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a b s t r a c t

In this paper, a Yb3+ doped Lu3ScAl4O12 single crystal has been grown by the Czochralski method. The
cell parameters were analyzed with X-ray diffraction (XRD). The absorption spectrum, emission spectrum
and fluorescence lifetime of Yb:Lu3ScAl4O12 crystal were measured at room temperature. The absorption
bandwidth, emission bandwidth, absorption cross-section, emission cross-section and fluorescence life-
time have been estimated as 25 nm, 12.6 nm, 0.54 × 10−20 cm2, 1.47 × 10−20 cm2 and 1.43 ms. The spectral
properties of Yb:Lu3ScAl4O12 crystal were compared with those of Yb:Lu3Al5O12 (Yb:LuAG) crystal. The
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results indicate that Yb:Lu3ScAl4O12 crystal should be a potential candidate used for generating short
pulses in mode-locking operation.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, ytterbium doped laser crystals have attracted
onsiderable attention [1–6]. Trivalent ytterbium has important
dvantages in comparison with the widely used Nd laser in 1 �m
aser applications. For example, Yb3+ ions have low thermal load-
ng, long radiative lifetime of the upper laser level, large absorption

idth, broad emission width, and no concentration quenching, no
xcited-state absorption and no visible reabsorption loss. They offer
igh quantum efficiency, low quantum defects, reduced thermal
ffects and a potentially broad gain bandwidth [7–11].

Yb3+ doped mixed crystals are quite promising laser-active
aterials for ultrashort lasers because of their disordered natures,
hich leads to inhomogeneous broadening of fluorescence lines,
ith expectations of improving the laser performance in Q-

witched and mode-locked regimes [12,13]. There are several
eports of the optical properties and laser performance of Yb3+-
oped mixed garnets crystals and ceramics [14–16], in which

artially replacing Al3+ ions with Sc3+ ions to form distorted
3ScxAl5−xO12 (YSAG) compounds. When enlarging the distance
etween dodecahedral lattice sites by introducing large Sc3+, broad
bsorption and emission spectra were obtained in Yb:YSAG crystals

∗ Corresponding author. Tel.: +86 21 69918484; fax: +86 21 69918607.
E-mail address: xdxu79@yahoo.com.cn (X. Xu).
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and ceramics. At the same time, thermal and mechanical proper-
ties of YSAG crystals and ceramics are still comparable to that of
YAG crystal or ceramics. Lu3Al5O12 (LuAG) belongs to the rare-
earth garnet family (space group Oh10-Ia3d) with lattice spacing
11.906 å. As a host material, LuAG possesses many attractive char-
acteristics such as high thermal conductivity, excellent physical and
chemical properties [17–22]. Particularly, partial-substitution of
Sc3+ for Al3+ in Lu3Al5O12 crystals forming distorted Lu3ScxAl5−xO12
structure provides Lu3ScxAl5−xO12 compounds with preferable
conditions for trivalent lanthanide lasant doping. Therefore Yb3+

in Lu3ScxAl5−xO12 crystal is expected to exhibit a larger emission
band due to disordered crystal-field in Lu3ScxAl5−xO12 crystal.

In this paper, the spectroscopic properties of Yb:Lu3ScAl4O12
crystal were reported for the first time to our knowledge, and the
spectral properties were compared with those of Yb:LuAG crystal.

2. Experimental

To grow Yb:Lu3ScAl4O12 crystal with 10 at.% doped concentration, the chemicals
of Yb2O3, Lu2O3, Sc2O3 and Al2O3 with purity of 99.999% were used. The mixture
was ground, extruded to form pieces with diameter close to the inner diameter of
the crucible at high pressure, then sintered in an alumina crucible at 1200 ◦C for 30 h.

The charge was then loaded into the iridium crucible for crystal growth. The pulling
rate was 1–3 mm/h and the rotation rate of the seed was 15–30 rpm. High-purity
nitrogen gas was used as a protective atmosphere. The temperature was controlled
by a EUROTHERM 818 controller/programmer with a precision of ±0.1 ◦C. In order
to prevent the crystal from cracking, the crystal was cooled to room temperature
slowly after growth.

dx.doi.org/10.1016/j.jallcom.2010.07.073
http://www.sciencedirect.com/science/journal/09258388
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Fig. 1. Powder XRD patterns of Yb:Lu3ScAl4O12 crystal.

The crystal structure of the as-grown Yb:Lu3ScAl4O12 single crystal was ana-
yzed by X-ray diffraction (XRD) using Cu K� radiation (Ultima IV diffractometer,
igaku, Japan) at a scan width of 0.02◦ within 2� = 10–90◦ . Fine ground powder
f the as-grown Yb:Lu3ScAl4O12 single crystal was used as the sample. Samples
or spectroscopic measurements with surfaces perpendicular to the <1 1 1>-growth
xis were polished. The thickness of the sample is 1.08 mm. The absorption spectrum
as measured in the wavelength range from 850 nm to 1100 nm using a Lambda

00 spectrophotometer (Perkin-Elmer Company). The luminescence spectrum of
he sample was recorded by a spectrofluorometer (Fluorolog-3, Jobin Yvon, Edision,
SA) equipped with a Hamamatsu R928 photomultiplier tube. A 940 nm continuous
ave diode-laser was used as the excitation source. The decay time was measured

y a computer controlled transient digitizer. All measurements were performed at
oom temperature.

. Results and discussions

The structure of Yb:Lu3ScAl4O12 crystal has been determined by
-ray diffraction analysis, as shown in Fig. 1. The result reveals the
b:Lu3ScAl4O12 crystal crystallizes in cubic with space group Ia3d
nd has the cell parameters: a = 1.1941 nm, V = 1.7026 nm3.

The room temperature absorption spectra of Yb:Lu3ScAl4O12
nd LuAG crystals after annealing in the range of 850–1100 nm are

hown in Fig. 2. The absorption characteristics of Yb:Lu3ScAl4O12
rystal are similar to those of Yb:LuAG crystal. There are four
bsorption peaks centered at 916, 939, 968 and 1029 nm, respec-
ively. 916, 939 and 968 nm are suitable for laser-diode pumping.

ig. 2. Absorption spectra of Yb:Lu3ScAl4O12 and Yb:LuAG crystal with the same
oping level.
Fig. 3. Fluorescence spectra of the Yb:Lu3ScAl4O12 and Yb:LuAG crystal.

The absorption coefficient at 939 nm is 7.81 cm−1, which is smaller
than that of Yb:LuAG crystal (∼8.44 cm−1). The absorption cross-
section is 0.54 × 10−20 cm2 at 939 nm. The absorption bandwidth
(FWHM) of Yb:Lu3ScAl4O12 crystal centered at 939 nm is 25 nm,
which is 3 nm wider than that of Yb:LuAG crystal. Therefore, the
Yb:Lu3ScAl4O12 crystal is more suitable for InGaAs diode-laser
pumping owing to the broader band absorption features. A wide
absorption bandwidth means that the laser crystal is less sensitive
to diode wavelength specification and the output power of the laser
remains stable. Therefore, the FWHM of absorption band at pump
wavelength is one of the important parameters for laser crystal.

Fig. 3 shows the fluorescence spectra of the Yb:Lu3ScAl4O12 and
Yb:LuAG crystals. The emission spectrum of Yb:Lu3ScAl4O12 crystal
is similar to that of Yb:LuAG crystal. There is a strong emission peak
located at wavelength 1029 nm, and the emission shifts to shorter
wavelength. The emission bandwidth of Yb:Lu3ScAl4O12 crystal
(∼12.6 nm) is 1.26 times larger than that of Yb:LuAG single crystal
(∼10.0 nm). The value is similar to that of Yb:Y3ScAl4O12 ceramics
(∼12.5 nm) [15], but smaller than that of Yb:Y3Sc2Al3O12 crystal
(∼14 nm) [14]. The wide emission wavelength range is useful for
generating short pulses in mode-locking operation. Fluorescence
decay curve is shown in Fig. 4. The fluorescence lifetime was mea-
sured to be 1.43 ms, which is longer than that of Yb:LuAG crystal

with the same Yb3+ concentration (∼1.32 ms) [19].

From the absorption and fluorescence spectra we determined
the Stark energy levels. The resulting Stark energy-level diagram
of Yb3+ in the Lu3ScAl4O12 crystal-field at room temperature is

Fig. 4. Decay curve of the 2F5/2 manifold of Yb:Lu3ScAl4O12 crystal.
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ig. 5. Stark energy-level diagram of the 2F5/2 and 2F7/2 manifold of Yb3+ in
u3ScAl4O12 crystal.

hown in Fig. 5. The ground-state energy-level splitting, giving
y �E = Ezl − Eext, was calculated to be 774 cm−1 and the zero-line
nergy Ezl is equal to 10331 cm−1.

The emission cross-section of Yb3+: 2F5/2 → 2F7/2 transition can
e calculated from the ground-state absorption cross-section using
he reciprocity method (RM) [11].

em(�) = �abs(�)
Zl

Zu
exp

[
EZL − (hc/�)

kT

]
(1)

here �abs(�) is the absorption cross-section, Zl and Zu are par-
ition functions of lower and upper manifolds, respectively. EZL is
he zero-line energy, and is defined as the energy gap difference
etween the lowest Stark level of the upper manifold and the low-
st Stark level of the lower manifold. For Yb:Lu3ScAl4O12 crystal,
he zero-line �ZL is equal to 968 nm and the value of Zl/Zu is 0.85.
he emission cross-section is 1.47 × 10−20 cm2 at 1031 nm.

. Conclusion
Yb:Lu3ScAl4O12 single crystal has been grown successfully by
he Czochralski technique. The absorption spectrum, emission
pectrum and fluorescence lifetime of Yb:Lu3ScAl4O12 crystal were
easured at room temperature. The absorption bandwidth of

b:Lu3ScAl4O12 crystal centered at 939 nm is 25 nm and the emis-

[
[

[
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sion bandwidth of Yb:Lu3ScAl4O12 centered at 1029 nm is 12.6 nm.
The absorption, emission cross-section and fluorescence lifetime
have been estimated as 0.54 × 10−20 cm2, 1.47 × 10−20 cm2 and
1.43 ms. The spectroscopic parameters of Yb:Lu3ScAl4O12 crystal
were compared with those of Yb:LuAG crystal with the same doping
level. The results indicate that Yb:Lu3ScAl4O12 crystals are poten-
tial candidates used for generating short pulses in mode-locking
operation.

Acknowledgement

This work is partially supported by National Natural Science
Foundation of China (No. 60938001).

References

[1] J. Dong, A. Shirakawa, K. Ueda, J. Xu, P.Z. Deng, Appl. Phys. Lett. 88 (2006)
161115.

[2] A.A. Kaminskii, S.N. Bagayev, K. Ueda, K. Takaichi, A. Shirakawa, S.N. Ivanov,
E.N. Khazanov, A.V. Taranov, H. Yagi, T. Yanagitani, Laser Phys. Lett. 3 (2006)
375.

[3] L. Zheng, G. Zhao, L. Su, J. Xu, J. Alloy Compd. 471 (2009) 157.
[4] D. Jaque, J.C. Lagomacini, C. Jacinto, T. Catunda, Appl. Phys. Lett. 89 (2006)

121101.
[5] J. Liu, X. Mateos, H. Zhang, J. Wang, M. Jiang, U. Grielmer, V. Petrov, Opt. Lett.

31 (2006) 2580.
[6] J. Saikawa, S. Kurimura, I. Shoji, T. Taira, Opt. Mater. 19 (2002) 169.
[7] Y. Cheng, X. Xu, J. Xu, C. Zhao, X. Yang, X. Liang, S. Zhou, IEEE J. Quantum Electron.

45 (2009) 1571.
[8] J. Dong, K. Ueda, A.A. Kaminskii, Opt. Lett. 32 (2007) 3266.
[9] X. Xu, Z. Zhao, P. Song, G. Zhou, J. Xu, P. Deng, J. Opt. Soc. Am. B 21 (2004) 543.
10] J. Li, J. Wang, X. Cheng, X. Hu, P.A. Burns, J.M. Dawes, J. Cryst. Growth 250 (2003)

458.
11] L.D. DeLoach, S.A. Payne, L.L. Chase, L.K. Smith, W.L. Kway, W.F. Krupke, IEEE J.

Quantum Electron. 29 (1993) 1179.
12] V.E. Kisel, N.A. Tolstik, A.E. Troshin, N.V. Kuleshov, V.N. Matrosov, T.A.

Matrosova, M.I. Kupchenko, F. Brunner, R. Paschotta, F. Morier-Genoud, U.
Keller, Appl. Phys. B 85 (2006) 581.

13] J. Liu, H. Zhang, X. Mateos, W. Han, V. Petrov, Opt. Lett. 33 (2008) 1810.
14] J. Dong, K. Ueda, A.A. Kaminskii, Opt. Exp. 16 (2008) 5241.
15] J. Saikawa, Y. Sato, T. Taira, A. Ikesue, Appl. Phys. Lett. 85 (2004) 1898.
16] J. Saikawa, Y. Sato, T. Taira, Appl. Phys. Lett. 85 (2004) 5845.
17] H. Kalaycioglu, A. Sennaroglu, A. Kurt, G.J. Ozen, Phys.: Condens. Matter. 19

(2007) 036208.
18] N.P. Barnes, M.G. Jani, R.L. Hutcheson, Appl. Opt. 34 (1995) 4290.
19] A. Brenier, Y. Guyot, H. Canibano, G. Boulon, A. Ródena, D. Jaque, A. Eganyan,
A.G. Petrosyan, J. Opt. Soc. Am. B 23 (2006) 676.
20] J. He, X. Liang, J. Li, H. Yu, X. Xu, Z. Zhao, J. Xu, Z. Xu, Opt. Exp. 17 (2009) 11537.
21] X. Xu, X. Wang, J. Meng, Y. Cheng, D. Li, S. Cheng, F. Wu, Z. Zhao, J. Xu, Laser

Phys. Lett. 6 (2009) 678.
22] X. Xu, X. Wang, Z. Lin, Y. Cheng, D. Li, S. Cheng, F. Wu, Z. Zhao, C. Gao, M. Gao,

J. Xu, Laser Phys. 19 (2009) 2140.


	Spectral properties of Yb3+ ions in Lu3ScAl4O12 single crystal
	Introduction
	Experimental
	Results and discussions
	Conclusion
	Acknowledgement
	References


