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Nd3*:Li3Ba,Gd3(Mo0,)s crystal has been grown from a Li;MoO4 flux by the top seed solution growth
method (TSSG). The structure of the crystal was confirmed by X-ray powder diffraction. The princi-
pal coefficients of thermal expansion along a, b and c-axes were precisely measured to be 1.62 x 10>,
1.73 x 107> and 2.15 x 107> K1, respectively. The specific heat value was 0.42 J/g K at 50 °C. The polarized
spectral properties of Nd3*:LizBa,Gds(MoQy,)s crystal were investigated and the spectroscopic parame-
ters were calculated and analyzed based on the Judd-Ofelt theory. The absorption cross-sections around
805 nm were determined to be 15.13, 3.84 and 5.27 x 1020 cm? for E//b, E//D1 and E//D2, respectively.
The emission cross-sections o, were determined to be 9.5 x 10-2° cm? for E//b, 8.2 x 10-2° cm? for E//D1,
and 7.9 x 10-2° cm? for E//D2, respectively. The fluorescence lifetime was measured to be 130 ws and the
quantum efficiency was calculated to be 93%.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of diode-pumped solid-state lasers has found
a wide variety of applications in military, industry, medical treat-
ment and scientific research. Therefore, considerable attention has
been devoted to the search for new more efficient materials for
pumping [1-10]. Among the reported crystals, some molybdate
crystals with disordered structure have generated a great deal
of interest due to their intriguing properties such as high dam-
age threshold, wide absorption band and high quantum efficiency
which made them promising materials for solid-state laser gain
media [11-16].

The Li3Ba; Gd3(MoO4)g crystal, a member of LizBa;Ln3(MoOy4)g
(Ln=La-Lu, Y) family, belongs to the monoclinic system with space
group C2/c and a disordered structure [17,18]. Previously, we
have successfully grown large and high-quality LizBa;Gd3(MoO4)g
crystals and reported the spectroscopic properties of Nd3*-
doped LizBayGds3(MoO4)s crystal [19]. The results show that
Nd3*:LisBa;Gd3(Mo0Q,)g crystal exhibits excellent spectroscopic
properties and could be regarded as a potential solid-state laser
crystal material. However, for a proper evaluating of its laser per-
formances and designing its best laser operating conditions, it is
necessary to get the detailed and complete information about the
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polarized spectroscopic properties. Besides, the thermal properties
of the crystals, such as thermal expansion coefficient and specific
heat, are also very important for crystal growth and application.
Therefore, this paper further reports on the thermal and polarized
spectroscopic properties of Nd3*-doped Li;BayGd3(MoOy4)g crys-
tal.

2. Experimental procedures
2.1. Crystal growth and orientation

Since the incongruent melting behavior of Li3Ba;Gd3(MoO4)s crystal prevented
the use of the Czochralski method [17,18], the crystal growth was performed by the
conventional top seeded solution growth method (TSSG) from a flux of Li;Mo0O4.
In order to obtain the optimal composition of solution, the solubility curve of
LizBa;Gd3(MoO4)s crystal in the LisBay;Gds(MoO4)s-LizMoO4 solution was deter-
mined by means of trial seeding. The saturation temperatures were determined for
various compositions in the range of 71-87.5 mol% Li,MoO4 by adjusting the tem-
perature of the solution until a trial seeding showed no change in weight or surface
microtopography after 6-8 h immersion.

The crystal growth was carried out in a vertical tubular muffle furnace with a
nickel-chrome wire as a heating element. An AL-708 controller was used to control
accurately the furnace temperature and the cooling rate. The starting materials 4 at.%
Nd3*-doped LizBa,Gd3(MoO4)s and Li;MoO4 were weighed, with a molar ratio of
NdLi3Ba;Gd3(MoOy4)s:Li;M0O4 = 1:4. The single-crystalline bars cut perpendicularly
to the (010) face were used as seeds. The crystal was grown at a cooling rate of
1°C/day and a rotating rate of 12 rpm. Detailed growth procedures can be found in
Ref. [20].

Since the LizBayGd3(MoO4)s crystal is biaxial, the three principal axes of the
optical indicatrix should be determined before the polarized spectral measurement.
In the monoclinic system, one of the principal axes is collinear with the crystallo-
graphic b-axis and the other two principal axes are perpendicular and position at
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Fig. 1. Solubility curve of Li3Ba;Gd3(MoO4)s in LizBayGd3(MoO4)s-Li;MoO4 solu-
tion.

certain angles with respect to crystallographic a and c-axes. Therefore, the other two
principal axes can be easily determined by means of a polarized microscope (PLM).

2.2. Characterization

The X-ray power diffraction pattern of Nd3*:Li3Ba;Gd3(MoOy)g crystal was
recorded using a D/max-rA type diffractometer equipped with a Cu K« radiation
(A=1.54056 A) in a range of 26=5-85°. The accurate concentration of Nd3* ions
in the crystal was determined by the inductively coupled plasma atomic emission
spectrometry (ICP-AES) method. The specific heat curve of Nd3*:Li3Ba; Gd3(MoOy4)s
crystal was measured by a NETZSCH DSC 404C simultaneous thermal analyzer at a
heating rate of 5°C/min. The thermal expansion coefficients were measured using
a DIL 402PC thermal dilatometer instrument in the range of 325-1050 K.

The polarized absorption spectra were measured using a Perkin-Elmer
UV-Vis-NIR spectrometer (Lambda-900) in a wavelength range of 300-1000 nm.
The polarized fluorescence spectra and the fluorescence decay curves were
measured using an Edinburgh Instruments FLS920 spectrophotometer. All the mea-
surements were carried out at room temperature.

3. Results and discussion
3.1. Crystal appearance and its XRD analysis

By means of trial seeding, the solubility curve of
LizBa;Gd3(MoQy)g crystal in the LizBayGds(MoQOy4)g-Li;MoO,
solution was obtained, as shown in Fig. 1. According to Fig. 1,
LizBayGd3(MoQ4)g crystal in Li;MoO4 flux has a high solu-
bility and large growing temperature region. The as-grown
Nd3*:LizBayGd3(MoOy4)g crystal with a perfect appearance and
well-developed faces is shown in Fig. 2, where the growing
orientation of the crystal is along with [010] direction, and the
directions of a and c axes have been determined by PLM measure-
ment. The directions of the three principal axes with respect to
the crystallographic axes are also shown in Fig. 2. Generally, the
three principal axes should be named as X, Y, Z in the order of
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Fig. 3. Comparison of the X-ray powder diffractometer patterns of (a)
Nd3*:LizBayGd3(Mo0O,)s and (b) pure LisBa;Gd3(MoO4)g crystals.

increasing refractive index. However, due to the lack of equipment
for precise refractive index measurement, the other two axes
perpendicular to the b-axis are named as D1 and D2 temporarily
just for convenience of calculation.

The XRD patterns of Nd3*:Li3Ba,Gd3(MoQy)g crystal is shown
in Fig. 3 and compared with that of pure LizBa;Gd3(MoQO4)s
crystal. It can be found that the positions and relative inten-
sities of the diffraction peaks are consistent with those of
the pure LizBa;Gd3(MoO4)g crystal on the powder standard
(JCPDS-ICDD, No. 77-0830) card. The strong diffraction peaks
of Nd3*:Li3Ba,Gd3(Mo0Q,)s crystal were indexed and the results
showed that the grown Nd3*:LizBa,Gd3(MoOy4)s crystal had the
same structure as the pure one. The concentration of Nd3*
ions in the grown crystal was determined to be 3.3at.% by the
ICP-AES. Thus, the segregation coefficient of Nd3* ions in the
Nd3*:LizBa,;Gd3(MoOy)g crystal was estimated to be 0.82.

3.2. Thermal properties

The specific heat is an important thermal factor that
influences the laser damage threshold of a crystal. Gener-
ally, the higher the specific is, the larger the laser damage
threshold is. Fig. 4 shows the dependence curve of the spe-
cific heat on the temperature in the range of 323-675K.
The specific heat increases almost linearly with the increas-
ing temperature. The specific heat value at 323K is 0.42]/gK
(205.2 cal/mol K), which is close to the values of Nd3*:YbVO,
(0.45]/gK) and Nd3*:YVO, (0.50]/gK) [21,22]. This indicates that
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Fig. 2. Grown crystal of Nd3*:Li3Ba,Gd3(MoO,)s: (a) grown crystal; (b) polished sample with (0 1 0) plane perpendicular to the paper.
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Fig. 4. The dependence of the specific heat of Nd3*:Li3Ba,Gd3(MoO,)g crystals on
temperature.

Nd3*:LizBa;Gd3(MoOy4)g crystal has a high laser damage thresh-
old.

The thermal expansion coefficient is another important ther-
mal factor for the crystal. As a significant part of the power pump
is converted into heat inside the material during laser operation,
which will degrade the laser performance, it is important to know
its linear thermal expansion coefficients to predict how the mate-
rial behaves when the temperature increases [23]. The figure of
linear expansions versus temperature is shown in Fig. 5. The linear
thermal expansion coefficient is defined as:

1 AL
o= a7 (1)

where L is the initial length of the sample at room temperature and
AL is the change in length when the temperature changes AT. We
can calculate the thermal expansion coefficients based on the slope
of the linear fitting of the linear relationship between AL/Lg and the
temperature. In this case, the thermal expansion coefficients along
a, b and c-axes are 1.62x 1072, 1.73 x 107> and 2.15 x 10> K1,
respectively. The result shows that Nd3*:Li;Ba, Gd3(Mo0Q,)g crystal
has a strong thermal expansion anisotropy. Therefore, in order to
obtain Nd3*:Li3Ba,Gd3(MoOy)s crystals with free crack, the seed
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Fig. 5. Thermal expansions of Nd3*:Li3Ba,Gd3(MoO4)s crystal along the a-, b- and
c-axes.
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Fig. 6. Polarized absorption spectra of Nd3*:Li3Ba;Gd3(Mo0Qy,)s at room tempera-
ture.

with [010] orientation and slow annealing rate were applied in
the crystal growth procedure.

3.3. Absorption spectra and Judd-Ofelt analysis

Fig. 6 shows the polarized absorption spectra of the
Nd3*:Li3BayGd3(MoOy)g crystal. The absorption spectra show
polarized dependence due to the anisotropy of the crystal and the
absorption coefficient for E//b is much lager than those of E//D1 and
E//D2. The most interesting feature in the absorption spectra is the
broad absorption band around 800 nm, which coincides with the
wavelength of radiation from AlGaAs diode laser. Fig. 7 shows the
absorption cross-sections for the three polarizations in the region
of 720-920 nm for clarity. The absorption cross-sections for E//D1
and E//D2 at 805 nmare 3.84 and 5.27 x 10720 cm? respectively. The
absorption cross-section at 805 nm for E//b is 15.13 x 10720 cm?,
whichis the largest among the three directions. This value is smaller
than that of Nd3*:YVO, (38.7 x 1029 cm? for  polarization) [24]
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Fig. 7. Polarized absorption cross-sections of Nd3*:Li3Ba;Gd3(Mo0Q,)g crystals in a
range of 720-920 nm.
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Table 1
The measured and calculated line strengths of Nd3*:LizBa;Gd3(MoO4)s crystal.

Excited E//b E//D1 E//D2

state

Smeas (10720 sz) Seal (]0720 sz) Smeas (10720 sz) Seal (]0720 sz) Smeas (]0720 sz) Scal (]0720 sz)

4F3p 2.596 2.883 1.179 1.265 1.168 1.311

4Fsj2 +2Hop 6.456 6.527 3.398 3.504 3.775 3.710

4F7;2 +4S3p 5.206 5218 3.111 3.069 3.246 3.304

4Fop2 0377 0416 0.259 0.238 0.224 0.254

4Gspp +2Gypp 26.578 26.608 21.297 21.310 21.239 21.246

2Kysz +4Grpp +4Gop 5.072 4.618 2.987 2.778 2.923 2.837

2Kisj2 +2Gopz +2D3p2 +4Gr1p2 0.917 0.759 0.487 0.374 0.487 0.390

2Pyj2 +2Ds)p 0.311 0.416 0.240 0.227 0.202 0.180

rmsAS (10721 cm?) 2.58 1.25 0.96

rms error (%) 2.6 1.6 1.2
Table 2

The Judd-Ofelt intensity parameters of Nd3*:Li3Ba;Gd3(MoO4)s crystal.

Polarizations £25 (10720 cm?) £24 (10720 cm?) 26 (10720 cm?)

E//b 20.207 10.864 7.139

E//ID1 18.854 4.483 4318

E//D2 18.691 4.601 4.667

Qef 19.251 6.649 5375
Table 3

The transition probabilities and branch ratios for the 4F3/24>4lj transitions of
Nd3*:LizBa,Gds3(MoO,)g crystal.

Tansitions E//b E//D1 E//D2
A(s™h) B A(s™h) B A(s™h) B
4F3/2 — 419/2 5305 0.502 2328 0.442 2413 0.434
13— My 4432 0.419 2427 0.461 2594 0.467
4F312 — 41312 798 0.075 482 0.092 522 0.094
4F35 — 452 41 0.004 25 0.005 27 0.005
/ /
Trad (IS) 140

but large than that of Nd3*:YAG (7.3 x 10-20 cm?) [25]. Moreover,
the full width at half the maximum (FWHM) of the absorption band
is 6 nm for E//b. Such a large line-width is suitable for diode pump-
ing; since it is not crucial to temperature stability of the output
wavelength of diode laser.

The Judd-Ofelt (J-0) theory has been mostly used in the analysis
of the spectroscopic properties of the rare-earth ions doped crystals
and glasses [26,27]. Based on the J-O theory, the data of absorption
spectra can be used to calculate the oscillator strength parameters,
the radiative lifetime, and the fluorescence branching ratios. First,
the line strength of the electric-dipole transition from the ground

where the subscript q indicates the polarization of spectra, N is the
concentration of Nd3* ions in the sample, X is the average wave-
length of the absorption band, n is the refractive index, oq(1) is the
absorption coefficient and f ag(A)dA is the integrated absorption
coefficient for each absorption band.

According to J-O theory, the line strength of the electric-dipole
transition can also be expressed as:

2

SlU -1 =Y [(4f"asLy ||U)| 4fM s L) (3)
t=2,4,6

where ||U®)]| are the matrix element of unit tensor operators cal-

culated by Carnall et al. [28].

The values of the measured line strengths with three polariza-
tions are listed in Table 1. By a least-square fitting between Egs. (2)
and (3), the intensity parameters §2; 4 ¢ with three polarizations are
obtained and listed in Table 2. The effective intensity parameters,
which are defined as $2.5=(2, + $£2p1 +£2p3)/3, are also listed in
Table 2. The large value of £2, mainly comes from the high absorp-
tion coefficient of the 4Ig/, — 4Gsj, +2G7 hypersensitive transition
around 585 nm [29,30]. This behavior has also been observed in
some other molybdate crystals [14,15].

In order to justify the obtained results, the root-mean-square
deviation of the experiment and calculation line oscillator strengths
is introduced, which is defined by:

N 2
N (Smeas _ Scal
rmsASy = \/2’1( 13 — a) (4)

where Nis the number of experimental absorption bands. The mea-
surement of the relative error is given by:

4 i i _ rms AS
state 19(2 to the excited multiplet can.be calculated from the cor rms error = 222 100% (5)
responding room temperature absorption spectra by the following msS
formula: where
3hc(2] +1 9n Ne2
smeas(j _ J') = (2 +1) > [ aq(r)dr (2) s ] 2o Simeas 6)
8m3e2AN (n2 +2) N N
Table 4
The spectral parameters of Nd3*:LisBa,Gd3(MoO,)s and other Nd3*-doped crystals.
Crystals Nd3*concentration (10-2°cm—3) FWHM (nm) 04 (x10720 cm?) 0e (x10720 cm?) 77 (s) n (%) Reference
Nd3*LizBayGds(Mo0y4)s E//b 6 15.13 9.5
E//D1 3.3 11 3.84 8.2 130 93 This work
E//D2 8 5.27 7.9
3+.
Nd3*:KLa(Mo004), ™ 29 5 114 9.7 147 03 (34]
o 7.7
Nd3*:PbWO, T 12 5 14.83 11.9 132 o8 35]
o : 5 3.32 5.5
YVO, T 2 29.6 141
- 1.25 8.0 29.5 84 87 [24]
YAI3(BO3 )4 T 0.94 13.7
- 3.11 7 558 07 302 18 [36,37]
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Fig. 8. Polarized fluorescence spectra of Nd3*:Li3sBa,Gd3(MoOy)s crystal excited
with 807 nm radiation at room temperature.

The value of the rmsAS and rms error are in the typical error
range of J-O fitting and indicate good agreement between the cal-
culated and experimental results.

Once the ]J-O intensity parameters have been obtained, the
spontaneous emission probability A from the initial multiplet 4F3/2
to the terminal multiplet 411/ (J=9/2,11/2,13/2 and 15/2) can be
calculated by:

/ 64rte?  n(n®+2)° 4 ¢
AU~ J) = o 4En el ar,
T g9 :;6  |(Faya [|U°]| 41|

(7

where ‘<4F3/2 HU‘ || 4I]r>‘ were given by Kaminski [31] and A is the
mean wavelength of the fluorescence band. Then, the fluorescence
branching ratio  is defined as:

AqU —>]/)
Z]rAq(] - J/)

The calculated values of A; and B4 for the transitions from the
4F;3), multiplet are listed in Table 3.

The radiative lifetime 7,44 of a multiplet is the reciprocal of the
total spontaneous emission probabilities from the multiplet. For an
anisotropic crystal, the total spontaneous emission probabilities are
expressed as:

ZqZ]’AqU - ]/)

At = ST ©)

So, the radiative lifetime of the 4F;, multiplet of Nd3* ions in
the Nd3*:Li3Ba,Gd3(Mo0y)g crystal is calculated to be 140 ps.

BaU—J)= (8)

3.4. Fluorescence spectra and lifetime

Fig. 8 shows the polarized fluorescence spectra of the
Nd3*:LisBayGd3(Mo0Q4)g crystal excited with 807nm radia-
tion. Three emission bands corresponding to the 4F3/2—>419/2,
4F3; —> 4112 and “4F3; —>“4ly3, transitions are observed at
860-940, 1036-1120 and 1320-1405nm. The emission cross-
sections can be calculated from the fluorescence spectra using the
Fiichtbauer-Ladenburg (F-L) formula [32,33]:

O.F—L()\ _ )“SAQ(]_)]/)IQ()")

0 8wen2 [ Ag(A)da (10)

2.0
rf:‘l 30us

15
_0
=
c
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Fig. 9. Fluorescence decay curve of Nd3* in Nd3*:Li3Ba;Gd3(MoOy)s crystal.

where c is the speed of light in the vacuum, I4(A) is the relative
fluorescence intensity at wavelength A and n is the refractive index.
Then, the emission cross-sections oen,; for three polarizations are
obtained and listed in Table 4.

The fluorescence lifetime decay curve of the 4F3/2 multiplet is
shown in Fig. 9. The fluorescence lifetime 7y was determined to be
130 ps by linear fitting. Thus, the quantum efficiency 7 (1= T¢/Tqq)
of Nd3* in the Nd3*:LizBa,Gd3(MoOy)g crystal was estimated to be
93%.Such high quantum efficiency can be mainly ascribed to the rel-
atively low phonon energy of [MoO4]2~ group. As well known, the
nonradiative transition rate from the excited multiplet to the next
lower multiplet is mainly caused by the multi-phonon relaxation.
The smaller the phonon energy is, the lower the nonradiative tran-
sition rate is. In the Nd3*:Li3Ba,Gd3(Mo0O,)g crystal, the phonon
energy of (MoO4 )2~ group is generally bellow 900 cm~!. Therefore,
the nonradiative transition rate in the Nd3*:LizBayGd3(MoOy4)s
crystal is relatively small and the quantum efficiency is high.

4. Conclusions

Nd3*:LizBa;Gd3(MoQO4)g  crystal with  dimensions of
25 x 15 x 10mm?3 has been successfully grown by TSSG method
and its spectroscopic properties were analyzed by J-O theory. The
main spectroscopic parameters of Nd3*:LizBayGd3(Mo0Q,)g crystal
are shown in Table 4 and compared with those of other Nd3*-
doped crystals. It can be found that the Nd3*:Li3Ba,Gd3(MoQ,)g
crystal has a large FWHM at 805nm, which is suitable for
diode-laser pumping. The absorption and emission cross-
sections of Nd3*:Li3BayGds3(MoOy)g crystal are smaller than
that of Nd3*:YVO,4, but larger than most of other reported
Nd3*-doped crystals. Moreover, it is remarkable that the
Nd3*:Li3Ba;Gd3(Mo0Q4)g crystal has a high quantum efficiency
n of 93%. In conclusion, Nd3*:Li3Ba;Gd3(MoQ,)g crystal may be
regarded as a promising solid-state laser material for diode-laser
pumping.
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