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Abstract: We present a detailed spectroscopic study of Tm®* ions in stoichiometric
and “mixed” (solid-solution) cubic (C-type, sp. gr. 1a3) sesquioxides R203 (R =,
Lu, Sc or their mixture), with the goal of developing broadband-emitting gain
media for ultrafast lasers at ~2 um. Evidence of a linear variation (increase) of the
crystal-field strength when decreasing the ionic radius of the host-forming cation
R3" in the isostructrural R20s series is presented. The crystal-field splitting of Tm3*
multiplets is determined for C: sites and justified using a barycenter plot, and the
first evidence of Csi Tm®" species is presented. A remarkable inhomogeneous
spectral broadening for compositionally “mixed” sesquioxides (in particular such
with Sc®*) with respect to the parent compounds is revealed at low temperatures. It
is proven that binary and ternary “mixed” R203 compounds form substitutional
solid-solutions with a mixing of the host-forming cations at the atomic level. The
stimulated-emission and gain cross-sections for the 3F4 — *Hs Tm®* transition are
determined. Guidelines for material engineering of Tm*'-doped gain media for
mode-locked 2-pm lasers are also provided.

Keywords: Cubic sesquioxides; transparent ceramics; thulium ions; optical
spectroscopy; luminescence; crystal field.



1. Introduction

A sesquioxide is any oxide containing three oxygen atoms for every two atoms of another
element. Sesquioxides of rare-earth elements with a chemical formula R203 (R = Sc — Lu) can
crystalize in three different crystal structures: trigonal (type A, sp. gr. P3m1), monoclinic (type
B, sp. gr. C2/m), and body-centered cubic (type C, sp. gr. 1a3). The cubic phase in particular is
of increasing interest for optical applications.

Cubic sesquioxides R203 with optically passive host-forming cations R =Y, Lu and Sc
(called respectively yttria, lutecia and scandia) are attractive host crystals for doping with laser-
active rare-earth ions [1]. As host matrices, they offer (i) good thermal properties, i.e., high
thermal conductivity (12.8 Wm™K for undoped Lu203) with a weak dependence on the rare-
earth doping level in the case of similar ionic radii, e.g. Yb®" [2], (ii) weak isotropic thermal
expansion and positive thermo-optic coefficients [3] leading to positive thermal lensing, (iii)
low phonon energies among oxide crystals (e.g., 612 cm™ for Lu203) [4], (iv) a broad
transparency range, and (v) possible high rare-earth doping levels. In addition, the dopant ions
in R203 crystals experience strong crystal-fields leading to large total Stark splitting of their
multiplets and, consequently, broadband emission properties. A particular feature of cubic
sesquioxides is the sensitivity of their crystal-field strengths to the host-forming cations leading
to a significant variation of the spectroscopic properties in the R =Y — Lu — Sc series [5].
The low phonon energy of R203 crystals determines weak rates of multiphonon non-radiative
relaxation from the excited states of the dopant ions [6].

Cubic R203 sesquioxides (R =Y, Lu and Sc) adopt the bixbyite structure (bixbyite is the
(Fe,Mn)203 mineral), V'[R2]'V[Os], where V'[] and 'V[] are octahedral and tetrahedral sites,
respectively [7]. The corresponding lattice constants are a=10.596 A, 10.391 A and 9.857 A.
This structure is derived from the fluorite lattice by doubling the lattice parameter and leaving
1/4 of the anion sites vacant in an ordered way. A fragment of the crystal structure of yttria [8]
is shown Fig. 1(a). The unit-cell contains 32 cation sites of which 24 exhibit the C2 symmetry
(Wyckoff: 24d) and the remaining 8 ones — the Csi symmetry (Wyckoff: 8b), Fig. 1(b). For
both sites, the R®" cations are VI-fold coordinated by oxygens, Fig. 1(c). The bonding is
different for the two R3" sites of the C-type structure: the oxygens around R1 form a regular
octahedron with 6 equal R—O distances (2.285 A), while those around R2 form an irregular
octahedron with three different R—O distances (2.248, 2.270, 2.335 A, all the values are
specified for Y203). Each [R20¢] polyhedron is linked to four [R1O¢] ones via edge-sharing.

For the Csi sites, the electric dipole (ED) transitions are forbidden due to the presence of
a center of inversion, and only magnetic dipole (MD) transitions are allowed. Thus, rare-earth
ions residing in these sites practically do not contribute to transition intensities. For the C: sites,
both the ED and MD transitions are allowed.

Thulium ions (Tm3*) possess an electronic configuration of [Xe]4f'? with a ground-state
3He. They are known for a broadband emission in the eye-safe spectral range around 2 um
owing to the 3F4 — 3Hs electronic transition. They offer intense and broad absorption at ~0.8
um (to the 3Hs state), this spectral range being well addressed by commercial high power
AlGaAs diode lasers [9,10]. The pump quantum efficiency for Tm3*-doped materials can
approach 2 (a “two-for-one” pump process) because of an efficient cross-relaxation (CR)
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between adjacent Tm3* ions, Hs + 3Hs — 3F4 + 3F4 [11]. 2 um Tm-lasers are of practical
importance for LIDAR systems (range finding, atmosphere gas sensing, wind mapping),
medical applications, soft material processing and frequency down-conversion into mid-
infrared.

Cubic R203 sesquioxides are extremely suitable for Tm3* doping [4]. They feature large
Stark splitting of the Tm®* ground-state (*Hs) leading to a very broad emission extending well
beyond 2 um [12] thus avoiding the water vapor structured absorption present in the
atmospheric air which is essential for generation of femtosecond pulses from mode-locked
oscillators [13,14], long upper laser level (3Fs) lifetimes leading to a low-threshold laser
behavior [15] and efficient CR [16]. Efficient and power-scalable Tm:R20s3 lasers have been
reported [4,17].

Auzel et al. proposed a scalar crystal field strength parameter Nv to compare different
materials in terms of the Stark splitting (AE) of 4f" multiplets of rare-earth ions 2>*1L;, as
AE(***1Ly) ~ Ny [18]. Thus, by plotting the total Stark splitting of one manifold of a particular
rare-earth ion vs. that of another manifold of the same ion, one can compare the crystal-field
strength for different crystalline materials. Such an analysis is performed in Fig. 2 for the case
of Tm** ions, by plotting AE of the first excited-state (°F4) vs. that of the ground-state (°Hs).
One can see that for oxide matrices, the crystal-field strengths and the corresponding Stark
splittings are in general higher. Among the oxide hosts, the cubic R20s crystals feature one of
the largest crystal-field strengths and, more remarkably, a pronounced sensitivity to the nature
of the host-forming cation R®" (the total Stark splitting gradually increases inthe R=Y — Lu
— Sc series). Thus, they are indeed among the best candidates for achieving broadband
emission using the *F4 — 3He transition by engineering of their composition.

Cubic sesquioxides can form substitutional solid solutions in the Y203 — Lu203 — Sc203
ternary system, i.e., (YixyLUxScy)203 for the whole range of 0 < X, y < 1 [19]. Such
compositionally “mixed” materials feature an inhomogeneous broadening of absorption and
emission bands of the dopant ions [20,21] as their second coordination spheres are composed
of R3* cations with different sizes. Due to the particularly strong sensitivity of the crystal-field
strength for the dopant rare-earth ions in sesquioxides to the host-forming R3* cations, the effect
of “mixing” is expected to be strong for these materials. The spectral broadening can lead to
smooth, broad and nearly structureless gain spectra supporting the generation of ultrashort
pulses. Thus, such “mixed” sesquioxides are of primary importance for the development of
mode-locked lasers [14,22] and amplification of their output.

Transparent polycrystalline ceramics are optical materials composed of um-sized
randomly oriented closely packed single-crystalline grains featuring weak light scattering.
Usually, cubic materials are used for the transparent ceramic technology. Thus, cubic
sesquioxides appear very suitable for fabricating laser ceramics [23]. The advantages of
sesquioxide laser ceramics with respect to the corresponding single-crystals are: (i) lower
synthesis temperatures (<1800 °C), (ii) easier rare-earth doping (better control of the actual ion
density, higher available doping levels and more uniform ion distribution), (iii) the possibility
to fabricate “mixed” compositions (R1,R2)203 with well controlled R1/Rz ratios and (iv) size
scalability. The thermal and spectroscopic properties of sesquioxide ceramics greatly resemble



those of single-crystals. Note that the growth of single-crystals with some of the solid-solution
compositions has also been reported [24,25].

Recently, Tm3*-doped “mixed” sesquioxide ceramics such as (Lu,Sc)203 and (Y,Lu)20s3
enabled generation of ultrashort (sub-100 fs) pulses at wavelengths slightly above 2 pm
[14,22]. Further development of mode-locked Tm-sesquioxide ceramic lasers requires a deep
understanding of the relationship between the host composition, the crystal-field strengths and
the resulting inhomogeneous spectral broadening for Tm3* ions in sesquioxide ceramics within
the Y203 — Lu203 — Sc203 system. The existing spectroscopic studies focus on a few particular
compositions without giving a general picture on this topic.

In the present work, we aim to establish the relations between the host composition and
the spectroscopic properties of Tm** ions in cubic sesquioxide solid-solutions within the Y203
— Lu203 — Sc203 system.

2. Synthesis of ceramics

A series of sesquioxide ceramics, including stoichiometric Y203, Lu203, Sc203, and
binary/ternary solid-solutions with equal molar ratio of the metals, (Lu,Y)203, (Lu,Sc)203, and
(Y,Lu,Sc)203, doped with 3.0 at.% Tm?3*, were fabricated. The initial nanopowders were
prepared by the glycine-nitrate method. First, commercial powders of Tm203 (purity: 4N),
Y203, (5N), Lu203 (4N), Sc203 (4N) from Polirite, Russia were dissolved in nitric acid (6N,
Khimreaktiv, Russia), the corresponding nitrates were mixed, and glycine (3N, Khimreaktiv,
Russia) was added in a 1:1 mole ratio. After drying the solution, the precursor was placed in a
furnace heated up to 500 °C. The combustion reaction resulted in the formation of
nanodispersed powders of Tm:R203. The powders were calcined at 900°C for 5 h in air and
compacted in a steel mold with a diameter of 13 mm at a pressure of 250 MPa. The green
bodies were sintered at 1780 °C for 3 h in an oil vacuum lower than 1x107? Pa. The furnace
was equipped with a tungsten rod as a heating element and graphite thermal insulation. The
samples were then annealed in air at 1000 °C for 10 h to restore the oxygen stoichiometry. The
obtained transparent ceramics had a slight coloration due to the Tm3* doping.

All the ceramics were of single-phase nature (C-type, sp. gr. 1a3) as confirmed by X-ray
powder diffraction (XRD). The bixbyite-type structure of sesquioxides is well documented [26].
In Fig. 3(a), a close look at the most intense diffraction peak related to the (222) Bragg reflection
is shown. For the parent compounds, the position of the most intense diffraction peak related to
the (222) Bragg reflection, see Fig. 3(a), progressively shifts to higher diffraction angles 20 in
the R =Y — Lu — Sc series. For the “mixed” compounds, this diffraction peak takes an
intermediate position between those for the corresponding parents. This behavior is due to a
nearly linear relation between the average ionic radius of the host-forming cation R** (for VI-
fold oxygen coordination) [27] and the lattice constant a, expressed by the Vegard's law [28],
see Fig. 3(b).

The Tm*" ion density Ntm was 8.06, 8.55 and 9.92 [10?° at/cm?®] for the parent compounds
(Y203, Lu203 and Sc20s3, respectively) and 8.37, 8.92 and 8.67 [10% at/cm?] for the “mixed”
ones ((Y,Lu)20s3, (Lu,Sc)203 and (Y,Lu,Sc)20s, respectively).



3. Results and discussion

3.1. Raman spectra

Raman spectroscopy is a sensitive tool for studying material structures and their possible
alteration. The vibronic properties of parent R203 sesquioxides (R =Y, Sc, Nd — Lu) are well
known [4]. In the present work, Raman spectroscopy was employed to confirm the formation
of substitutional solid-solutions for “mixed” sesquioxide ceramics. The Raman spectra of
parent Tm:R203 ceramics (for R =Y, Lu and Sc) are shown in Fig. 4(a). They agree with the
spectra reported previously by Abrashev et al. for powders of undoped Y203, Lu203 and Sc203
[4]. For cubic (C-type) sesquioxides with a body-centered structure, the factor group analysis
predicts the following set of irreducible representations for the optical and acoustical modes at
the center of the Brillouin zone I' (K = 0): T'op = 4Ag + 4Eg + 14Fq + 5A2u + S5Eu + 16Fu and I'ac
= Fu, of which 22 gerade modes (Ag, Eg and Fq) are Raman-active, 16 modes (Fu) are IR-active
and the rest are silent [29,30]. The measured spectra are characteristic for cubic sesquioxides.
The most intense Raman peak is assigned to Ag + Fg vibrations. In the R =Y — Lu — Sc
series, its position shifts to higher energies (377.8 — 391.4 — 416.8 cm™) and its width
broadens (full width at half maximum, FWHM: 6.2 — 7.3 — 8.4 cm™). A similar tendency is
observed for all the assigned Raman peaks, in particular, for the maximum phonon energy (Fqg
+ Ag vibrations, 593 — 612 — 667 cm™).

Figure 4(b) shows a close look at the dominant Raman peak for all six studied
compounds. For the “mixed” ceramics, it takes an intermediate position between those for the
parent ones and notably broadens. The latter effect is more pronounced for Sc3*-containing
ceramics due to the smaller ionic radius of Sc®* (0.745 A) as compared to those of Y3* (0.90
A) and Lu®* (0.861 A, all values correspond to a VI-fold coordination by oxygen). For example,
for Tm:(Y,Lu)203 and Tm:(Lu,Sc)20s3, the dominant Raman peak is found at 385.4 and 405.1
cmt and its FWHM is as broad as large as 12.8 and 31.2 cm, respectively. This confirms the
formation of a substitutional solid-solution.

The dependence of the dominant Raman peak energy with the average ionic radius of the
host-forming cation R®** in Tm:R203 is shown in Fig. 4(c). The experimental points are well
fitted with a linear law.

The comparison of the Raman spectra of Tm**-doped yttria and scandia single-crystals
and polycrystalline ceramics is shown in Fig. 4(d). For yttria compounds, the spectra are very
close, while for the scandia ones, the dominant Raman band in ceramic slightly broadens and
experiences a minor shift to lower energies as compared to the corresponding single crystal.

3.2. Absorption spectra

The absorption spectra of Tm®* ions in the parent sesquioxide crystals Y203, Lu2O3 and
Sc203 were reported [5]. In the present work, we focus on the spectral line broadening for Tm3*
ions in “mixed” sesquioxide ceramics, while the spectra for parent ceramics are mainly
provided for comparison.

The absorption cross-sections, oans, Were calculated as aapbs/Ntm, Where aabs is the
absorption coefficient, i.e., accounting for the total density of the dopant Tm3* ions. Two
transitions were considered, 3Hs — 3Ha and 3Hs — 3F4. The first one is commonly used for



pumping Tm®* ions, as already mentioned, by commercial high-power AlGaAs laser diodes
emitting around 0.8 pm. The second one is promising for in-band pumping (directly to the
upper laser level), e.g., by Raman-shifted Erbium fiber lasers operating at 1.68 pum.

The oabs Spectra for the parent compounds are shown in Fig. 5(a,c). Inthe R=Y — Lu
— Sc series, the peak absorption cross-sections slightly increase, the absorption bands (as a
whole) broaden while the individual peaks related to particular electronic transitions become
narrower. For the *Hs — 3Ha transition, the peak gabs is 0.37x107%° cm? at 796.7 nm (Tm:Y203),
0.38x102° cm? at 796.2 nm (Tm:Lu203) and 0.40x10°%° ¢cm? at 795.8 nm (Tm:Sc203) and the
absorption linewidth (FWHM) is 4.2, 3.5 and 3.4 nm, respectively. These data agree well with
the previous study for Tm**-doped Y203, Lu20s and Sc20s single-crystals [5,25].

For “mixed” compounds, cf. Fig. 5(b,d), the absorption spectra become less structured
and this effect is stronger for Sc3*-containing ceramics. The spectra of solid-solutions cannot
be obtained simply as a linear combination of the spectra of the two corresponding parents (as
shown in Fig. 5(b) by a dashed curve for the case of Lu203 — Sc203). As a result, the peak gabs
values decrease while the corresponding absorption linewidths increase (in part because of the
merging of several individual absorption peaks). This behavior is favorable for reducing the
sensitivity to the temperature drift of the emission wavelength of AIGaAs diode lasers. For the
3He — 3Ha transition, the peak gabs amounts to 0.33x102° cm? at 796.2 nm (Tm:(Y,Lu)203) and
0.29x102° cm? at 792.2 nm (Tm:(Lu,Sc)203) and the absorption linewidth is ~21 nm. It is
worth noting that the ternary ceramic Tm:(Y,Lu,Sc)203 does not provide much smoother
spectra than the Tm:(Lu,Sc)203 one.

The broadening degree of the absorption spectra correlates adequately with the difference
between the ionic radius of Tm3* (0.88 A) and the mean ionic radius of the host-forming R**
cations (0.881, 0.835 and 0.803 A for R = (Y,Lu), (Y,Lu,Sc) and (Lu,Sc), respectively).

The results on the peak absorption cross-sections for the 3Hs — 3Hs Tm?* transition in all
six studied ceramics are summarized in Table 1.

3.3. Emission (spectra and lifetimes)

The stimulated-emission (SE) cross-sections, ose, for the ®F4 — 3He transition of Tm**
ions in the parent sesquioxide crystals, Y203, Lu203 and Sc20s, were reported [5]. Recently,
Krinkel et al. [25] and Moncorgé et al. [31] overviewed the emission properties of Tm3*-doped
binary “mixed” sesquioxides. In the present work, the ose spectra for the Tm:R203 ceramics (R
=Y, Lu, Sc or their mixture) were calculated using a combination of the reciprocity method
(RM) and the Fiichtbauer — Ladenburg (F-L) formula.

The Fiichtbauer-Ladenburg formula reads [32]:

A5 W (1) (1)
87 (n)? 7,54¢ [ AW (2)d2’
where, A is the emission wavelength, (n) is the refractive index at the average emission
wavelength, zrad is the radiative lifetime of the emitting level (°F4 Tm®" state), ¢ is the speed of
light, and W'(1) is the luminescence spectral intensity corrected for the spectral response of the
detection set-up. In Eq. (1), it is assumed that the luminescence branching ratio is unity which

ose(4) =




is true for the 3F4 — 3He transition. The refractive indices were calculated using dispersion
formulas from [33].
The expressions for the reciprocity method read [34]:

GSEM):oamu)éexp(—(“C”k)—T‘EM) (22)
Zyy = 200" exp(-E" 1KkT). (2b)
k

In these equations, h is the Planck constant, k is the Boltzmann constant, T is the temperature
(room temperature), EzeL is the zero-phonon-line (ZPL) energy corresponding to transitions
between the lowest Stark sub-levels of the involved multiplets (3F4 and *Hs Tm?" manifolds),
Z\w) are the partition functions of the lower (1, *Hs) and upper (u, 3F4) manifolds, g'@x = 1 is the
degeneracy of Stark sub-levels as expected for monoclinic C: sites, and E'“ is the energy of
Stark sub-levels measured from the lower-lying sub-level of each multiplet (k is numbering the
sub-levels). The data on the crystal-field splitting from Section 3.4 were used.

For each compound, the ose spectra were calculated using both methods. The F-L method
relying on the measured luminescence spectrum can be inaccurate at shorter wavelengths, in
the spectral range with a stronger overlap with the reciprocal absorption band, due to the effect
of reabsorption. The calculation via RM fails at longer wavelength due to the exponential term
in Eq. 2(a). The radiative lifetime of the 3F4 state was adjusted until a good matching between
the spectra calculated by both methods was observed.

The resulting ose spectra of Tm®* ions in the parent compounds are shown in Fig. 6(a).
In the R=Y — Lu — Sc series, the stimulated-emission cross-section peak increases, and the
emission bandwidth increases. The maximum ose amounts to 0.92x10%° ¢cm? at 1933.5 nm
(Tm:Y203), 0.94x10%° cm? at 1943.0 nm (Tm:Lu203) and 1.01x102° cm? at 1990.1 nm
(Tm:Sc203). The 3F4 — 3He Tm3* transition represents a quasi-three-level laser scheme with
reabsorption. Consequently, the laser emission will occur at wavelengths longer than the ZPL
position, i.e., in the long-wave part of the ose spectrum, above 2 um. All three parent
sesquioxides present a distinct emission peak in this spectral range. The corresponding SE
cross-sections are 0.35x10%° cm? at 2051.6 nm (Tm:Y203), 0.32x102%° cm? at 2064.4 nm
(Tm:Lu203) and 0.39x10%° cm? at 2113.7 nm (Tm:Sc203). These results are in line with the
previous study for Tm**-doped Y203, Lu203 and Sc203 single-crystals [5].

For “mixed” sesquioxides, the emission spectra become less structured (the behavior is
very similar to that observed for the absorption spectra), see Fig. 6(b). This effect is most
pronounced for Tm:(Lu,Sc)20s. The SE cross-sections relevant for laser operation are listed in
Table 1.

Figure 6(c) shows a close look at the long-wave emission peak (at wavelengths above 2
um) of Tm3 ions in all six sesquioxide ceramics. This part of the spectrum is particularly
attractive for the development of mode-locked lasers delivering femtosecond pulses. This is
because multiple narrow absorption lines of water in the atmosphere which appear at shorter
wavelengths prevent the generation of such broadband pulses [35]. By selecting the proper
host-forming cation R®" (for parent compounds) or their combination (for “mixed” ones), it is
possible to tailor both the peak position and the emission bandwidth. For “mixed” compounds,



the peak emission wavelength takes an intermediate position between those for the
corresponding parents while the spectral profile of the emission peak broadens. For example,
for Tm:(Lu,Sc)203, ose is 0.26x102° cm? at 2095.7 nm and the corresponding emission
bandwidth (FWHM) is 69.8 nm, compared with 58.1 nm (Tm:Lu203) and 64.1 nm (Tm:Sc203).

In this way, Sc**-containing sesquioxides can provide emission at wavelengths typical
for Ho®" ions (°l7 — ®ls transition) in oxide crystals, thus avoiding the Tm**,Ho®*" codoping
scheme suffering from strong heat loading [36].

The long-wave emission of Tm®* ions in cubic sesquioxides extending until at least 2.2
um is most likely due to multiphonon-assisted (vibronic) processes [37,38].

The gain cross-sections, ogain = fose — (1 — f)aabs, where f = N2/Nm is the inversion ratio
and N2 the population of the upper laser level (°Fs), were calculated as shown in Fig. 7. For all
the sesquioxide ceramics, the gain profiles are broad and naturally extend beyond 2 um. The
position of the long-wave maximum in the gain spectra shifts to longer wavelengths in the R =
Y — Lu — Sc series. As expected for the “mixed” ceramics, the spectra become less structured.
For small inversion ratios, a local peak above 2 um dominates in the gain spectra and when
increasing f above 0.06-0.08 (depending on the composition), another peak at shorter
wavelengths (<2 um) appears. The long-wave peak above 2 um is of interest for ultrashort
pulse generation. It is due to transitions to the two higher-lying Stark sub-levels of the 3He
ground-state. As the total Stark splitting and, in particular, the energy position of these two
sub-levels is sensitive to the host-forming cation R®* in the sesquioxide host matrix, the
maximum in the gain profiles can be precisely controlled by selecting the host composition.
The gain bandwidth can be increased for the “mixed” compounds. Figure 8 presents a direct
comparison of the gain profiles of Tm3* ions in the R203 ceramics for the same inversion ratio
(8 = 0.06) focusing on the spectral range of 2000-2250 nm relevant for the development of
femtosecond lasers.

The RT luminescence decay curves from the 3F4 state of Tm3* ions in the Tm**-doped
R203 ceramics (R =Y, Lu, Sc or their mixture) were measured under resonant excitation, as
shown in Fig. 9. The 3F4 — ®He transition is of purely electric dipole nature and thus only Tm?3*
ions residing in Cz sites contribute to the observed emission. The decay curves exhibit a shape
characteristic for a decay in the presence of an energy-transfer. These are the phonon-assisted
energy-transfer upconversion (ETU) processes from the 3Fa state, namely 3Fs + 3F4 — 3Hs +
3H4 (ETU1) and 3F4 + 3F4 — 3Hs + *Hs (ETUz) [39].

For low-doped (0.3 at.% Tm?®") parent sesquioxides, the intrinsic luminescence lifetimes
Tium,0 are 3.73 ms (Tm:Lu203), 3.58 ms (Tm:Y203) and 3.44 ms (Tm:Sc203). For ceramics with
3 at.% Tm, the luminescence lifetimes are shortened due to concentration-quenching. With
increasing the Sc3* content in the ceramics, zum is shortened which is assigned to increased
non-radiative path owing to the higher phonon energy of scandia.

Table 2 summarizes the intrinsic luminescence lifetimes (zum,0) obtained for ceramic and
crystals [5] with a low doping level of < 0.3 at.% Tm, as well as the radiative lifetimes (zrad)
calculated using the Judd-Ofelt theory assuming that only ions residing in C: sites (3/4 of ions)
contribute to optical absorption [31]. The *F4 Tm** manifold for the parent sesquioxides, Y203,
Lu203 and Sc20s, is considered. The intrinsic lifetimes for ceramics and single-crystals are in



good agreement with each other indicating an almost negligible effect of possible defects and
impurity centers in ceramics. They are also in line with the radiative ones evaluated recently
by Moncorgé et al. [31].

3.4. Low-temperature spectroscopy: parent compounds

Tm?3 ions in cubic sesquioxides can reside in two non-equivalent sites with symmetry C>
(244, 3/4 of cationic positions in the unit-cell) and Cs;i (8b, 1/4 of the cationic positions) [40,41].
Both sites have a VI-fold oxygen coordination. For both sites, each 25*1L; multiplet with an
integer J is split into a total of 2J + 1 Stark sub-levels. The spectroscopic signatures of the Csi
sites are expected only for transitions with a MD contribution. We use the phenomenological
notations for Tm®* multiplets proposed by Gruber et al. [42], namely Z, Y, X and A for the
3He, 3F4, ®Hs and *Hs manifolds, respectively. Each Stark sub-level is designated as Zi, Yi, Xi
and Ai, where i =1, 2, ... 2) + 1, counting from the lowest sub-level. The assignment of
electronic transitions takes into consideration the previous studies [42].

The experimental crystal-field splitting for Tm** ions in three parent sesquioxides, Y203,
Lu203 and Sc20s, was reported in PhD theses from University of Hamburg [44,45], however,
without providing the low-temperature spectra and their assignment. Moreover, the possible
spectroscopic signatures of C3i sites were not analyzed.

First, the low-temperature (LT, 12 K) absorption and emission spectra of Tm3* ions in
the three parent sesquioxides (Y203, Lu203 and Sc203) were measured focusing on the four
lower-lying multiplets (®Hs, 3F4, Hs and Ha), see Fig. 10.

The LT absorption spectra for the 3Hs — 3F4, *Hs and 3Ha transitions are plotted versus
the photon energy (hvass, in cm™). Assuming that only the lowest Stark sub-level of the ground-
state is populated, the energies of assigned electronic transitions directly give the Stark sub-
level energies. For these multiplets, all the 2J + 1 sub-levels of Tm3" ions in C: sites were
identified. Then, the LT 3F4 — 3Hs emission spectra were measured to determine the splitting
of the ground-state and plotted versus Ezr. — photon energy (Y1 — hvium, in cm™). Again, all 2J
+ 1 sub-levels of the ground-state of Tm3* ions in C: sites were identified.

To reveal the spectroscopic evidence of Tm3®" ions in Csi sites, we additionally studied
two emissions with a MD contribution, namely *Hs — 3F4 (at ~1.5 pm) and *Hs — 3Hs (at ~2.3
um). The corresponding LT emission spectra gave access to the Stark splitting of the terminal
levels, 3F4 and ®Hs, for ions located in both Cz and Cai sites. The LT emission spectra were
plotted versus EzeL — photon energy (A1 — hvium, in cm™). Let us first discuss the *Ha — 3F4
emission representing the fingerprints of both the C2 and Cs; sites. By overlapping it with the
3Hs — 3F4 transition in absorption (related exclusively to C: sites), one can observe narrow
extra lines due to the Cs; sites. Note that their energy is determined assuming that the lowest
Stark sub-level of the *Hs manifold (A1) has the same energy for both sites. The full set of 9
sub-levels of the ®F4 state (Csi sites) is determined only for Tm3* ions in Lu203 and for other
compounds, less lines are indentified, namely 8 (Tm:Y203) and 6 (Tm:Sc203).

Now, let us discuss the Hs — 3Hs emission. It is of both ED and MD nature and thus
Tm3* ions located in both the C2 and Cs; sites contribute to it. The transition in absorption
giving access to the 3Hs state is also allowed for both sites. By comparing the spectra, one can



identify the extra lines owing to the Casi sites. Moreover, their energy is unambigiously
determined from the LT absorption spectrum. A total of 4 extra lines (out of 9 possible Stark
sub-levels) are identified in all three compounds. This is the first direct observation of Csi
species for Tm®**-doped sesquioxides. Gruber et al. calculated the position of Stark sub-levels
of the Tm** ground-state (3Hs) in Y203 based on the phenomenological crystal-field parameters
[41]. However, they cannot be accessed experimentally as the only possible suitable transition,
8Hs4 — 3Hs, corresponds to a very weak emission due to the short lifetime of the *Hs state
guenched as a result of the non-radiative relaxation.

Table 2 summarizes the determined energies of Stark sub-levels for Tm®* ions in Cz sites
(full set) and Cs; sites (only *F4 and *Hs multiplets, partially) for the parent sesquioxides.

We also compared the LT spectra of Tm®" ions in parent single-crystals and ceramics.
The the LT 3Hs — ®F4 absorption was analyzed for Tm:Y203 and Tm:Sc203, similarly to the
analysis performed for the Raman spectra. Figure 11 shows a close look at the part of the LT
absorption spectrum related to transitions from the Z1(3Hs) sub-level to the Ya to Yg(*Fa) ones.
For both compounds, the peak positions are very close (within the measurement error) while
the peak width is different. It almost does not change between the Tm:Y 203 single crystal and
ceramic while it notably increases between the Tm:Sc203 ones. We assume that it can be caused
by a gradient of the dopant ion concentration in rare-earth-doped Sc203 by a large difference
of the ionic radii of the dopant and host-forming cations [43].

Antic-Fidancev et al. proposed the so-called barycenter plot: a plot of the barycenter
energy of one 25*1L; 4f" multiplet of a rare-earth ion vs. that of another multiplet of the same
ion, and applied it to the case of several rare-earth ions, namely Nd** (4f?), Pr3* (4f°%), Eu®* (4f°)
and Yb** (4f1) ions [46,47]. We applied it here to the case of Tm®" ions. The separation
between the ®Hs (ground-state) and 3F4 (first excited-state) manifolds results from the spin—
orbit interaction. For Tm®" ions embedded in a crystalline lattice, two different effects can
potentially affect this energy separation: (i) the modification of the spin—orbit coupling constant
which is weak for 4f transitions of rare-earth ions, and (ii) J-mixing (mixing of states with
different total angular momentum J by the crystal-field) increasing the energy separation
between the two manifolds. For Tm®* ions, due to the large energy difference between the *He
and 3F4 states (about 5600 cm™), the J-mixing can be neglected. Consequently, we can consider
that the energy separation between the Tm®" ground and first excited states is nearly constant
for different hosts, and equal to the spin—orbit splitting for the free ion. The barycenter plot can
serve as a verification tool for the determined crystal-field splitting. In the present work, we
have used this concept to position the determined experimental Stark splittings for Tm3* ions
in Cz sites in R203 sesquioxides with respect to other materials accommodating Tm?** ions.

3.5. Low-temperature spectroscopy: “mixed” compounds

The LT absorption / emission spectra of Tm®* ions in “mixed” ceramics were studied to
reveal the inhomogeneous spectral broadening induced by the compositional disorder. For the
sake of brevity, we focus here on one transition relevant for the development of 2 um lasers,
namely the *Hs <> ®F4 transition, both in absorption and emision, see Fig. 13.
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In this section, for describing the spectroscopic properties and, in particular, the crystal-
field splitting for “mixed” ceramics, we will use the concept of an activator quasicenter first
introduced by Kaminski [48] to generalize the optical properties of disordered laser materials.
By a quasicenter, we mean an ensemble-averaged structure that generalizes properties of
several local activator centers that only slightly differ in structure and have very similar Stark
splitting of their energy states. In general, the structure and number of separate activator centers
depend on the permissible disorder of a crystalline system and on the concentration of its
components, including the activator. For compositionally “mixed” (solid-solution) compounds,
a quasicenter can be determined with its crystal-field splitting representing a macroscopic
average of multiple local activator centers which differ by the actual composition of the second
coordination sphere (which, in turn, depends on the concentration of components constituting
the solid-solution). It thus represents an intermediate case between the two parent compounds.

At 12 K, the spectral lines assigned to electronic transitions of Tm®* ions in solid-solution
ceramics take an intermediate position between those for the corresponding parents while they
significantly broaden. Indeed, for the transition between the Stark components Z1 — Y2 (the
3Hs — 3F4 intermanifold transition in absorption), the spectral linewidth (defined as FWHM)
at 12 K is just 2.0, 2.1 and 6.4 cm™ for the parent compounds Tm:R203 (for R =Y, Lu, Sc,
respectively), while it increases to 20.0 and 62.0 cm for the solid-solutions Tm:(Y,Lu)20z and
Tm:(Lu,Sc)20s3, respectively. As a result of such broadening, not all of the possible electronic
transitions can be unambigiously assigned.

For the studied solid-solution ceramics, the LT spectroscopy did not reveal any signatures
of non-equivalent Tm3* spectroscopic species (e.g., the presence of “twinned” absorption or
emission lines which could be associated with Tm3* ions sitting in different local environments
preferentially composed of one type of the host-forming cations R®*, or profound dependence
of the LT luminescence spectra on the excitation wavelength which was tuned across the entire
3Hs — 3H4 absorption band with a laser linewidth of <0.1 nm). This confirms the formation of
binary and termary substitutional solid-solutions (R1,R2)203 and (R1,R2,R3)203 with mixing
of the host-forming cations R3* at the atomic level. The compositional disorder originated from
the second coordination sphere of Tm3* ions formed by different sets of R1** and R2%* (R33")
cations with different masses and ionic radii. These observations confirm the validity of the
quasicenter model described above.

For applications of Tm**-doped sesquioxides in mode-locked lasers, it is relevant to look
at the spectral range of the ®F4 — 3Hs emission and, in particular, on its long-wave part
extending above 2 pm in sesquioxides. It is determined by the total Stark splitting of the Tm>"*
ground-state, AE(*Hs). Figure 14(a) summarizes the experimental crystal-field splitting of the
3Hs Tm** multiplet in the parent Tm:R203 (R =Y, Lu, Sc) sesquioxide ceramics, as well as
tentatively determined Stark sub-level energies for Tm3®' ions in the solid-solution
compositions. Due to the strong imhomogeneous spectral broadening, even at 12 K, we were
unable to determine the full set of Stark sub-level energies for the “mixed” ceramics, so that
the number of experimental levels is less than the theoretical one. The energy of each individual
sub-level, the barycenter energy of the whole multiplet and its total Stark splitting tend to
increase with decreasing the average radius of the host-forming cation R%*, i.e., inthe R=Y

11



— Lu — Sc series for the parent compounds. As a result, the longest wavelength of the purely
electronic F4 — 3He transition experiences a progressive red-shift for smaller R%* cations. It is
deduced from the energy of the transition between the Stark sub-levels Y1 — Z13 and amounts
to 2073 nm (Tm:Y203), 2093 nm (Tm:Lu203) and 2149 nm (Tm:Sc203).

Antic-Fidancev et al. reported on a linear variation of the crystal-field strength with the
ionic radius of the host-forming cation along the lanthanide series (the crystal-field strength
increases for smaller cations) for several isostructural crystal families, including
orthovanadates Pr3*:RVOs, sesquioxides Eu**:R203, garnets Pr3*:RsGasO12 [49,50], and Holsé
et al. performed a similar theoretical study for oxychlorides ROCI [51]. In the present work,
we extend this concept to both parent and solid-solution sesquioxides doped with Tm3* ions
with the goal of more flexible control of their emission properties.

To illustrate the inhomogeneous spectral broadening in solid-solution sesquioxides, the
diagram of the crystal-field splitting of the ground-state *Hs and the first excited-state 3Fs of
Tm?3" ions accounting both for the Stark sub-level position and the spectral line broadening
(FWHM) was constucted, Fig. 15.

In Fig. 16, we compare the longest wavelength of a purely electronic transition 3Fs —
3He (corresponding to transitions from the lowest Stark sub-level of the *F4 manifold to the
highest sub-level of the 3Hs one) for Tm®" ions in various crystals considered for the
development of ultrashort-pulse lasers at ~2 um [52]. Only a few crystal families exhibit strong
enough crystal-fields leading to emission peaks owing to electronic transitions extending above
2 pum (while the long-wave phonon sideband of the 3F4 — 3Hs emission band can extend well
beyond the range of electronic transitions) thus avoiding the structured water vapor absorption
in the atmospheric air, namely garnets, sesquioxides, monotungstates and silicates. Compared
to other isostructural series, cubic sesquioxides R20s show the strongest variation of the
emission wavelength with the host-forming cation R®**, and the emission wavelength of Tm3®*
ions in Sc203 reaches well beyond 2 um being exceptionally long among other analyzed
compounds.

The analysis performed allowed us to draw several conclusions regarding the material
engineering and laser potential of different crystal families for the development of gain media
for ~2 um lasers with broadband emission properties:

(i) For shifting the *F4 — 3Hs Tm>* emission spectra towards longer wavelengths, host
matrices with small host-forming cations, leading to stronger crystal-fields, shall be selected.
For stronger inhomogeneous spectral broadening in solid-solution compositions, it is necessary
to select two parents with rather different sizes of their host-forming cations;

(i1) For achieving emission above 2 pm, the most promising parent compounds are cubic
sesquioxides (Y20s-type), cubic ordered (Y3AlsO12-type) and disordered (CasNbis5Gass012-
type) garnets, tetragonal disordered melilites (SrGdGasOz-type), and monoclinic disordered
orthosilicates (Y2SiOs-type). Note that the latter two compounds have been barely studied for
femtosecond lasers at ~2 um. The spectral broadening in these systems can be enhanced in
“mixed” compositions based on small cations as explained above;
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(ii1) In the garnet family, it is more promising to study “mixed” compounds of the type
A3(B1,B2)s012 rather than (Al,A2)3Bs012 due to the larger variation of the crystal-field
strength across the isostructural series in the former case;

(iv) By analogy with the case of Sc**-containing sesquioxides, we suggest that other Sc**-
containing oxides may be attractive for achieving long-wave emission above 2 um. For
example, the recently identified perovskite-type GdScOs crystal is expected to be promising
for Tm3* doping [53].

4. Conclusions

Cubic rare-earth sesquioxides R203 (where R stands for the host-forming cation, R =Y,
Lu, Sc or their mixture) are very attractive hosts for doping with thulium ions for lasers emitting
slightly above 2 um and, in particular, for generation of ultrashort (few-optical-cycle) pulses in
this spectral range. Sesquioxides are available in the form of single-crystals and transparent
polycrystalline ceramics having relatively close spectroscopic properties. Based on the detailed
spectroscopic study of stoichiometric and binary / ternary solid-solution sesquioxides doped
with Tm3* ions performed in the present work, the following conclusions are derived:

(i) Cubic R203 sesquioxides feature very strong crystal-fields for the Tm3* dopant ions
in C2 symmetry sites which are mainly responsible for their optical properties leading to
remarkably high total Stark splitting of their ground-state (*Hs), ranging from 788 cm™ (Y205)
up to 955 cm™ (Sc203). This leads to broadband emission due to the electronic *F4 — 3He
transition extending well beyond 2 pm thus avoiding the structured water vapor absorption in
the atmospheric air. For Tm:Sc20s3, the longest wavelength of a purely electronic transition is
2149 nm. In this way, Tm3*-doped sesquioxides can compete with other Ho**-doped materials.

(if) The crystal-field strength for the R203 isostructural series is very sensitive to the
nature of the host-forming cation R®" and it increases linearly when decreasing its ionic radius
for VI-fold oxygen coordination. The Stark splitting of Tm3* multiplets changes accordingly
which enables tuning of the position of emission peaks of Tm®* ions around 2 pum. This trend
is valid for both parent and “mixed” compounds.

(iii) The experimental crystal-field splitting for Tm3* ions in C2 symmetry sites in the
parent sesquioxides (Y203, Lu203 and Sc203) is determined for several multiplets relevant for
laser applications (from ®Hs to ®Has) and validated using the barycenter plot. The first
experimental evidence of Csi Tm®" species for sesquioxides is presented. They are revealed in
transitions with a magnetic dipole contribution, 3Hs — 3Hs (absorption) and 3Hs — 3Hs
(emission) while Csi centers do not contribute to the lifetime of the *F4 upper laser level.

(iv) Based on the X-ray diffraction, Raman spectroscopy and low-temperature absorption
/ emission spectroscopy, it is confirmed that “mixed” sesquioxide ceramics of the Y203 — Lu203
— Sc203 ternary system represent substitutional solid-solutions with mixing of the host-forming
cations at the atomic level. This leads to a significant inhomogeneous spectral broadening for
the absorption and emission lines of Tm3* ions preserved even at 12 K. The spectral linewidths
for “mixed” sesquioxides notably exceed those for the corresponding parent compounds. At
ambient temperature, a proper combination of the host-forming cations R3* enables the design
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of the gain bandwidth around 2 pm which is of key importance for further pulse shortening in
mode-locked lasers. The strongest broadening is observed for Sc3*-containing materials.

(v) Based on the analysis of crystal-field splitting of Tm** multiplets in various materials,
further guidelines for material engineering of gain media for 2 pym mode-locked lasers are
given, including the focus on material families forming isostructural series with a notable
sensitivity of the crystal-field to the nature of the host-forming cations, in particular those with
small ionic radii. Further work in this direction should involve a combination of materials with
a structure and / or compositional disorder (for boosting the inhomogeneous spectral
broadening leading to a “glassy-like” spectroscopic behavior, i.e., smooth and structureless
spectral bands), high crystal-field strength (for broadband emission naturally extending beyond
2 um), as well as efficient electron-phonon coupling (for utilization of the long-wave phonon
sidebands contributing to the extension of the gain bandwidth).
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Figure 1. The crystal structure of C-type Y.Os: (a) a fragment of the crystal
structure, black lines — unit-cell; (b) the connection between the [Y10Os] and
[Y20¢] polyhedra; (c) the local geometry of the C, and Cs symmetry sites.
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(b) the lattice constant a as a function of the average ionic radius of the host-
forming cations R** (for VI-fold oxygen coordination).
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Table 1. Peak absorption and stimulated-emission cross-sections for Thulium
ions in R20O3 ceramics.

R203 Oabs, Aabs, Alabs, OsE, Alum, Adum, Zl/Zz
10% nm nm 10 nm nm
cm? cm?
Y203 0.37 796.7 4.2 0.35 2051.6 50.2 1429
Lu.O3 0.38 796.2 3.5 0.32 2064.4 58.1 1445
Sc203 0.40 7958 3.4 0.39 2113.7 64.1 1447

(Y,Lu0; 033 7962 ~21 027  2059.0 54.7
(Y,Lu,Sc).0s 028 7960 ~21 025  2087.9 63.0
(LuSc)0s 029 7922 ~21 026 20957 69.8

Table 2. Intrinsic luminescence (zium,0) and radiative (zrq) lifetimes
of the 3F, Tm*" multiplet in Y03, Lu,Os and Sc,0s.

Compound Tium,0, MS Tumo, MS [B]  7rag, Ms [31]
ceramic crystal

Tm:Y,03 3.58 3.54 3.79

Tm:Lu,03 3.73 3.38 3.84

Tm:Sc203 3.44 3.57 3.80

Table 3. Experimental crystal-field splitting of Tm** multiplets in Y03, Lu,O3 and Sc,03 (C2 and Cs;i

sites).
R,0s **L; Notation E,cm™
Y.0:  °He Z 0; 30; 89; 217; 229; 338; 376; 432; 439; 486; 503; 732; 788 (C>)
0; 37; 130; 213; 384; 519; 709; 761; 762 (Cs) [42]
3k Y 5612; 5672; 5776; 6003; 6016; 6099; 6112; 6142; 6187 (C,)
5472; 5535; 5593; 5612; 5696; 5776; 6034; 6060 (Csi)
Hs X 8261; 8304; 8333; 8466; 8474, 8542; 8562; 8742; 8755; 8875; 8905 (C>)
8310; 8314, 8331; 8338 (Cai)
Hy A 12557; 12634; 12698; 12817; 12890; 12915; 13028; 13051; 13103 (C»)
Lu,0z *He Z 0; 35; 88; 229; 241; 352; 388; 455; 463; 508; 523; 764; 828 (C>)
°Fy Y 5607; 5673; 5784; 6025; 6037; 6120; 6135; 6167; 6214 (C>)
5461; 5522; 5588; 5608; 5698; 5784; 6050; 6082; 6130 (Csi)
Hs X 8265; 8315; 8336; 8479; 8487; 8556; 8580; 8761; 8783; 8900; 8937 (C>)
8301; 8318; 8334; 8339 (Csi)
Hy A 12553; 12640; 12703; 12826; 12910; 12934; 13016; 13078; 13135 (C»)
Sc03 *He Z 0; 49; 91; 265; 275; 377; 422; 529; 537; 590; 607; 882; 955 (C,)
°Fy Y 5609; 5687; 5818; 6082; 6093; 6166; 6199; 6245; 6296 (C>)
5510; 5587; 5609; 5818; 6111; 6143 (Cs;)
Hs X 8278; 8339; 8349; 8508; 8515; 8598; 8632; 8809; 8863; 9020; 9052 (C>)
8272; 8323; 8328; 8353 (Csi)
Hy A 12550; 12650; 12725; 12848; 12966; 12991; 13111; 13160; 13222 (C>)
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