Available online at www.sciencedirect.com

“e.° ScienceDirect

2 i

www.re-journal.com/en/

ELSEVIER JOURNAL OF RARE EARTHS, Vol. 35, No. 4, Apr. 2017, P. 368

Crystal growth and spectral characterizations of Ho’*-doped
LizBa,La3;(MoQy)s crystal

SONG Mingjun (KWIH)"", ZHANG Nana (3KGF%F)', MENG Qingguo (# K [H)!, WANG Lintong (FAk[F)!,
LI Xiuzhi (Z:15:2)%, WANG Guofu (T [H &)

(1. School of Chemistry and Chemical Engineering, Weifang University, Weifang 261061, China; 2. Fujian Institute of Research on the Structure of Matter, The
Chinese Academy of Sciences, Fuzhou 350002, China)

Received 2 July 2016; revised 22 September 2016

Abstract: A large Ho®":Li;Ba,La;(MoQ,)s crystal with high optical quality and well-developed appearance was grown by the flux
method. The main spectral properties of the crystal, including the absorption spectra, fluorescence spectra and fluorescence decay
curves were recorded at room temperature. The Judd-Ofelt (J-O) theory was applied to calculate the oscillator strength parameters €,
(=2, 4, 6), spontaneous emission probabilities, fluorescence branching ratios, and radiative lifetimes of Ho®* ions undergoing transi-
tions from ground state 3L, to the excited states. The stimulated emission cross-section for the *I,—°I; transition was estimated to be
1.32x10% cm? at 2045 nm by Fuchtbauer-Ladenburg (F-L) equation and the quantum efficiency of the °I; level was calculated to be 89%.
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Solid-state lasers operating in the eye-safe spectral re-
gion around 2 pm have a large variety of applications in
fields of medicine, remote sensing, gas detection, etc.
Among the rare earth ions, Ho’" and Tm’" are the most
frequently studied active ions to realize laser operation in
this spectral region. The *I,—"I; transition of Ho®" ions
gives rise to a strong emission band around 2.05 pm,
which is characterized by high gain cross-sections and
long-operating laser wavelength. However, Ho®* ions
have no absorption to match the emission of commer-
cially available laser diodes, so it has to be co-doped with
a second ion, e.g. Tm**, Yb**, Nd**, which serves as sen-
sitizer to improve the pump efficiency!' *. By contrast,
the *F,—>Hg transition of Tm’>" ions has been paid more
attention for the development of 2.0 pum lasers in recent
years, since Tm®" ions possess a strong absorption band
around 800 nm and can be efficiently pumped by the
high power and well-developed AlGaAs lasers. More-
over, under the 800 nm radiation, the °F, upper laser
level could be effectively populated through a cross-re-
laxation process ("Hy+He— F4+°F,), which means that a
pump quantum efficiency near two can be expected.

During the last decade, a new series of triple molybdate
compounds, with the general formula Li;Ba,RE;(MoO,)g
(RE=La-Lu), have aroused extensive concern as promis-
ing solid state laser materials”® ', The main advantages
of these crystals include moderate growth condition,
broad absorption and emission bands, as well as high

quantum efficiency. Previously, we reported some
physical and spectral properties of Nd*', Er'" and Dy*'-
doped Li;Ba,Re;(MoO,)s crystals, which confirmed
them to be good candidates for solid-state lasers” .
Meanwhile, Cascales et al. demonstrated the efficient la-
ser operations around 1.0 and 20 pum in
Yb*":LisBa,Gdy(MoO,)s™ and Tm®*:Li;Ba,Luy(MoO,)s”
crystals, respectively. It is worth mentioning that with a
Ti:laser as the pump source, a maximum output power of
515 mW around 2.0 um, with a slope efficiency up to
71%, was obtained in Tm3+:Li3Ba2Lu3(MoO4)g crystals,
which is the best laser performance obtained in
Tm-doped disordered crystal so far. However, as far as
we know, the detailed spectroscopic properties of Ho®*
ions in these compounds have never been reported. So, in
this paper a systematic investigation on the spectral
properties of Ho®":Li;Ba,Las(MoO,)s crystal was pre-
sented, and the main spectroscopic parameters relevant to
laser applications were calculated to access its potential
laser performance around 2.0 pm.

1 Experimental

In our previous research, it was found that
LizBa,Laz(MoQOy)s crystal melt incongruently and cannot
be grown by the convenient Czochralski method”. As a
result, the crystal was grown by the top seeded solution
growth method (TSSG) using Li,MoOy as flux. The ini-
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tial Ho®" concentration in the raw materials was 4 at.%
and the molar ratio of Li;Ba,La3(Mo00Q,)g to Li;M00Q; is
1/5. A single crystal bar with [010] orientation was used as
seed. Other details about crystal growth are similar to those
of Er':Li;Ba,Lay(MoO,)s and Dy’":Li;Ba,La;(MoO,)s
crystals®”!. The as-grown Ho’":Li;Ba,Las(MoQ,)s crys-
tal with dimensions of 50 mmx20 mmx10 mm was ob-
tained, as shown in Fig. 1(a). We can see that the grown
crystal possesses regular appearance and well- developed
faces, and no cracks or inclusions is found within the
crystal. However, the grown crystal is slightly opaque as
the volatilized MoO; corrods the surface of the crystal
during the growth process.

As the LizBayLa;(MoQy)s crystal belongs to the mono-
clinic system, whose indicatrix principal axes are not to-
tally consistent with the crystallographic axes, we must
first determine the indicatrix principal axes for spectral
measurement. In the monoclinic system, one of the indi-
catrix principal axes is parallel to the crystallographic b
axis and the other two principal axes are in the same
plane as crystallographic ¢ and ¢ axes but rotated. De-
tailed orientation process can be found in Ref. [7]. Since
the precise values of the refractive index for the three
principal axes were not measured, the three indicatrix
principal axes are herein temporarily named as a’, ' and
¢', respectively. As shown in Fig. 1(b), the principal axis
collinear with the crystallographic b axis is named as 5"
a' is clockwise rotated with respect to crystallographic a
axis by 25° while ¢’ is clockwise rotated with respect to
crystallographic ¢ axis by ~26°, as the sample is viewed
from the minus direction of b crystallographic axis.

The accurate concentration of Ho®" ions in the sample,
which is an important parameter in the spectral analysis,
was measured to be 2.43 at.% by the inductively coupled
plasma atomic emission spectrometry (ICP-AES) method.
Thus, the corresponding concentration and the segrega-
tion coefficient of Ho’* ions in the grown crystal were
1.12x10* ecm® and 0.61, respectively. The polarized ab-
sorption spectra were recorded using a spectrophotome-
ter (Lambda-900, Perkin-Elmer) with a wavelength range
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from 300 to 2200 nm. The polarized fluorescence spectra
and the fluorescence decay curves were measured using
an Edinburgh Instruments FLS920 spectrophotometer. All
the measurements were carried out at room temperature.

2 Results and discussion

2.1 Absorption spectra and Judd-Ofelt analysis

Fig. 2 shows the polarized absorption spectra of
H03+:Li3Ba2La3(M004)g crystals a measured at room
temperature. For all polarizations, seven evident absorp-
tion bands around 360, 418, 455, 537, 643, 1160 and 1955
nm can be observed, which can be assigned to the intrin-
sic transitions of Ho®* ions from the ground state °Ig to
the excited multiplets of *Gs+°Hg, *Gs, *G¢+°Fy, *S;+°Fy,
°Fs, °Is and I, respectively. One can see that the shapes
of the absorption spectra for the three polarizations show
little difference, but the absorption intensities depend
strongly on the polarizations and absorption bands for
E//b" are in most cases much more intense than those for
the other two polarizations.

Since it was put forward by Judd and Ofelt in
1962!""12 the Judd-Ofelt (J-O) theory has been widely
used in the analysis of spectroscopic properties of rare
earth ions in crystals and glasses. According to the J-O
theory, the experimental oscillator strength f.y, of a tran-
sition from the ground multiplet I to an upper J’ multi-
plet can be obtained from the corresponding absorption
band by the following equation:
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where m and e are the mass and charge of an election,
respectively, and c is the velocity of light, ¢ is the polari-
zation of the absorption spectra, ¢ is the velocity of
light, Aas is the mean wavelength of the absorption

bands and joz (A)dA is the integrated absorption cross

sections. The total oscillator line strength includes both
the electric-dipole (ED) and the magnetic-dipole (MD)
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Fig. 1 Grown crystal of Ho*":Li;Ba,Lay(MoOy)s (a) and relative position between the optical indicatrix and the crystallographic axes (b)
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