4I15/2 ground state Er3+ ions to the
I11/2 excited state. One part of the excited state 4I11/2 Er3+ ions
epopulate to the 4I15/2 ground state, producing the 970–1020 nm

ight, while another part energy transfers to the adjacent Er3+ in the
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Fig. 8. Dependence of the upconversion fluorescence intensity on the incident pump
power for the Er3+:LiGd(MoO4)2 crystal under excitation at 979 nm.

ground state 4I15/2, accordingly, also exciting it to the excited state
4I11/2. This process can be described as:

4I15/2(Er3+) + h
(979 nm) → 4I11/2(Er3+)(GSA)

4I11/2(Er13+) + 4I15/2(Er2
3+) → 4I15/2(Er13+) + 4I11/2(Er2

3+)(ET1)

Er3+ ions are excited from the 4I11/2 state to the 4F7/2 excited
state by one of two probabilities, i.e., the excited state absorption
(ESA1) and energy transfer from the 4I11/2 state of a adjacent Er3+,
where two excited 4I11/2 state Er3+ ions interact with each other
and one ion is deexcited to the ground state 4I15/2 and the other is
excited to 4F7/2 state. And of the Er3+ ions excited to the 4F7/2 state,
they mostly relax to the lower 2H11/2 and 4S3/2 states by multi-
phonon nonradiative process. The process can be described as [40]:
2I11/2(Er13+) + 4I11/2(Er3+) → 4I15/2(Er3+) + 4F7/2(Er3+)(ET2)
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F7/2(Er3+) →4H11/2,4S3/2(Er3+)(the multi-phonon nonradiative process)

Since the lifetime of 4I13/2 state is long (about 4.75 ms), Er3+ ions
re also excited from the 4I13/2 state to the 4H11/2, 4S3/2 states by
SA or energy transfer ET. The process is as following [40]:

I13/2(Er3+) + h
(979 nm) → 4H11/2,4S3/2(Er3+)(ESA2)

I13/2(Er3+) + 4I11/2(Er3+) → 4I15/2(Er3+) + 4H11/2,4S3/2(Er3+)(ET3

And of the Er3+ ions in the 2H11/2,4S3/2 states transit to
he 4I15/2 ground state, producing the green emissions at
18–560 nm.

As well-known, the intensity of upconversion fluorescence
aused by the energy transfer (ET) process is much stronger than
hat by the excited state absorption (ESA) process in the same
ondition [2], thereby, ET process is mainly responsible for the
pconversion emission. As for ET process, the intensity of upcon-
ersion fluorescence depends on Er3+ concentration. When the Er3+

oncentration in Er3+:LiGd(MoO4)2 increases, the average instance
etween Er3+ ions shortens, the inter-ionic interaction enhances,
hereby, the efficiency of energy exchange between Er3+ ions
pgrades, more Er3+ ions are excited to 4F7/2 and 4S3/2 state, which
ives rise to the acceleration of the population on the 2H11/2,4S3/2
tates, thus, the intensities of green light emission accordingly are
nhanced.

. Conclusions

The spectroscopic characterization and the upconversion emis-
ion mechanism of Er3+:LiGd(MoO4)2 crystal grown by Czochral-
ki technique were investigated. The Er3+:LiGd(MoO4)2 crystal
xhibits a large absorption cross section at 979 nm. The parameters
f oscillator strengths, the spontaneous transition probabilities,
he fluorescence branching ratios and radiative lifetimes were
alculated based on Judd–Ofelt theory. The 1485–1650 nm emis-
ion band, corresponding to the 4I13/2 → 4I15/2 transition, exhibits
arge emission cross sections (0.63 × 10−20 and 0.48 × 10−20 cm2

or �- and �-polarization, respectively) and very large FWHM
around 110 nm). Green light emissions at 518-560 nm due to the
2H11/2,4S3/2) → 4I15/2 transition were observed at room temper-
ture under 979 nm excitation. The emission cross sections were
etermined to be 4.37 × 10−20 and 1.93 × 10−20 cm2 at 553 nm
or �- and �-polarization, respectively. The lifetime of 4I13/2 and
2H11/2,4S3/2) level were measured to be 4.57 ms and 10.74 �s,
espectively. The upconversion emission intensity became stronger
ith the increase of Er3+ concentration. The relationship between

hese upconversion intensities and the function of the pumping
ower shows that these emissions could be caused by two-
hoton processes. The upconversion emission mechanism is mainly

nvolved with energy transfer. The investigated results reveal that
he Er3+:LiGd(MoO4)2 crystal may be regarded as a potential laser

aterial.
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