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Growth and spectroscopic characterization of a new 6.2

at.% Yb-doped LGSB crystal
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A high-quality Yb:LGSB crystal was successfully grown by the Czochralski method from the starting melt composition
Lag.678Ybo-08Gdo.4925C,.75(BO3)s. The chemical composition of the Yb:LGSB grown crystal was calculated to be
Lag.682Ybo.062 Gdo.3745C5.882(BO3)., corresponding to a Yb3* concentration of 6.2 at.%. The XRPD spectrum revealed the
existence of a single trigonal phase (space group R32) and the unit cell parameters were determined to be a= 9.798(1) A
and c= 7.961(2) A. The spectroscopic investigations indicate that laser emission in the ~1.03 um range can be successfully

generated by the 6.2 at% Yb:LGSB crystal.
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1. Introduction

The development of advanced laser crystals has led to
significant progress in the field of photonics, particularly
in the realization of new laser systems, making them
valuable in areas such as materials science [1-5], laser
processing [6], ultrafast optics [7,8], telecommunications
[9], medical procedures [10], and scientific research [11-
13]. Among these crystals, ytterbium (Yb)-doped laser
crystals have gained considerable attention, being more
suitable for high-efficiency and high-average-power laser
emission. The main advantage of Yb*" ions lies in their
simple electronic structure, comprising only two
manifolds: the ground state manifold 2F7;, and the excited
state manifold 2Fs,. This energy level scheme circumvents
the parasitic effects of up-conversion, cross-relaxation, and
excited-state absorption, which are common in Nd-doped
crystals due to the presence of additional higher excited
states. These unwanted effects give rise to issues regarding
the thermal load because the primary relaxation pathways
from the higher excited states are non-radiative.
Furthermore, they can impact the gain by inducing a
strong depopulation of the *Fs, level, which is implicated
in the laser population inversion. Another advantage of
Yb% ion is given by the very low quantum defect,
typically around 5% when pumped at 980 nm and lasing
near 1030 nm, depending on the host crystal. However, the
low quantum defect also leads to a quasi-three-level
scheme in the gain medium, requiring a more careful laser
design to manage ground-state absorption due to the
partial overlap between the ground state and the lower
laser level. In the context of self-frequency doubling
(SFD) lasers, both the host crystal and the activator ion
must be carefully selected to have an efficient coupling
between the frequency-doubling effects and laser
emission. Therefore, the symmetry of the host crystal must
not include an inversion center in order to allow second-

order nonlinear optical (NLO) properties and, at the same
time, must be suitable for doping with active ions, which
determines that both the mature laser crystal (such as YAG
or YVO,) and nonlinear optical crystals (like KDP, KTP,
LBO, and BBO) cannot be used as SFD crystals. Yttrium
aluminum borate (YAB) is known as a good NLO crystal
and also as an excellent host crystal for Yb%* and Nd%*
ions. In the case of the Nd3* doped YAB crystal (Nd:YAB),
the strong absorption peak at ~ 532 nm is detrimental to
the efficient green SFD laser converted from 1.06 pm
fundamental emission [14]. For this reason, to date, watt-
level SFD green laser emission has only been obtained
from the Yb® doped YAB crystal (Yb:YAB) [15].
However, the main disadvantage of the YAB crystal is
given by its incongruent melting which imposes the
growth by the flux method, thus making it difficult to
grow large size and high-quality crystals. To overcome this
drawback, research has focused on the development of
scandium-based borates with huntite structure (space
group R32) that can be grown by the Czochralski method.
In the last years, NLO and bifunctional crystals of
LadexSC4.x.y(BO:g)4 — LGSB and LaxYXSC4.x.y(503)4 —
LYSB pure [16-19] and single-doped with Yb3* [20, 21],
Nd®** [22-26], and Pr3* [27] were successfully grown by
the Czochralski method. Herein, we present the growth by
the Czochralski method and spectroscopic characterization
of 6.2 at.% Yb%*-doped LGSB crystal as a new potential
laser and SFD medium, being the continuation of our
previous work [20].

2. Experimental techniques
2.1. Crystal growth
The 8 at% Yb:LGSB crystal (starting melt

composition) was grown by the Czochralski method using
an induction heating ADL-MP crystal growth equipment.
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The polycrystalline Yb:LGSB compound was synthesized
by the solid-state reaction method, according to the

following chemical equation:

0.339 La20s3 + 0.04 Yb20s + 0.246 Gd20s + 1.375 Sc20s3 + 2B203 — Lao.s7s Ybo.os Gdo.ao2 Sca.75 (BO3)a

The raw materials used were La;0Os, YbyO3, Gdz0s,
Sc,05 with purities of 99.999% and B,0O; with 99.98%.
Also, a 5% excess of B,O; relative to stoichiometric
amounts was added to compensate for evaporation losses.
La20s, Yb203, Gd203, and Sc,03 powders were preheated
in air at 1000 °C for 12 hours. Following this, all raw
materials were weighed precisely according to the
chemical equation and carefully grounded and mixed in an
agate mortar. The resulting powder mixture was then
pressed into tablets and heated up in air at 1300 °C for 24
hours. A special thermal setup was used for the growth of
8 at.% Yb:LGSB crystals by the Czochralski method [16].
The growth was performed using iridium crucibles with
dimensions of 30 mm in height and diameter, under N
atmosphere. More details on the crystal growth process
can be found in our previous work [16-18].

2.2. X-ray diffraction

X-ray powder diffraction (XRPD) measurements were
conducted at room temperature using a PANalytical
Empyrean diffractometer in Bragg-Brentano geometry,
equipped with a copper (Cu) X-ray source (Kou radiation,
L =1.5406 A). The 20 angle was scanned from 10° to 70°
with a step size of 0.01°. Phase identification was
performed using X'Pert HighScore Plus software.

2.3. Spectroscopic characterization

Absorption and emission spectra were measured at
300 K using a Jarell-Ash monochromator. The detection
setup included S1 photomultipliers paired with lock-in
amplifiers connected to computers. Emission spectra were
recorded under excitation from a laser diode with emission
centered at 885 nm.

3. Results and discussion
3.1. Crystal growth

Yb:LGSB crystal was grown by the Czochralski
method from the starting melt composition Lao.cs2 Ybo.os2
Gdo.374 Sca.s52 (BOs)s, Using a c-cut oriented LGSB seed.
The growth parameters, i.e. the pulling and rotation rates,
were set to 2 mm/h and 10 rpm, respectively, and kept
constant during the growth process. After the growth, the
crystal was cooled to room temperate with a slow cooling

rate of 22 °C/h to prevent cracking caused by the
temperature variation. As can be seen in Fig. 1, the as-
grown crystal is highly transparent, free of visible defects
like cracks and inclusions, and has well-developed facets
characteristic to huntite-type crystals grown along the c-
axis. The starting melt composition of
Lao.678 Y bo.0sGdo.492S¢2.75(BO3)a, Corresponding to a Yb¥
doping concentration of 8 at.%, together with the
optimized growth parameters, allowed us to obtain a
higher quality Yb:LGSB crystal than that obtained in our
previous work [20], at least in terms of visible defects and
transparency.

Fig. 1. As-grown Yb:LGSB crystal (color online)
3.2. Compositional and X-ray characterization

The chemical composition of the Yb:LGSB crystal
was calculated from the composition of the starting melt
using the segregation coefficients (the ratios between the
concentrations of atoms in the growing crystal and those in
the starting melt) for La®, Gd®, Sc®*, and Yb* in the
LGSB crystal matrix [16, 20]. Based on this consideration,
the composition of the grown crystal was determined to be
Lao.es2 Ybo.osz2 Gdo.s7a Sca.ss2 (BOs)a. Therefore, the
concentration of Yb%* ions in the grown crystal was 6.2
at.%.

The XRPD spectrum of the 6.2 at.% Yb:LGSB crystal
is presented in Fig. 2 together with the reference pattern of
the pure LGSB crystal [28]. As can be observed, the
spectrum is in perfect agreement with the reference,
demonstrating the presence of the trigonal phase (space
group R32) as a single phase. The unit cell parameters
were determined to be a= 9.798(1) A and c= 7.961(2) A,
corresponding to a unit cell volume of 661.90 A3,
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Fig. 2. XRPD pattern at room temperature of the 6.2 at.% Yb:LGSB crystal. Vertical lines indicate reference peaks from the ICDD 04-
018-1225 pattern for the LGSB phase [28] (color online)

3.3. Spectroscopic properties were determined using the formula oas= k(4)/N, where
k(7) is the absorption coefficient in cm™ and N is the
Absorption and emission spectra of 6.2 at% Yh:LGSB number of ytterbium ions per cm?, and the emission cross-
crystal were measured at room temperature for both o sections (oem) Were obtained by using the Fuchtbauer-
(ELc) and = (E||c) polarizations, where E is the electric Ladenburg method [29]. The obtained results are shown in
field vector and c represents the direction of the Figs. 3a and 3b.
crystallographic c-axis of investigated samples. Based on
these measurements, the absorption cross-sections (oans)
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Fig. 3. Absorption (a) and emission (b) cross-sections of Yb®* ions in 6.2 at% Yb:LGSB crystal. Gain cross-sections of Yb®* ions in 6.2
at% Yb:LGSB crystal in o (¢) and & (d) polarizations (color online)
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By using the equation og()) = Boem(X) — (1 — B)oans(M),
where # is the inversion population ratio, the gain cross-
sections (og) in both polarizations were also determined
(Figs. 3c and 3d). According to these results, laser
emission in the ~1.03 pm range, especially with =«
polarization, can be successfully generated by the newly
discovered 6.2 at% Yb:LGSB crystal, which constitutes
the next step of our research in the field of Yb:LGSB-type
crystals.

4., Conclusions

A high-quality Yb:LGSB crystal was successfully
grown by the Czochralski method from the starting melt
composition Lao.es2Ybo.os2Gdo.374Sc2.852(BO3)s. The crystal
was grown along the c-axis direction using constant
pulling and rotation rates of 2 mm/h and 10 rpm,
respectively. The as-grown crystal displayed high
transparency, free of visible defects like cracks or
inclusions, and exhibited well-defined facets typical of
huntite-type crystals. The improved quality over prior
growths is attributed to the starting melt composition and
refined growth parameters. The chemical composition of
the Yb:LGSB grown crystal was calculated to be
Lao.ss2Ybo.0s2Gdo.37Sc2.552(BOs)a, corresponding to a Yh3*
concentration of 6.2 at.%. The XRPD spectrum revealed
the existence of a single trigonal phase (space group R32)
and the unit cell parameters were determined to be a=
9.798(1) A and c= 7.961(2) A. The spectroscopic
investigations indicate that laser emission in the ~1.03 um
range can be successfully generated by the 6.2 at%
Yb:LGSB crystal.
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