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Abstract: We present the growth, chemical and structural characterization, optical spectroscopy,
and first laser experiments of Yb:LaLuOs3. A high-optical-quality boule was grown, and the
Pnma lattice structure was confirmed. Structural analysis reveals an anti-site fraction of 4-5%
where Lu** and Yb3* ions partially occupy La®* sites. Due to an inversion symmetry of the
primary doping ion site, we observe significant magnetic dipole contributions to the transition
cross-sections, while the absolute cross-section values remain within the range typical for
Yb>*-doped materials. Fluorescence studies reveal a double-exponential decay behavior, with
lifetimes of 2.06 ms and 0.31 ms and an integrated average fluorescence lifetime of 1.46 ms.
The material exhibits a broad gain bandwidth exceeding 60 nm for all polarizations. In laser
experiments, we achieved slope efficiencies of up to 75%, with output wavelengths ranging
from 1044 nm to 1123 nm. These results highlight the potential of Yb:LaLuOj3 as a promising
gain material for generating femtosecond pulses in mode-locked oscillators and for tunable laser
applications in the 1.1 pm wavelength range.

© 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The growth of bulk LaLLuOs3 crystals was first demonstrated in 1998 [1]. Since then, this material
has been investigated for various applications. Its unusually large pseudocubic lattice constant
makes it a demanded substrate material for the growth of strain-engineered thin films [2], and its
high dielectric constant k makes it suitable for high-k gate dielectrics [3].

The 4f-shell of La** is empty, while that of Lu** is completely filled. Therefore, LaLuOj3
exhibits a wide transparency range with no intrinsic absorption peaks. This feature also makes
ion-doped LalLuOj3 attractive for optical applications. Due to its high density and the high
atomic number of lutetium, Ce3+—doped LalLuOs; is desired for efficient scintillator materials
[4]. Recently, Guo et al. reported on optical floating zone (OFZ) growth and unpolarized,
temperature-dependent optical characterization of Yb**-doped LaLuOs [5], indicating this
material’s potential for 1-um laser operation. Despite its promising properties, reports on the
successful growth of bulk LaLuOs3 crystals have remained limited, which we attribute to its high
melting temperature of 2120 °C [1], posing a significant challenge to synthesis.

Here, we report on the Czochralski growth of Yb:LaL.uO3 and present a detailed chemical
and structural analysis of this material. For the first time, we present polarization-dependent
spectroscopic properties of Yb:LaL.uO3z. Moreover, to the best of our knowledge, we demonstrate
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the first laser using this material. Laser operation with slope efficiencies of up to 75% was
obtained under 970 nm pumping. The observed laser wavelengths between 1044 nm and 1123 nm
indicate a strong potential for widely tunable laser operation and ultrashort mode-locked pulses.

2. Properties of LaLuO; crystals

Unlike disordered mixed cubic sesquioxides such as (Y,Sc),03 [6], LaLuOs is an ordered crystal.
According to the Goldschmidt rule [7], inter-lanthanide oxides of the form LnLn’O3, with
a sufficient size ratio between the two trivalent lanthanide ions Ln and Ln’, crystallize in a
perovskite structure ABO3, where A denotes the larger cation site and B the smaller one. Various
inter-lanthanide compositions including those with La*, Ce*, Pr** and Nd>* on the Ln (= A)
site and Ho**, Er**, Tm**, Yb** and Lu®* on the Ln’ (= B) site have been synthesized in the past
[8,9] and studied with respect to their optical [1], dielectric [9], and magnetic properties [10].

Among all inter-lanthanide oxide crystals, LaL.uOj3 is the only suitable host material for
rare-earth-doped solid-state lasers due to the absence of optically active ions, that would interfere
with the laser process. However, additional requirements for laser host materials include the
availability of suitable doping ion sites. In fact, the situation appears favorable in LaLuO3.
According to the lanthanide contraction rule, lighter and thus larger rare-earth ions preferentially
occupy the La*-site, while heavier and thus smaller rare-earth ions tend to occupy Lu’*-sites.
Nevertheless, the symmetry of the coordination environment of a doping ion site must be
considered. In particular, inversion-symmetric site environments preserve the symmetry of the
rare-earth ions’ 4f orbitals and the corresponding transitions remain Laporte-forbidden, resulting
in low transition cross-sections.

The ideal perovskite structure is cubic, but the exact structure modification of an inter-lanthanide
oxide depends on the ionic radii ratio of Ln and Ln’: Typically, inter-lanthanide oxides with a
large ionic size difference [8] crystallize in the orthorhombically distorted perovskite structure —
Pnma (Nr. 62) shown in Fig. 1. Therefore, this structure is expected for the combination of the
largest lanthanide ion La** and the smallest Lu**, i.e. LaLuOs. This distortion causes tilting
of the octahedral coordination polyhedra around the Lu** ions, which reduces the coordination
number of the larger La3* ions from 12, observed in the ideal cubic perovskite structure, to 8,
while the Lu’*-site remains 6-fold coordinated.

Fig. 1. Unit cell of the orthorhombic perovskite LaL.uO3. For better visibility oxygen atoms
are omitted in the unit cell. The right side polyhedra show the LuOg (C;) and LaOg (Cy)
coordination spheres. The LuOg polyhedron is tilted by the actual octahedral tilt angle,
while the LaOg polyhedron is aligned for best visibility of the symmetry.

The ionic radius of Yb>* doping ions in 6-fold coordination of 0.868 A is in excellent agreement
with that of Lu®*. However, in 8-fold coordination, it is about 15% smaller than La3* with
an ionic radius of 1.30 A [14]. Unfortunately, the octahedral Lu®*-site, on which Yb3*-ions
should mainly be incorporated, belongs to the inversion-symmetric C; point group featuring low
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transition cross-sections. Nevertheless, due to the short distances of the O~ anions, ranging
from 2.197 A to 2.236 A, with an average of 2.22 /0%, in this low coordinated environment [12], a
strong crystal field induces a large Stark splitting of the two Yb>* energy multiplets, resulting in
broad spectra. On the other hand, a fraction of the Yb>* ions is incorporated into the La**-site
[12]. Previous reports have shown that 5-6% of lutetium atoms occupy the larger Ln (=A) site
and similar anti-site occupancy is expected for Yb>* due to its comparable ionic radius [2,13].
The Ln site exhibits a lower C; symmetry and is therefore expected to promote higher transition
cross-sections. However, along with the higher coordination number, the distances of the 0%~
ions increase to values between 2.377 A and 3.011 A, averaging at 2.655 A. The correspondingly
reduced crystal field should yield less broadened spectra compared to Yb**-ions on Lu**-sites.
It should also be noted, that the presence of such anti-sites is suggested to further reduce the
symmetry to the monoclinic Pm space group [9]. However, the calculated monoclinic angle of
90.3° deviates only slightly from the orthorhombic value of 90° [9]. Table 1 lists parameters
relevant to the spectroscopic and laser properties.

Table 1. Properties of LaLuOg3

Property Value Ref.
Structure Orthorhombic [11]
Space group D} — Pnma (Nr. 62)* [11
Doping site ~95% Lu3*, ~5% La** [9]
Goldschmidt factor 0.800 [7,14]
Lattice parameters LaLuO3 a:6.0218 A b:8.3804 A ¢:5.8259 A [10]
Lattice parameters Yb(1 at.%):LaLuO3 a:6.0133Ab:8.3693 A ¢:5.8101 A this work
Formula units per unit cell 4 [9]
Cation symmetry La: CgLu: C; [1]
Coordination number La: 8,Lu: 6 [8]
Cation ionic radius La: 1.36 A, Lu: 0.861 A [14]
Cation density 2.72%10%2cm™3 (La+ Lu) calc.
Cation mass La: 1389 u, Lu: 175.0u [15]
Band gap energy >5eV [1]
4-phonon laser limit? ~4.8 um calc.
Transparency range < 225 nm to> 5 um [1,4]
Thermal conductivity ~2.5 Wm'K™! [16]
Density 8.18 g/cm3 (calc. here), 8.4 g/cm3 (exp.) [1]
Max. phonon energy 483 cm™! (calc.) 523.3cm™! (exp.) [9,17]

Crystal field depression

19657 cm™! (La-site)

(18]

Growth method Czochralski [2]
Melting point 2120 °C [1]
dL/dT a:6.0x107 9K 15:27x 100K ! ¢:3.5x1070K"! [13]

“Pnma is equivalent to Pbnm by permuting the axes from abc to cab.

b

assuming 4-phonon-processes to prevent lasing due to multiphonon quenching [19].

3. Crystal growth

An Yb:LaLuOj crystal was grown by the Czochralski growth method adapted for high-melting
oxide crystals as described in detail e.g. in [2,20]. The hygroscopic starting material La;O3
exhibits a tendency to form carbonates and hydroxides. Therefore, the powder was dried prior



Research Article Vol. 15, No. 8/1 Aug 2025/ Optical Materials Express 1927

o T

to the preparation of the starting materials. Even though the exposure time of the La;O3 to
ambient atmosphere was kept as short as possible, the starting material composition was weighed
according to Ybg go9Laj g3Lug9403. This nominal excess of dried La; O3 powder compared to
the stoichiometric composition accounted for possible carbonate and hydroxide impurities in
this component, which would be unstable during heating at temperatures well below the melting
point of LalLuO3. Furthermore, preliminary results on undoped LalLuO3 single crystals have
shown that a deficiency of lanthanum oxide in the melt leads to a reduced crystalline quality.

The Yb-doped crystal was grown in an iridium crucible with an inner diameter of 38 mm and
a height of 42.5 mm. To ensure suitable temperature gradients we used a 70 mm high, actively
heated iridium afterheater placed above the crucible. The crucible itself was embedded in ZrO,
granulate and the whole setup was kept in Alfrax ceramics. An iridium rod was used for seeding
the crystal to initiate the growth. The crystal was grown under a flowing Ar-atmosphere with a
rotation of 10 rpm and a growth rate of 0.7 mm/h for about 100 h.

The as-grown crystal is shown in Fig. 2(a). It has a length of 74 mm including the seed region
and a diameter of about 18 mm at a weight of 113 g. It appears multicrystalline and cracked
in the shoulder region, which we attribute to the lack of a seed crystal. In contrast, the region
between ~30 mm and ~55 mm from the top is single crystalline, clear, and free of cracks. Even
though only about 50% of the melt was crystallized in the boule, the bottom 20 mm of the boule
is ceramic and opaque. This indicates a change of the melt composition during the growth, most
likely caused by segregation, which prohibited the growth of the pure orthorhombic LalLuO;
phase at a certain melt composition within the bottom part of the crystal.

Growth direction

. J

1cm I B &

Fig. 2. Photo of the as-grown boule. Marked with dashed lines is the volume from which
the laser sample was extracted.

Several samples were prepared from this boule for the different investigations performed within
this work. As an example, the 6-side polished sample with dimensions of @ x b X ¢ = 14 x 10 x 8 mm?
used for spectroscopy and laser experiments is shown in the inset of Fig. 4. It was extracted from
the volume between the dashed vertical lines in Fig. 2.

4. Crystal characterization
4.1. Compositional characterization

First, we investigated the composition of a sample from the seed region on the left end of the
crystal shown in Fig. 2 by inductively coupled plasma optical emission spectroscopy (ICP-OES)
and found it to be Ybg g295La0.9606L01.009903. As expected, despite an excess of La,O3 powder
in the starting composition, at the very beginning of the growth our LalLuOs3 crystal exhibits an
excess of ‘small’ cations (Lu + Yb = 52%) requiring ~4% anti-sites [2,12,13].

To evaluate possible segregation during the growth, a micro X-ray fluorescence (u-XRF)
mapping of the laser sample was performed with a Bruker M4 TORNADO [21] using a Rh X-ray
source operated at 50 kV and 200 mA. The primary radiation was focused on the sample surface
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by a polycapillary X-ray lens to a spot size of about 20 um. The chamber pressure was held
at 20 mbar. The integration time was set to 40 ms per pixel, and 4 measurement cycles were
performed.

A line scan of 13 mm (650 data points) along the a-axis on the polished a-c plane of the laser
sample was extracted from this map, which is shown in the inset of Fig. 3(a). Here, the spectra of

all pixels within an interval of +0.215 pum perpendicular to the line-scan center were integrated
to improve the signal-to-noise ratio.

1 o gLu:(525£02)cat%

481 @ La: (46.7 £ 0.2) cat.%

442
® @Yb: (0.82+0.05) cat.%

0 — T T T T T T T
01 2 3 4 5 6 7 8
Position [mm]

9 10 11 12 13

Fig. 3. (a) Results of the u-XRF scan. The resulting average crystal composition is
Ybgp16Lag.93Luy gsO3. The inset shows the laser sample, the red arrow indicates the
direction of the scan. (b) EDLM mapping result of the a-c-plane indicating single-
crystallinity.

The composition was quantified by the standard-free fundamental parameter approach [22].
Due to the lack of a standard reference sample for the u-XRF investigations, the absolute values
may have a systematic error, but the relative change along the growth axis is reliable. In particular,
due to a partial spectral overlap of the X-ray fluorescence lines for Yb and Lu, the absolute values
for Yb are subject to a large systematic uncertainty, while the sum of Yb and Lu is more reliable.

As seen in Fig. 3(a), the laser sample has an average composition of Ybg oj6LagozLuj 9503.
We did not detect any significant segregation in this sample taken from the inner volume of the
crystal. In contrast, at the surface of the as-grown crystal, we found an increased amount of La,
which increased with growth progress from 51% to 53% in the range between 3 cm and 5 cm of
crystal length (cf. Figure 2). This phenomenon is currently the subject of further investigations.

The cation ratio (Yb + Lu):La of 53:47 determined for the inner part of the volume is in good
agreement with the ICP-OES results for the seed region of 52:48 and indicates that no strong
segregation takes place during the growth. Due to the systematic error of the u-XRF measurements
and the lack of segregation, for the Yb3* doping concentration we rely on the ICP-OES result
and assume that our LaLuOj3 crystal has a homogeneous Yb?*-doping concentration of 1.48 at.%
with respect to both cation sites, corresponding to a doping ion density of 4.0 x 10?2 cm™ used
in the spectroscopic characterization.

Using the same p-RFA spectrometer, we also performed energy-dispersive Laue mappings
(EDLMs) as detailed in [21] to assess the microstructure. Figure 3(b) shows the results for the a-c
plane for a Bragg peak at an energy of 8.1 keV. Here, different Bragg peaks indicating different
crystallographic orientations would appear in different colors. The uniform Bragg peak intensity
over the entire sample confirms that the laser sample is single crystalline with no high-angle
grain boundaries or twins.
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The results of the compositional analyses are somewhat contrary to those of Guo et al. [5],
who observed a degradation of the crystal quality already for La cation contents exceeding 45.2%
and only polycrystalline growth for more than 48.1% of La in OFZ-grown LaLuOs.

4.2. Structural characterization

The structure of the Yb>*:LaLuOs3 crystal was characterized by single-crystal and powder
X-ray diffraction (XRD) to determine lattice parameters, atomic positions, and, in particular,
occupancies of Ln (A-site, La) and Ln’ (B-site, Lu) sites. While powder XRD is generally
preferred for determining lattice parameters, single-crystal XRD offers higher reliability for
analyzing the site occupancies.

4.2.1. Powder X-ray diffraction

To enhance the elemental sensitivity between La and Lu and thus assist the determination of the
site occupancies, the powder XRD measurements were performed using two different STOE
STADI MP diffractometers at different wavelengths.

The first, equipped with a Cu X-ray source fitted with a curved Ge (111) monochromator
(1=1.5406 10\) and a DECTRIS MYTHEN2 R detector, was used in a modified Debye-Scherrer
geometry. Diffraction patterns were measured in the range of 0-99° 20 (Q =0-6.2 A™!) for a
duration of 0.5 h per data point.

The second diffractometer was equipped with a Mo X-ray source fitted with a curved Ge (111)
monochromator (1 = 0.70926 A) and a DECTRIS MYTHEN R detector in a flat-plate transmission
geometry. Diffraction patterns were measured in the range of 0-54° 20 (Q =0-8.04 A~1) for a
duration of 0.3 h per data point.

Samples for both measurements were prepared by grinding a small piece of the single crystal
boule (taken from an area close to the left vertical black line in Fig. 2) in a mortar. The resulting
powder was loaded in a 0.5 mm capillary for the Cu-XRD and spread into a thin coating for the
Mo-XRD measurement.

Both powder XRD diffraction patterns shown in Fig. 4 were analyzed by a simultaneous Rietveld
refinement using the GSAS-II software package [23]. The starting CIF file of LaLuO3; with
Pnma space group was taken from [24]. The background was approximated using Chebyshev
polynomials, and the instrument function was calibrated by empirically fitting the Caglioti
functions with included asymmetry to a NIST Si standard measured in the same geometry on both
diffractometers. The sample absorption was estimated according to Cromer and Liberman [25].
In the refinements, unit cell parameters, microstrain, atomic positions, occupancies, and thermal
displacements were optimized. During the occupancy optimization, the bulk composition was
constrained to match the results of the ICP measurement. Moreover, Yb (Z =70) was assumed to
have identical scattering properties to Lu (Z =71).

The Pnma orthorhombic cell was optimized to lattice parameters of a=6.01333(2) A,
b =8.36939(3) A, ¢ =5.81006(2) A, and a calculated density of p = 8.208 g/cm>. No evidence of
potential distortion towards the Pm monoclinic system was observed within the accuracy of the
two measurements. Most notably, the fraction of Lu ions on La sites was calculated as 7.9%,
while 3.9% of the La ions were found on Lu sites. This is in very good agreement with the
compositional analyses presented in the previous section. Due to similarities between Yb and Lu,
we assume, that Yb exhibits a very similar distribution ratio between the two sites. Some small
inaccuracies could have been induced by the very high absorbance of the sample in the Cu-XRD
measurements, yielding imperfect data quality. Therefore, we consider the single-crystal XRD
presented in the following section to provide more reliable results in this aspect.
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Fig. 4. Refinements of the powder XRD patterns of Yb3*:LaLuOj3 obtained with Cu-
(a) and Mo- (b) instruments along with the predicted intensities (c). The inset shows the
calculated structure.

4.2.2. Single-crystal X-ray diffraction

In addition, single-crystal diffraction experiments were conducted to validate the powder XRD
results. For the measurements, a clear and colorless piece of Yb3*:LaLuO3 with dimensions of
34 x 43 x 48 um> was extracted from the boule by breaking a part of it using an agate mortar. No
cracks, inhomogeneities, or twinning could be observed under polarized light. The sample was
then mounted onto a Microloop sample holder (Jena Bioscience, @ = 100 um) on a goniometer
head.

The data were collected on a Bruker D8 VENTURE system equipped with a Photon II 7
detector, a multilayer monochromator and a Mo Ka Incoatec microfocus sealed tube source
(A=0.71073 A). The measurements were conducted as combined ¢ and w scans at 180 K. A
total of 1543 frames were collected with a total exposure time of 18.38 hours. The frames
were integrated using the Bruker SAINT software package and a wide-frame algorithm. An
orthorhombic unit cell was used and the integration yielded 48,881 reflections to a maximum 6
angle of 79.51° yielding 0.36 A resolution. The unit cell constants are based on the refinement of
the xyz-centroids of 9924 reflections above 2007(1) with 8.536° <26 < 154.6°. The measured
data were corrected for absorption effects using the multi-scan method (SADABS). The ratio
of minimum to maximum apparent transmission was 0.607. The space group was determined
using XPREP [26] and by systematic extinctions, the space group Pnma was confirmed. For
further structure solution and refinement, the SHELX software suite [26] was used. The thermal
displacement parameters were refined isotropically and towards the end of the refinement, a
weighting scheme was applied.

To determine the concentration of anti-site cations on the respective sites, a mixed occupancy
of both, La and Lu sites, was allowed. The results corroborate those of the powder diffraction
measurements. The lattice constants were determined as a =6.0167(3) A, b=8.3686(4) A,
c=15.8138(3) A with a unit cell volume of 292.73(3) A3. The concentration of Lu anti-sites on
the La-site is calculated as 4-5 at.%.

Both XRD methods thus provide very consistent results within the range of error and determine
that Yb>*:LaLuO3 belongs to the Pnma space group. Neither method finds any evidence of a
potential distortion towards Pm symmetry, including at 180 K, contradicting previous suggestions
[9]. Both methods also find a very similar degree of anti-sites with Lu — and thus Yb — on La sites
(A-site of Cg symmetry) as 7.9 at.% and 4-5 at.% for powder and single-crystal XRD respectively,
where the latter is considered to be more reliable for the reasons mentioned above and in good
agreement with previous literature [2,13].
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4.3. Spectroscopic characterization
4.3.1. Absorption cross sections

For the determination of the absorption cross-sections we performed polarized transmission
measurements using a UV-VIS spectrophotometer (Perkin Elmer, Lambda 1050) using the
14 x 10 x 8 mm?® sample shown in Fig. 2(d). All six facets of the sample were polished to laser
quality, giving access to all polarizations, i.e., all orientations of the electric and magnetic field
vectors with respect to the crystal axes. The transmission in the range not affected by Yb>*
absorption, e.g., around 1150 nm, amounted to ~80% in all cases. This permits a rough estimation
of the refractive index as 1.95 +0.04 for all polarizations by assuming Fresnel reflection losses
on both sample surfaces. This value is higher than the values found e.g. for the cubic sesquioxide
Lu,03 [27], but realistic given the value of 2.0 found for the isostructural DyScO3 [28].

We measured the transmission for horizontal and vertical light polarization for all three facets.
The resulting six spectra are shown in Fig. 5(a-c). Assuming the usual case of electric dipole
transitions to dominate the absorption, one should obtain three sets of two identical spectra
each. However, the absorption spectra for the electric field vector E oriented parallel to the same
axis on different facets differ considerably. The only difference e.g. between the spectra for
E||a-polarization measured along the 001- (c-axis) and 010-directions (b-axis) is the orientation
of the magnetic field vector H, which is H||b and H||c, respectively. Thus, the differences in
the spectra must originate from magnetic dipole transitions. The contribution of these magnetic
dipole transitions is remarkable in Yb**:LaLuOs. The data do not allow to determine absolute
values [29], but subtracting e.g. the two spectra shown in Fig. 5(c) for E||c yields the difference
between the magnetic dipole contribution for H||a and H||b. This difference, shown in green
below each absorption curve, reaches 80% of the value for the blue curve (E||c, H||b) suggesting
that the strength of the magnetic dipole transitions is of the same order of magnitude or even
higher than the electric dipole transitions in Yb3*:LaLuQOs. This is explained by the majority
of the Yb** being incorporated on the inversion symmetric Lu**-sites with C; point group, for
which electric dipole transitions are forbidden. Figure 5(d) shows the sums of all red and all
blue curves in Fig. 5(a-c), thus the sums of all three polarizations of E and H. Both curves are
identical, which indicates our crystal is properly oriented and the polarization of the light was
well adjusted to the crystallographic axes.

Assuming an Yb**-ion density of 4.0 x 10>° cm™3 the absorption cross sections were calculated
from the absorption coefficients. The resulting values are shown on the right y-axis in Fig. 5(a-c).
The highest absorption cross section peak of 4.2 x 102! cm? is found in E||b-orientation and
mostly independent on the H-polarization at a peak wavelength of 983.2 nm. For the other
two orientations E||a and E||c, the highest absorption cross-sections are significantly lower and
amount to 2.5 and 2.0 x 1072! cm?, respectively, found at 971 nm in both cases, but strongly
depending on the orientation of the H-vector. It is worth noting that these absorption cross
sections are comparably high given the inversion symmetry of the main site for the Yb>* ions
and the long fluorescence lifetimes discussed in the next chapter. In fact, the peak absorption
cross sections for Yb>*:YAG amount to 8 x 1072! ¢cm?2 [30], which is less than twice that of
Yb**:LaLuOs3.

4.3.2. Emission properties

To evaluate the emission properties, the fluorescence spectra of the Yb>*:LaLuO3 sample were
recorded in four of the six different possible orientations of the electric and magnetic field vectors
to the axes. The sample was excited at a wavelength of 862.5 nm by a wavelength-tunable
Ti:sapphire laser (SolsTiS, MSquared Lasers) and the fluorescence was recorded using a grating
monochromator (M1000, HORIBA) and a near-infrared sensitive photomultiplier tube (R5108,
Hamamatsu). After correction for the polarization-dependent response of the setup, the data were
evaluated using a combination of the McCumber relation [31] and the Fiichtbauer-Ladenburg
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(FL) equation [32—34]. The results are shown in Fig. 6(a-c). In the shorter wavelength range
below 1010 nm, where the fluorescence signal is strongly affected by reabsorption, we utilized the
outcome of the McCumber relation. In contrast, in the long wavelength range, the signal-to-noise
ratio of the McCumber relation results suffers from a low absorption signal. Therefore, in this
range the fluorescence signal was multiplied by a factor of 17 according to the proportionality
between spontaneous fluorescence and stimulated emission in the FL equation and normalized it
to the value obtained by the McCumber relation at 1010 nm.
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Fig. 6. (a-c) Polarized stimulated emission cross section spectra of Yb3* :LaL.uO3 in arbitrary
units. As indicated by the dotted horizontal line, values below 1010 nm were determined
from the absorption spectra by the McCumber relation [31], those for longer wavelengths by
multiplying the measured fluorescence spectra by pE following the Fiichtbauer-Ladenburg
equation [32-34].
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As expected, depending on the orientation of the magnetic field vector H, we obtained two
different fluorescence spectra for E||a polarization. However, due to the small differences in the
absorption spectra in both orientations of the H-vector for E||b and E||c the range of possible
laser wavelengths above 1000 nm, we did not record the fluorescence in all possible orientations
of H as only minor deviations are expected.

We were not able to determine precise absolute values for the stimulated emission cross
sections due to the Yb>* ions occupying two sites in LaLuO3. The McCumber relation requires a
single set of Stark level positions and the FL. method requires one single value for the fluorescence
lifetime. Both cannot be precisely stated for multi-site host materials.

Nevertheless, the shape of the spectra resembles the stimulated emission cross section spectra
and the relative intensity among polarizations is accurate. By using the ‘average’ integrated
lifetime of 1.46 ms determined in the next section as an input parameter for the FL. method, a
reasonable estimation of the cross section magnitude can be made by scaling the spectra with
a factor of 1072! cm?. The McCumber relation resembles these values assuming a realistic
partition function ratio of 0.89.

All spectra are smooth and extend to wavelengths well beyond 1090 nm with prominent
features at around 1030 nm and 1080 nm in the range of expected lasing wavelengths. The highest
cross-sections are found for E||b polarization, where according to the results of the absorption
measurements no strong dependence on the orientation of the H-vector is expected.

4.3.3. Gain cross sections

Even without absolute values for the emission cross-sections, the data shown in Fig. 5(a-c) and
Fig. 6(a-c) enable the calculation of gain spectra by using the equation:

Ogain =B Oem— (1 =) Oaps (D

where {3 is the inversion level, i.e., the fraction of ions in the excited state. It should, however, be
noted that without absolute values for the emission cross-sections, the inversion levels required
for a certain gain shape are only meaningful as relative quantities.
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Fig. 7. (a-c) Polarization-dependent gain cross sections of Yb3+:LaLu03 for different
inversion levels (3. The spectra for E||[b were smoothened to improve visibility. The vertical
blue lines mark the observed laser wavelengths.

The resulting gain spectra indicate a broad potential range of laser wavelengths, ranging from
~1010 nm to at least 1090 nm. For low inversion levels, i.e., low output coupler transmission, gain
is first achieved around 1080 nm. As the inversion level increases, the peak of the gain spectrum
shifts toward ~1030 nm. In all polarizations, the gain spectra are smooth with a full width at half
maximum (FWHM) exceeding 60 nm. The highest gain is found for E||b-polarization, suggesting
that lasing is most likely to occur in this orientation.
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4.3.4. Fluorescence lifetimes

To minimize the influence of reabsorption on the fluorescence lifetime measurements, we applied
the pinhole method [35,36]. The same detection setup was used, while the sample was excited
by a 5-ns, 10-Hz optical parametric oscillator (OPO, GWU versaScan) tuned to an excitation
wavelength of 970 nm. The fluorescence decay curves were recorded at a wavelength of 1002 nm
using a Si-detector attached to a grating spectrometer. To increase the signal intensity, we used a
100 kQ series resistance yielding a time constant of 30 us. The pump signal was separated from

the signal by a dichroic mirror.
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Fig. 8. (a) Logarithmic fluorescence decay curves of Yb:LaLuO3 under 970-nm OPO
excitation for different pinhole diameters and bi-exponential fits. For better visibility, after
normalization an offset was added to the decay signal. (b) Linear extrapolation to zero
pinhole diameter of the fit-results obtained from the fits shown in part (a) of this figure.

The resulting decay curves are shown in Fig. 8(a) for different pinhole diameters between
0.5 mm and 2.5 mm. The decay curves are clearly non-single-exponential, but a bi-exponential fit
provided a good approximation to the data. To eliminate any influence from the resistor, the fits
shown in Fig. 8(a) start 0.1 ms after the maximum signal intensity. The fit range was limited to
7.5 ms due to electronic background artifacts seen e.g. for the curve recorded with a pinhole
diameter of 1.5 mm.

The bi-exponential fits yield a fast decay constant t; below 0.35 ms with reproducible
amplitudes of ~0.38 and a slow decay constant T, of more than 2 ms with larger amplitudes
of ~0.62 for all pinhole diameters. In all bi-exponential fits, the error was below 1% for all
parameters. We also calculated the integrated lifetimes tiy = f 1(t)dt/1(0) in the range between
0.1 and 7.5 ms. The linear extrapolations of the fluorescence lifetimes to zero pinhole diameter
o for all three cases are shown in Fig. 8(b) and yield lifetimes of 0.31 ms and 2.06 ms for the fast
and slow component, respectively. As expected, the ‘average’ integrated lifetime of 1.46 ms is
between these values.

A similar bi-exponential decay was previously observed for low-doped sesquioxide crystals,
where also two different sites are available for the Yb3* ion [37]. It is thus reasonable to assign
the two different lifetimes to the two sites of the perovskite structure, where the longer lifetime
originates from Yb**-ions occupying the smaller, inversion symmetric C;-site and the shorter
lifetime is that of Yb**-ions on Cg-sites. While 0.31 ms is a short lifetime for an Yb**-doped
material, such values have been previously reported in other systems, e.g., for Yb:KYW [38].
Also other perovskite crystals with Yb3*-ions mainly on Cg sites such as Yb:YAP exhibit short
lifetimes below 0.6 ms [39]. These findings support the conclusion that the low symmetry of this
site strongly releases the Laporte rule for the 4f transitions. On the other hand, 4f transitions of
Yb3* ions on the highly symmetric C;-site remain strongly parity forbidden. Consequently, a very
long lifetime of more than 2 ms, similar to that of Yb3* in fluoride crystals [40] or oxyborates
[41] is consistent with expectations.
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5. Laser experiments

For the laser experiments we utilized a linear nearly plane-concave cavity as seen in Fig. 9.
We used a plane pump mirror M1, which was highly transparent for the pump wavelength, but
highly reflective in the range of potential laser wavelengths. The output coupling mirrors M2
had radii of curvature of 50 mm and transmissions between 0.4% and 6.5% for the respective
laser wavelength. The detailed transmission characteristics of the output couplers are found in
Fig. 10(b).

Lens M1 M2

OPSL
970.3 nm

| Laser
- o ___ crystal

Fig. 9. Schematic of the laser setup. M1: Input coupling mirror, M2: Output coupling
mirror.
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Fig. 10. (a) Laser characteristics of Yb>*(1.48 at.%):LaLuOj3 for different output coupler
transmissions Toc. (b) Laser spectra (blue) and wavelength dependent transmission (red)
for the different output coupling mirrors.

The gain medium was a c-cut (optical axis parallel to (001)) Yb3*(1.48 at.%):LaLuO; crystal
with a length of 8 mm, and an aperture of 10 x 14 mm? as seen in Fig. 3. Accounting for the
refractive index of the laser sample, the optimum cavity length was found to be 55 mm.

As the pump source, we employed a tunable optically pumped semiconductor laser (OPSL,
Coherent) [42] delivering a maximum output power of ~5 W with a good beam quality (M? < 3)
tuned to a wavelength of 970.3 nm. At this pump wavelength, the laser sample absorbed about
50% of the pump light in single pass. The highest absorption peak at 983 nm was not within the
tuning range of our pump source, moreover the transmission of our pump mirror would start to
decrease at such long pump wavelengths. The pump light was focused into the crystal with a lens
with a focal length of 75 mm yielding a pump spot diameter of about 40 x 60 um? in the laser
crystal. This cavity configuration and pump radius strongly favored fundamental mode operation.
Indeed, we observed the characteristic TEMgg mode transforming into clean TEM,; or higher
modes under intentional misalignment.

Figure 10(a) shows the laser characteristics. The highest slope efficiency of 75% was obtained
with an output coupling mirror with a transmission of Toc = 3.4%, yielding a laser wavelength
of 1067 nm. In this case, the output power amounted to 1.38 W under 2.13 W of absorbed
pump power, corresponding to an optical-to-optical efficiency of 65%. For this mirror, the laser
threshold pump power was reached at 0.41 W. The upper limit for the slope efficiency nq is given



Research Article Vol. 15, No. 8/1 Aug 2025/ Optical Materials Express 1936

-
i o

by the product of the Stokes efficiency, i.e., the ratio of pump and laser wavelength, ng; = Ap/A1as
and the resonator efficiency s = T/(T + L). These equations allow to estimate an upper limit for
the resonator losses of L < 0.7%, proving the high quality of our Yb:LaLuOj3 crystal.

As seen in Fig. 10(a), other output coupling mirrors yielded lower slope efficiencies. However,
Fig. 10(b) shows the laser wavelength in comparison to the output coupling mirror (M2)
transmission characteristics. It can be seen that even with relatively flat transmission characteristics
the laser operated in a wide range of wavelengths between 1044 nm and 1080 nm indicating
a broad and smooth gain profile. Utilizing an output coupler with a higher transmission for
wavelengths below 1080 nm, we even obtained lasing at wavelengths up to 1123 nm, which is
a remarkably long laser wavelength for an Yb>*-doped gain crystal. In this case, we obtained
simultaneous lasing on three distinguished lines at 1110 nm, 1116 nm and 1123 nm as seen
in Fig. 10(c). Due to the lower gain at such long wavelengths, the laser threshold increased
from below 0.2 W for the lowest output coupler transmission of 0.5% to 0.72 W at the longest
wavelengths. Nevertheless, the slope efficiency remained as high as 43%. In all cases, the laser
output was polarized parallel to the b-axis of the crystal, which is in agreement with the gain
spectra shown in Fig. 7. The full laser emission bandwidth exceeded 5 nm at 1044 nm, 1067 nm
and 1080 nm, which points towards inhomogeneous broadening mechanisms.

6. Conclusion

We grew a large boule of Yb:LaLuO3; with high optical quality. X-ray diffraction confirmed its
Pnma structure and chemical analyses revealed no segregation in the investigated volume of the
crystal. According to our XRD data, approximately 3% of Lu ions occupy La sites in the grown
crystal.

Spectroscopic investigations further confirm the presence of about 4-5% of Yb3* ions on
anti-sites, as evidenced by a bi-exponential fluorescence decay. The slow component with a
lifetime of 2.06 ms corresponds to Yb** ions on inversion-symmetric Lu-sites with C;symmetry,
while the fast component of 0.31 ms is associated with anti-site Yb** ions on La-sites with C;
symmetry. Absorption measurements reveal a strong magnetic dipole contribution, attributed to
the majority of Yb** ions being incorporated on inversion-symmetric C; sites for which electric
dipole transitions are parity-forbidden.

Despite this, the absorption and emission cross sections are only by about a factor of two
lower than those of the widely used laser gain material Yb**:YAG. In contrast to Yb>*:YAG,
Yb?*:LaLuO3 exhibits exceptionally smooth and broad emission bands exceeding 60 nm in width.
In the first laser experiments utilizing the new laser crystal, we achieved high slope efficiencies
of up to 75% across a broad wavelength range from 1044 nm to 1123 nm.

These findings highlight the potential of Yb:LaLuO3; as a promising gain material for
femtosecond pulse generation in mode-locked oscillators and for widely tunable lasers in the
1.1 um wavelength range.
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