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Abstract: Single-crystals of potassium gadolinium double tungstate KGd(WO4)2 
doped with Sm3+ ions up to 20 at.% were grown from the flux using K2W2O7 as a 
solvent and a detailed polarization-resolved spectroscopic study of Sm3+ ions was 
performed with the goal of developing novel materials for visible lasers. Polarized 
absorption spectra were measured and 4f-4f transition intensities of Sm3+ ions were 
calculated using a modified Judd-Ofelt theory yielding the intensity parameters of 
Ω2 = 8.027, Ω4 = 7.210 and Ω6 = 2.322 [10−20 cm2] and α = -0.017 [10-4 cm]. 
Polarized stimulated-emission properties of Sm3+ ions were studied. For the 4G5/2 
→ 6H9/2 transition in the red, the maximum σSE is 0.55×10-20 cm2 at 649.0 nm for 
light polarization E || Np (luminescence branching ratio: 40.2%). The radiative 
lifetime of the 4G5/2 state is 734 µs. The luminescence dynamics from this manifold 
was analyzed using the Inokuti-Hirayama model. The possible role of 4f – 4f 
excited-state absorption from the 4G5/2 level in preventing laser operation in the 
orange and deep red is analyzed. A 0.8 at.% Sm:KGd(WO4)2 laser generated an 
output power of 37.8 mW at 649 nm, with a laser threshold of 87 mW and a slope 
efficiency of 17.6%. 
 
Keywords: samarium ions; tungstate crystals; luminescence, Judd-Ofelt theory; 
visible lasers. 
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1. Introduction 
The rare-earth (RE) element samarium 62Sm was first isolated from the mineral 

samarskite by the French chemist Lecoq de Boisbaudran in 1879 [1]. Trivalent samarium ions 
Sm3+ possess an electronic configuration of [Xe]4f5, with two groups of short-living LS-split 
manifolds 6HJ (J = 5/2 – 15/2), with 6H5/2 being the ground-state, and 6FJ (J = 1/2 – 11/2) at 
energies between 0 and 11000 cm-1. Among the higher lying energy manifolds in the energetic 
range below 50000 cm-1 (corresponding to 200 nm ground state absorption), 4G5/2 is the only 
metastable state with a lifetime suitable to serve as an upper laser level. 

As depicted in the energy-level scheme in Fig. 1, Sm3+ ions provide multi-color emissions 
at several transitions in the visible ranging from the yellow to the deep red spectral range as 
well as near-infrared emission lines and are thus an interesting candidate for the above 
mentioned applications. All visible emission lines in Sm3+ originate from the 4G5/2 manifold, 
which exhibits a long luminescence lifetime (from a few hundred of µs to a few ms). Due to the 
relatively large energy gap to the next lower-lying energy levels of about 7400 cm-1, the rate of 
non-radiative transitions from the 4G5/2 manifold is very weak, even in high-phonon-energy 
matrices such as oxides [2-3]. 

Nowadays, Sm3+-doped materials are mainly used as red phosphors for white LEDs with 
good color rendering index [4]. They also find applications in medical imaging for radiation 
dosimetry, remote sensing, and visual display devices [5-7]. 

Sm3+ ions are also of interest for visible lasers. There are two main challenges when 
developing laser sources employing Sm3+-doped materials. First, self-quenching caused by 
several cross-relaxation (CR) channels (cf. Fig. 1), resulting in a strong reduction of the 
luminescence lifetime of the 4G5/2 emitting state upon increasing the doping concentration. This 
behavior tends to limit the accessible doping levels for laser gain [2,8,9]. Second, excited-state 
absorption (ESA) into higher lying energy levels of the 4f configuration is present at the potential 
laser wavelengths. Sm3+ ions exhibit a very complex energy-level scheme, with a total 198 
energy manifolds of the 4f5 configuration splitting into 1001 two-fold degenerate Stark levels in 
suitable host crystals and extending up to energies of  about 125000 cm-1. Thus, the risk of 4f-
4f ESA transitions must be considered, to limit or even inhibit laser emission at specific 
transitions [2]. Fortunately, parity allowed ESA transitions into energy levels of the 4f45d1 excited 
configuration of Sm3+ should not occur, as these are located at much higher energies than the 
4f5 levels. Thus, the corresponding ESA transitions should not prevent laser action in the visible 
[10]. 

The first laser (optical maser) action using a rare-earth ion was achieved in 1961 by using 
a CaF2 crystal doped with divalent samarium ions Sm2+. Sorokin and Stevenson generated a 
deep-red laser emission at 708 nm under Xe flashlamp pumping at low temperature (LT) [11]. 
In 1979, Kazakov et al. demonstrated the first laser action using trivalent samarium ions Sm3+, 
generating an orange laser emission at 593 nm also at LT. The active medium was a self-
activated Sm:TbF3 crystal, which enhanced the broad-band pump absorption through energy 
transfer from Tb3+ to Sm3+ [12]. In the late 1980s, researchers from the University of 
Southampton obtained the first Sm3+-based laser action at room temperature (RT) using Sm3+-
doped silica glass fibers pumped by an argon ion laser. The laser operated in the red at 651 nm, 
with almost 30 mW of output power in the continuous-wave (CW) operation and also 
demonstrated Q-switched pulse laser operation [13,14]. In 1995, Jenssen reported on orange 
CW laser emission at 605 nm from a self-activated Sm3+:LiTbF4 crystal at room temperature, 
generating almost 200 mW of output power with a slope efficiency of 20% whilst with a very 
high laser threshold of 350 mW [15]. 

Unfortunately, the ground state absorption from the 6H5/2 manifold into the emitting level 
4G5/2 and all other levels absorbing in the visible is spin-forbidden. Consequently, Sm3+ ions 
exhibit weak absorption in the visible spectral range, and the lack of suitable pump sources in 
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the blue has greatly restricted the further investigations of Sm lasers. There has been a 
renewed interest for Sm3+-doped materials since the invention of blue GaN-based laser diodes 
(awarded by the Nobel Prize in Physics in 2014) [16], and frequency-doubled optically pumped 
semiconductor lasers (2ω-OPSL) [17], which are now commercially available. These 
technologies have enabled further development of visible lasers based on various rare-earth 
ions [2,9]. 

Using a 2ω-OPSL as pump source, Marzahl et al. achieved laser action in the orange, 
red and deep-red spectral ranges using both fluoride and oxide host crystals, namely LiLuF4 
and SrAl12O19. The best laser performance (i.e., the highest output power and slope efficiency 
and lowest laser threshold) was observed for the fluoride host. With both crystals, the lasers 
exhibited a self-pulsing behavior, delivering µs-long pulses with a repetition rate in the kHz 
range. This behavior was attributed to possible ESA at the laser wavelengths [18]. Relatively 
low laser thresholds were observed for these Sm3+ lasers, enabled by the long luminescence 
lifetime of the 4G5/2 emitting level of Sm3+, especially in fluoride matrices, and the four-level laser 
scheme for the considered transitions. Recently, we reported on the first laser operation of a 
Sm3+:KGd(WO4)2 double tungstate crystal in the red, at 649 nm, yielding 18 mW of output 
power with a slope efficiency of 17%, and a very low laser threshold of only 29 mW. Similarly 
to the results of Marzahl et al. reported in [18], the red laser exhibited a self-pulsing behavior 
attributed to non-resonant 4f-4f ESA into short-living states [19]. However, the pulse dynamics 
was rather regular resembling passive Q-switching by a “fast” saturable absorber. 

Laser sources directly emitting in the visible find multiple applications in our everyday life, 
including headlights, display technologies, optical data storage devices, and underwater 
communication. Moreover, they have many applications in technical fields. In medicine, visible 
lasers are employed in photoimmune therapy, medical imaging (e.g., Laser Speckle Contrast 
Imaging), dosimetry, oximetry, and dentistry [20-23]. They are also used in high-resolution 
microscopy. In fact, the Nobel Prize in Chemistry in 2014 was awarded for the development of 
“ultra-high resolution fluorescence microscopy”, which was made possible by the use of visible 
lasers. These lasers are also found in biology, such as genomics, to collect and study tissue 
samples. Mass spectrometry technics employ such lasers for matrix assisted laser desorption 
/ ionization for measuring the molecular weight of bio-macromolecules [2,18,24,25]. More 
specifically, yellow and orange lasers are of great interest for quantum optics (for optical clocks) 
[26], skin treatment and ophthalmology [20,27], and astronomy for developing laser guide star 
systems (i.e., artificial stars) [28]. 

The crystal family of monoclinic potassium rare-earth double tungstates with a chemical 
formula KR(WO4)2 (where R stands for Y, Gd, or Lu) is a well-known class of host crystals for 
elaborating solid-state lasers based on RE3+ ions, in various geometries and operation regimes, 
mainly for near-IR emissions [29]. These materials feature a single type of substitution site for 
RE3+ ions as well as high possible doping levels (often up to a stoichiometric composition). 
Moreover, it provides large distances between neighboring RE3+ ions, leading to weak 
concentration quenching of luminescence. Finally, enabled by the low site symmetry C2 for 
RE3+ ions, it features high absorption and stimulated-emission cross-sections and a strong 
anisotropy of absorption and emission properties in polarized light. Also, monoclinic KR(WO4)2 
crystals exhibit a nearly athermal behavior for certain crystal cuts. 

Despite the enormous use of monoclinic double tungstates in near-IR lasers, so far, only 
a few studies addressed their applications for visible laser development. In 2000, Kaminskii et 
al. obtained pulsed laser action in the yellow and red spectral ranges with both KY(WO4)2 and 
KGd(WO4)2 crystals doped with Dy3+, under Xe flashlamp pumping at cryogenic temperatures 
[30]. In 2013, pulsed laser action in the deep red was achieved at room temperature employing 
Eu3+-doped KGd(WO4)2 and KY(WO4)2 crystals [31,32]. Recently, Loiko et al. reported on a 
deep-red Eu laser based on a stoichiometric KEu(WO4)2 crystal delivering a Watt-level output 
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(1.11 W) at 703 nm with a slope efficiency of 43.2% under pumping in the green at 532 nm 
[33]. 

In the present work, we report on a detailed polarization-resolved spectroscopic study of 
Sm3+-doped KGd(WO4)2 crystals with the goal of developing visible lasers. 

 

2. Experimental 
2.1. Crystal growth 
Like for other compounds in the monoclinic double tungstate crystal family, the complexity 

of the growth of KGd1-xSmx(WO4)2 crystals arise from a polymorphic phase transition below the 
melting point (~1080 °C). Indeed, above ~1005 °C, this crystal has an orthorhombic structure 
which is a derivative of that of the double molybdate KY(MoO4)2, denoted as β-phase [34]. 
However, the low-temperature monoclinic α-phase is the desired phase for laser development. 
Thus, this crystal cannot be grown from the melt, e.g. using the Czochralski method. In the 
present work, Sm3+-doped KGd(WO4)2 crystals were grown from the flux lowering the growth 
temperature below the phase transition temperature. 

Low-doped (0.4 at.% and 0.8 at.% Sm, with respect to Gd) Sm:KGd(WO4)2 crystals were 
grown at EOT GmbH, Germany. The top-seeded solution growth (TSSG) method was used 
employing potassium ditungstate K2W2O4 as a solvent. The staring materials were K2CO3, 
WO3, Gd2O3, and Sm2O3 of high purity (99.99%). They were weighed according to a solute-to-
solvent molar ratio close to 1:5. The growth was performed in a platinum crucible in air. The 
growth charge was melted at 970 °C and well homogenized at this temperature for 24 h. The 
growth started at about 955 °C, and crystallization was initiated by introducing an [010]-oriented 
seed from an undoped KGd(WO4)2 crystal into the melt. Further details about the growth and 
the cooling process can be found elsewhere [35]. After the crystal growth was completed, the 
crystal was pulled out from the liquid and slowly cooled down to room temperature. Figure 2(a) 
presents a photograph of an as-grown 0.8 at.% Sm:KGd(WO4)2 single-crystal. It is transparent 
and nearly colorless. The dimensions of the crystal are about 20×25×35 mm3. Under UV lamp 
illumination, the crystal exhibits bright orange luminescence, Fig. 2(b). 

A second, heavily-doped 20 at.% Sm:KGd(WO4)2 crystal was grown at NIIC, Russia. A 
modification of the standard TSSG method, referred to as a low-temperature gradient (LTG) 
method, was applied [36]. Potassium ditungstate K2W2O4 was also employed as a solvent and 
an [010] oriented seed from undoped KGd(WO4)2 was used. The growth was also performed 
in a platinum crucible (Ø 70 mm × 120 mm) in air using a crystal growth station with a weigh 
control. The crucible was covered with an inverted funnel shaped platinum lid to improve the 
crystal quality. The lid served as a radiation screen and a diffusion lock for volatile substances, 
which prevented excessive evaporation and decomposition of the flux. Both the radial and axial 
thermal gradients inside the crucible were in the range of ~0.1-1 °C/cm. Such an approach 
could lead to poor dynamical stability. To prevent it, the weighting system serving as electronic 
feedback was applied (with a precision of 10 mg in the 1 kg range). During the growth, the 
pulling rate was about 2 to 4 mm/day and the rotation speed was 40-60 rpm. 

Figure 2(c) presents a photograph of an as-grown 20 at.% Sm:KGd(WO4)2 single-crystal. 
It shows a strong yellow coloration due to the heavy Sm3+ doping. The upper part of the crystal 
boule has a pyramidal shape, and it is determined by prismatic faces {110} and {011} (here and 
below, we use the notations of the non-standard I2/c crystallographic setting). The lateral sides 
of the prismatic part of the boule are also determined by the {110}, {011} faces and pinacoidal 
{100}, {001} faces. The endface of the boule is determined mainly by the well-developed 
pinacoidal {010} face that is surrounded with four relatively small {110}, {011} faces. 

Thus, the doping levels of the samples available for the experiments presented in the 
following were 0.4 at.% Sm (ion density: NSm = 0.248×1020 at/cm3), 0.8 at.% Sm (NSm = 
0.496×1020 at/cm3), and 20 at.% Sm (NSm = 12.4×1020 at/cm3). 
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Pure KGd(WO4)2 crystallizes in the monoclinic space group C6
2h – C2/c, with the lattice 

parameters a = 10.652 Å, b = 10.374 Å, c = 7.582 Å, and the monoclinic angle β = a  ̂c = 
130.80°, see Fig. 2(d) [37]. Monoclinic KGd(WO4)2 is optically biaxial, and its optical properties 
are described within the optical indicatrix frame {Np, Nm, Ng}, where the axes are labelled 
according to the convention for the principal refractive indices np < nm < ng. The Np-axis parallel 
to the crystallographic b-axis, which is also the 2-fold symmetry axis (C2), see Fig. 2(d). The Ng 
and Nm axes are lying in the orthogonal a-c plane (the mirror plane, m) [29,38]. This 
arrangement of the principal optical directions determines the polarization selection rules for the 
dopant ions. The angle between the highest refractive index axis, Ng, and the c-axis, is 19.2°, 
measured outside of the monoclinic angle, and that between the intermediate refractive index 
axis, Nm, and the a-axis, is 60.0°, within the monoclinic angle [39]. 

A fragment of the KGd(WO4)2 structure is presented in Fig. 3 based on the fractional 
atomic coordinates reported in [37], along with the [Sm|GdO8], [WO6], and [KO12] coordination 
polyhedra. The [Sm|GdO8] polyhedra are organized in long chains running along the [101] 
direction. Moreover, two adjacent [WO6] octahedra sharing O–O edges are forming W2O8 units, 
which are organized as double chains along the crystallographic [001] axis [29]. The host-
forming Gd3+ ions reside in a single type of sites (Wyckoff: 4e, C2 symmetry) with eight-fold 
oxygen coordination. The Gd–O interatomic distances are 2.271 Å [37]. The Sm3+ dopant ions 
are replacing the Gd3+ host-forming ions thus adopting the same C2 site symmetry, as their 
ionic radii are relatively close (RGd = 1.053 Å and RSm = 1.079 Å [40]). The shortest Gd–Gd 
distance is relatively long, 4.070 Å, along the [101] direction. This reduces the cross-talk 
between the dopant ions leading to a relatively weak concentration quenching of luminescence. 

 
2.2. Characterization methods 
Rectangular samples were cut from the as-grown crystal boules with different Sm3+ 

doping levels and oriented in the optical indicatrix frame with all six lateral faces polished, see 
an example photograph of a 0.8 at.% Sm3+-doped crystal sample in Fig. 2(b). These samples 
were used for polarized spectral measurements and further tested for laser operation. 

The polarized luminescence and µ-Raman spectra were measured using a confocal 
Raman microscope (inVia Qontor, Renishaw) equipped with a 50× Leica objective, a set of 
polarizing optics, and an Ar+ ion laser (λexc = 488 nm, 514 nm). The spectral resolution was 
about 1 cm-1. 

The absorption spectra were recorded with a spectrophotometer (Cary 5000, Agilent) 
using a Glan-Taylor prism for measurements with polarized light. The spectral bandwidth 
(SBW) was 0.1 nm in the visible and 0.4 nm in the near-IR. 

A spectrofluorometer (QuantaMaster, Horiba) equipped with a photomultiplier tube was 
used for studying the luminescence dynamics of Sm3+ ions. 

 
3. Results and discussion 
3.1. Raman spectra 
The polarized Raman spectra of the 0.4 at.% Sm:KGd(WO4)2 crystal are shown in Fig. 4. 

The measurements were made in the 𝒑(𝑖𝑗)𝒑̅ geometry (where i, j = m or g), using Porto’s 
notations for polarized Raman spectroscopy [41]). They are well in line with the Raman spectra 
of other monoclinic double tungstate crystals. Here, we just briefly discuss their interpretation. 

The factor group analysis for KGd(WO4)2 predicts the following set of irreducible 
representations at the center of the Brillouin zone Г(k = 0): 17Ag + 19Bg + 17Au + 19Bu. The Ag 
and Bg modes are Raman active (out of them, the optical translational lattice modes are 2Ag + 
4Bg), optical librational lattice modes are 3Ag + 3Bg) and optical internal modes for the W2O8 
units are 12Ag + 12Bg), and the Au and Bu modes are IR-active [42,43]. 
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The phonons with small energies below 260 cm−1 are due to external lattice modes 
associated with translational motion of the cations of the structure (K+, Gd3+, and W6+) and 
rotational motion of [WO6] groups. The bending modes are found in the intermediate energy 
range of 290–440 cm−1, while the stretching modes are spread over in the 400–900 cm−1 range. 
The particular feature of monoclinic double tungstates is the appearance of vibrations within 
the range of 430–750 cm−1 region, not present for tungstate crystals with isolated WO4 
tetrahedra, which originate from vibrations of double oxygen bridges. The internal Raman mode 
with the highest energy at 900 cm-1 is assigned as ν(W – O)/ν1 and is related to stretching 
vibrations within the [WO6] groups [42]. 

 
3.2. Optical absorption 
Figure 5 shows the absorption spectra of the 0.4 at.% Sm3+:KGd(WO4)2 crystal in four 

wavelength intervals between 340 and 3000 nm for the three principal light polarizations, E || 
Np, Nm and Ng. It is expressed in terms of the absorption cross-sections, σabs = αabs/NSm (αabs – 
absorption coefficient). 

Sm3+ ions in KGd(WO4)2 exhibit a strong polarization anisotropy of the absorption 
properties, with more intense absorption for light polarizations E || Nm and E || Np. The 
absorption transitions occur only from the 6H5/2 ground-state, as the next manifold (6H7/2) is 
located at ~1000 cm-1 above and its thermal population at room temperature is negligible. The 
transitions are assigned according to Carnall et al. [44], and grey labels indicate transitions to 
excited-states with nearly zero squared reduced matrix elements U(k) (k = 2, 4, 6) thus almost 
not contributing to the observed optical absorption. 

In the blue spectral range suitable for optical pumping of Sm3+ ions for achieving laser 
emission in the visible, the broad absorption at 430 – 490 nm is due to the spectrally overlapping 
transitions from the 6H5/2 ground-state to the group of closely located 4GJ, 4IJ, 4MJ and 4FJ 
manifolds. This spectral range can be readily addressed by commercial blue GaN-based laser 
diodes. All these transitions are spin-forbidden (ΔS ≠ 0) and therefore exhibit relatively low 
absorption cross-sections on the order of a few 10-21 cm2 as seen in Fig. 5(b). Among them, 
the 6H5/2 → 4M15/2 transition corresponds to the highest absorption cross-section of 0.75×10-20 
cm2 at 478.8 nm for light polarization E || Nm and the corresponding absorption bandwidth (full 
width at half maximum, FWHM) is 2.6 nm. The absorption cross-sections for Sm:KGd(WO4)2 
are higher than those for the Sm:LiLuF4 crystal previously employed in Sm-lasers (σabs = 
0.48×10-20 cm2 at 478.4 nm for π-polarization) [25], which is a typical feature of the low-
symmetry double-tungstate host materials. 

At shorter wavelengths, in the range between 400 nm and 420 nm shown in Fig. 5(a), an 
order of magnitude higher absorption cross-sections on the order of few 10-20 cm2 are found 
owing to the spin-allowed (ΔS = 0) transitions into the higher-lying 6P5/2 and 6P3/2 manifolds. In 
particular, for the 6H5/2 → 6P3/2 transition, σabs reaches 7.13×10-20 cm2 at 404.6 nm for light 
polarized E || Nm with an absorption bandwidth of 2.0 nm. Also in this case, Sm:LiLuF4 exhibits 
significantly lower absorption, with σabs of 1.51×10-20 cm2 at 401.0 nm for π-polarized light [25]. 

 
3.3. Judd-Ofelt theory 
The Judd-Ofelt (J-O) theory was applied to describe the intensities of 4f-4f transitions of 

Sm3+ ions in KGd(WO4)2 based on the measured polarized absorption spectra. One of the 
basic assumptions within the standard J-O theory [45,46] is that the ground configuration and 
the excited configuration of the opposite parity (4f5 and 4f45d1 for Sm3+ ions, respectively) are 
completely degenerated and the excited configuration is located at much higher energies, and 
its influence on all the manifolds of the ground configuration is identical. According to Dorenbos 
et al., the 4f45d1 Sm3+ configuration has an intermediate energy among other trivalent rare-
earth ions and thus its effect may be useful to be considered in a more precise way in particular 
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in high crystal field depression materials such as double tungstates [10]. Kornienko et al. 
developed a modified Judd-Ofelt (mJ-O) theory accounting for weak configuration interaction 
[47]. Within this theory, the line strengths of electric-dipole transitions are given by [48]: 

ED (k)
calc k

k 2,4,6

( ')S JJ U
=

=   ,      (1a) 

0
k k J J' f[1 2 ( 2 )].E E E =  + + −      (1b) 

According to Eq. (1), the intensity parameters k
  (k = 2, 4, 6) are no longer constant like in 

the standard J-O theory but linear depending on the energies (denoted by EJ and EJ') of the 
two manifolds involved in the considered J → J' transition, where Ef

0 is the mean energy of the 
ground configuration (4fn) and the parameter α can be expressed as 1/(2Δ5d), where Δ5d is 
the mean energy separation between the ground (4fn) and excited (4fn-15d1) configurations. 

For a higher-lying 4fn-15d1 configuration (Δ5d → ∞), one arrives at α → 0 and k
 become 

independent of the manifold energy, which yields the standard J-O theory: 
ED (k)
calc k

k 2,4,6

( ') ,S JJ U
=

=        (2a) 

(k) n k n 2(4f ) || || (4f ) ' ' 'U SLJ U S L J=   .    (2b) 

Note that the energy-independent intensity parameters Ωk (k = 2, 4, 6) which appear in 
Eq. (1a) and Eq. 2(a) are not directly comparable. 

In the present work, we used both the J-O and mJ-O parametrization schemes to 
describe the electric-dipole (ED) transitions of Sm3+ ions. The contribution of magnetic-dipole 
(MD) transitions obeying the selection rules ΔS = 0, ΔL = 0, ΔJ = 0, ±1 were calculated 
separately within the Russell–Saunders approximation on Sm3+ wave functions assuming a 
free-ion. The full set of reduced squared matrix elements U(k) (k = 2, 4, 6) for transitions in 
absorption emission was calculated in the present work on wave functions calculated in their 
turn from the free-ion parameters reported for Sm3+ [44]. The refractive index of the crystal was 
calculated from the Sellmeier equations reported [39]. 

The experimental absorption oscillator strengths <fexp>, were calculated as: 

< 𝑓𝑒𝑥𝑝 > =  
𝑚𝑒𝑐2

𝜋𝑒2𝑁𝑆𝑚<𝜆>2 < 𝛤 >,    (3) 

with me and e being the electron mass and charge, respectively, c representing the speed of 
light, NSm being the ion density in the 0.4 at.% Sm-doped crystal (0.25×1020 at/cm3), <λ> 
denoting the center of gravity of the absorption band, and <Г> being the absorption coefficient 
integrated over this band corresponding to a particular transition or a group of undistinguishable 
(spectrally overlapping) transitions. The brackets <..> stand for polarization-averaging, <fexp> = 
(fp + fm + fg)/3. The results on <fexp> are given in Table 1. A total of N = 11 transitions were 
analyzed (out of them, 5 transitions had an MD contribution). 

The absorption oscillator strengths can be calculated from the corresponding line 
strengths depending on the set of intensity parameters (Ω2, Ω4, Ω6 for the standard J-O theory 
and Ω2, Ω4, Ω6 and α for the mJ-O one): 

2 2
ED MD

calc calc calc

8 ( 2)
( ') ( ') ( '),

3 (2 1) 9

n
f JJ S JJ f JJ

h J n

 +
= +

+  
   (4) 

where h stands for the Planck constant, n is the mean refractive index of the crystal at the 
average transition wavelength 〈λ〉 and the superscript “Σ” is labelling the total (ED + MD) 
value. The set of <fexp> is fitted using Eq. (4) and Eq. (1) (mJ-O theory) or Eq. (2) (standard J-
O theory) yielding the fitting intensity parameters and the set of calculated absorption oscillator 
strengths, fΣcalc. The set of squared reduced matrix elements U(k) in absorption used for this 
fitting is listed in Table 2. 
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As a merit of goodness of the fit, we calculated the root mean square (r.m.s.) deviation 
between <fexp> and fΣcalc values: 

𝛿𝑅𝑀𝑆 = √
1

𝑁−𝑁𝑝𝑎𝑟𝑎𝑚
∑ (< 𝑓𝑒𝑥𝑝

Σ >𝑖 −< 𝑓𝑐𝑎𝑙𝑐
Σ >)2.   (5) 

In our case, δrms for the standard and modified J-O theories are rather close, being 0.999 and 
1.020, respectively. Another criterion for the choice of the model is the radiative lifetime of the 
metastable level: the mJ-O theory provided better agreement with the measured intrinsic 
luminescence lifetime. Thus, it was chosen for further calculations. 

The sets of intensity parameters for the two models applied are given in Table 3. For the 
mJ-O theory, they are Ω2 = 8.027, Ω4 = 7.210 and Ω6 = 2.322 [10−20 cm2] and α = -0.017 [10-

4 cm]. The parameter Ω2 strongly depends on the short-range interactions, i.e., the chemical 
bonding between the rare-earth ions and the surrounding ligands, as well as the local site 
symmetry. On the contrary, Ω4 and Ω6 depend on the long-range interactions, with Ω6 being 
influenced by the rigidity of the matrix [49]. 

Based on the intensity parameters from the mJ-O theory, the probabilities of spontaneous 
radiative transitions from the 4G5/2 metastable state of Sm3+, AJJ’, were evaluated: 

2
4 2 2

ED MD
calc calc calc3

64 2
( ') ( ') ( ').

33 (2 1)

e n
A JJ n S JJ A JJ

h J





  +
= + 

+    

   (6) 

The total probability of radiative spontaneous transitions, Atot, was then calculated as the sum 
of the individual A(JJ') values for all the possible emission channels. Using this value, the 
radiative lifetime, τrad, as well as the luminescence branching ratios, B(JJ'), were obtained by: 

Atot = ∑ Acalc
Σ (JJ')J'  and 𝜏rad =

1

𝐴tot
,    (7) 

𝐵(𝐽𝐽′) =
𝐴calc

𝛴 (𝐽𝐽′)

𝐴tot
.     (8) 

The results on the transition intensities of Sm3+ ions in emission are given in Table 4. The set 
of squared reduced matrix elements U(k) in emission used for this calculation is listed in Table 5. 
The luminescence branching ratios, B(JJ'), are valuable to predict the relative intensities of 
emission for each radiative transition from a given emitting state. The highest B(JJ') of 40.2% 
corresponds to the 4G5/2 → 6H9/2 transition in the red, and the second most intense is found for 
the 4G5/2 → 6H7/2 transition in the orange, with B(JJ') of 33.8%. Note that these two transitions 
are mainly exploited in visible Sm-lasers. 

The calculated radiative lifetime of the 4G5/2 state of Sm3+ ions in the KGd(WO4)2 crystal 
is 734 µs. It is somewhat shorter than that for the disordered 2 at.% Sm:NaGd(MoO4)2 double 
molybdate crystal, τrad = 979 µs [50]. As expected due to the low symmetry of the cation site in 
KGd(WO4)2, this radiative lifetime is much shorter than the values calculated previously for 
fluoride laser host matrices with intrinsically weaker crystal-field strengths, namely τrad = 4.6 ms 
for a 2.2 at.% Sm:LiLuF4 crystal [25] and τrad = 5.4 ms for a 5.0 at.% Sm:K2GdF5 crystal [51]. 

 
3.4. Stimulated-emission cross-sections 
The polarized luminescence spectra of Sm3+ ions in the KGd(WO4)2 crystal measured 

over a broad spectral range of 540 to 970 nm are shown in Fig. 6. As for absorption, Sm3+ ions 
in this compound exhibit a strong polarization anisotropy of emission properties. The highest 
luminescence intensity is observed for light polarized along the Nm and Np optical indicatrix 
axes. As mentioned above, Sm3+ ions provide emissions in the visible (at different colors) and 
near-IR spectral ranges all originating from the same long-living 4G5/2 manifold, with the most 
intense transition found in the red around 650 nm, corresponding to the 4G5/2 → 6H9/2 transition. 

The polarized stimulated-emission (SE) cross-section, σSE, spectra were calculated 
based on the measured luminescence spectra, and the transition probabilities (i.e., the radiative 
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lifetime τrad and luminescence branching ratios B(JJ')), using the Füchtbauer-Ladenburg (F-L) 
formula [52]:  

𝜎𝑆𝐸
𝑖 (𝜆) =

𝜆5

8𝜋𝑐<𝑛>2𝜏𝑟𝑎𝑑
×

𝐵(𝐽𝐽′)𝑊𝑖(𝜆)
1

3
∑ ∫ 𝜆𝑊𝑗(𝜆)𝑑𝜆𝑗=𝑝,𝑚,𝑔

,     (9) 

where Wi(λ) is the measured spectral profile of the luminescence, λ is the wavelength of light, 
<n> is the refractive index of the host crystal at the mean emission wavelength, c is the speed 
of light and i = p, m, g denotes the polarization state. The principal refractive indices were 
evaluated using the Sellmeier equations reported in [39]. 

The polarized σSE spectra are given in Fig. 7. In line with the measured fluorescence 
spectra, the highest emission cross-sections in the visible are reached for the 4G5/2 → 6H9/2 
transition in the red spectral range, with σSE = 0.55×10-20 cm2 at 649.0 nm for light polarization 
E || Np, with a FWHM emission bandwidth of 1.4 nm, cf. Fig. 7(c), and for the 4G5/2 → 6H7/2 
transition in the orange, with a the maximum σSE of 0.39×10-20 cm2 at 610.0 nm for the same 
polarization with an emission bandwidth of 2.1 nm, see Fig. 7(b), as both these transitions 
correspond to the highest luminescence branching ratios. The peak emission wavelengths, as 
well as the corresponding peak SE cross-sections for various transitions of Sm3+ ions in 
KGd(WO4)2 covering the yellow, orange, red, deep-red and IR spectral ranges are listed in 
Table 4. 

A comparison of the σSE spectra for the 4G5/2 → 6H9/2 transition for two Sm:KGd(WO4)2 
crystals featuring a low doping level (0.8 at.% Sm) and a relatively high concentration (20 at.% 
Sm) is shown in Fig. 8 for light polarizations E || Nm and E || Np. This comparison allows us to 
conclude about the effect of Sm3+ ions on the modification of the crystal-field when the doping 
level becomes high. One can observe a variation of the emission spectral profiles for the heavily 
doped crystal, namely, a slight blue-shift of emission peaks and redistribution of their relative 
intensity. Heavy Sm doping is expected to induce small modifications of the crystalline structure 
and local environment of Sm3+ ions, as they are larger than the Gd3+ ions (RGd = 1.053 Å and 
RSm = 1.079 Å for eight-fold oxygen coordination). 
 

3.5. Luminescence kinetics 
The luminescence decay from the 4G5/2 state of Sm3+ ions was studied for several 

KGd(WO4)2 crystals with Sm3+ doping levels of 0.4 at.%, 0.8 at.%, and 20 at.%. The orange 
emission at 602 nm corresponding to the 4G5/2 → 6H7/2 transition was monitored and the 
excitation wavelength was 471 nm (to the 4I11/2 state). The decay curves are seen in Fig. 9. For 
the crystal with the lowest studied doping level of Sm3+ (0.4 at.%), the luminescence decay is 
almost single-exponential, Fig. 9(a). The measured luminescence lifetime τlum for this crystal is 
719 µs being very close to the radiative one (τrad = 734 µs) calculated using the mJ-O theory. 
Due to the high energetic gap below the 4G5/2 manifold, any multi-phonon decay can be 
excluded despite the high phonon energies of the host matrix. Indeed, the energy-gap from the 
4G5/2 level to the next lower-lying state ΔE is about 7400 cm-1, and the maximum phonon energy 
of KGd(WO4)2 is 900 cm-1, so that ΔE/hνph >> 5-6 obeying the “energy-gap” law [53]. On 
increasing the doping concentration, the luminescence lifetime decreases to 686 µs (for 0.8 
at.% Sm) and 154 µs (for 20 at.% Sm, i.e. the quantum efficiency is as low as ~21% in the latter 
case). The luminescence decay curves notably deviate from the single-exponential law. As 
shown in Fig. 1, several CR processes between neighboring Sm3+ ions can be responsible for 
this self-quenching behaviour [25,54]. 

The decay curves were thus fitted using the Inokuti-Hirayama (I-H) model for multipolar 
interactions [55]: 

𝜑(𝑡) = exp (
−𝑡

𝜏0
− 𝛤(1 −

3

𝑠
) ×

4

3
𝜋𝑅0

3𝑁𝑆𝑚(
𝑡

𝜏0
)

3

𝑠),   (10) 
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where τ0 is the intrinsic lifetime of the 4G5/2 emitting state in absence of energy transfer, NSm is 
the density of optical centers, R0 is the critical distance between Sm3+ ions for which the energy 
transfer rate equals the spontaneous decay rate, s describes the interaction mechanism 
between the active ions (with s equal to 6, 8 and 10 for dipole-dipole (D-D), dipole-quadrupole 
(D-Q), and quadrupole-quadrupole (Q-Q) interactions, respectively), and Γ is the Euler’s 
function which is equal to 1.77 (D-D), 1.43 (D-Q) and 1.30 (Q-Q). The best-fit parameters for all 
three measured luminescence decay curves are as following: for crystals doped with 0.4 at.% 
and 0.8 at.% Sm3+ the intrinsic lifetime τ0 of 750±25 µs, the critical distance between active ions 
of R0 of 7.00±0.50 Å, and the s parameter of 6 indicating dipole-dipole interaction. For the crystal 
doped with 20 at.% Sm3+, the same intrinsic lifetime τ0 of 750±25 µs, the critical distance R0 of 
8.25±0.03 Å, and the s parameter of 8 indicating dipole-quadrupole interaction were taken for 
fitting the decay curve. 

Assuming a uniform ion distribution, the average distance between Sm3+ ions inside the 
KGd(WO4)2 crystal is given by: 

𝑅𝑎𝑣 = (
4

3
𝜋𝑁𝑆𝑚)

−1

3 .      (11) 

For low-doped crystals, we arrive to Rav of 21.3 Å and 16.9 Å for 0.4 at.% Sm and 0.8 at.% Sm, 
respectively, i.e., Rav >> R0. In this case, the cross-relaxation among adjacent Sm3+ ions is 
weak. For the heavily-doped crystal (20 at.% Sm), one finds Rav = 5.8 Å, so that Rav < R0. The 
decay curve strongly deviates from a single exponential decay, indicating a significant energy 
transfer between Sm3+ ions, resulting in strong luminescence lifetime quenching, which is often 
observed for Sm3+-doped materials. A strong decrease of the luminescence lifetime of the 4G5/2 
excited state occurred also for Sm3+:LiYF4 crystals, with τlum values gradually decreasing from 
1.5 ms to 0.6 ms upon increasing the doping level in the range of 0.1 - 10 mol% Sm [56]. 

The luminescence dynamics studies of Sm3+ ions reported so far seem to demonstrate 
that the interionic interactions between Sm3+ ions strongly vary with the doping level, as well as 
the nature and structure of the host material [54,57,58]. Very different interaction mechanisms 
have been observed using the I-H model for KYP4O12 [57], CaWO4 [58], Y2WO6 [59], and 
K5Li2LaF10 crystals [54], phosphate and fluorophosphate glasses [60] for various Sm3+ doping 
levels. Lavin et al. studied quadrupole-quadrupole interactions for low-doped fluoroborate 
glasses [61]. Solarz et al. observed variations of the interaction mechanism upon increasing 
the doping level for K5Li2LaF10 crystals up to the stoichiometric composition, from dipole-dipole 
interactions to quadrupole-quadrupole ones [54]. Demesh et al. investigated KY(WO4)2 crystals 
with low Sm3+ doping [24]. Similarly to our study of low-doped crystals, the authors concluded 
about dipole-dipole interactions (s = 6) using the I-H model. The reported best-fitting parameters 
were relatively close to those obtained in the present work, i.e., a critical distance R0 of 8.4 Å, 
and an intrinsic lifetime of 780 µs. Several authors suggested that the I-H formalism present 
some limitations for fitting multipolar interactions of Sm3+ ions, as it is not taking into account 
energy migration processes, the discrete structure of the material, or the distance between the 
second and third nearest neighbors (namely, 2R0 and 3R0) [54,57]. Nevertheless, 
concentration quenching was observed in the majority of Sm3+-doped materials studies, at 
intermediate to high doping levels. 

 
3.6. Excited-state absorption 
As mentioned previously, one of the main challenges for developing visible solid-state 

lasers based on Sm3+ ions is the risk of ESA within the 4f configuration, due to its complex 
energy-level scheme. ESA is a process when a single atom, ion or molecule is excited from a 
lower-lying excited-state, in our case the metastable state 4G5/2, to a higher-lying one by 
absorption of a photon [62]. ESA at the laser wavelength can strongly influence the output laser 
performance, or even prevent lasing, while ESA at the pump wavelength greatly reduces the 
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pumping efficiency [63]. So far, ESA of samarium ions was studied only for divalent Sm2+ ions 
[64]. Marzahl et al. studied visible laser action using Sm3+-doped LiLuF4 and SrAl12O19 crystals, 
and they observed a self-pulsing behavior, which they attributed to ESA at the laser wavelength 
[18]. Even though no such transitions were detected by the pump-probe ESA measurements 
in their work, these authors did not exclude the possibility of weak (non-resonant) ESA 
processes. 

In the present work, we estimated the probabilities of transitions in excited-state 
absorption and stimulated emission originating from the 4G5/2 manifold of Sm3+ ions, i.e. the 
upper laser level, having an average energy E(4G5/2) of 17790 cm-1. These calculations were 
performed within the mJ-O theory, and the obtained results are listed in Table 7. In this way, 
we can evaluate the risk of ESA at the potential laser wavelengths in the orange (the 4G5/2 → 
6H7/2 transition), red (the 4G5/2 → 6H9/2 transition), and deep-red (the 4G5/2 → 6H11/2 transition) 
spectral ranges, for Sm:KGd(WO4)2. In this table, first, we list the barycenter energies of the 
terminal manifolds for both the ESA and SE transitions (J → J'), denoted as EJ’. Then, the 
transition energy ΔEJJ’ is calculated for both types of processes. Finally, we give the Einstein 
coefficients Bcalc for these transitions. 

Concerning transitions in the red spectral range, the values of ΔEJJ’ for potential ESA 
channels (14830 cm-1 for 4G5/2 → 4P5/2, and 15720 cm-1 for 4G5/2 → 2F5/2) are not resonant with 
that for the emission transition 4G5/2 → 6H9/2 (15720 cm-1). This indicates a small risk of ESA at 
this laser wavelength. Recently [19], we obtained laser action with the Sm:KGd(WO4)2 crystal 
in the red exhibiting a self-pulsing behavior. A weak ESA process could explain this pulsed 
regime of operation acting as an artificial “fast” saturable absorber, probably originating from 
the 4G5/2 → 2F5/2 ESA transition, presenting the closest transition energy ΔEJJ’ to that of the laser 
channel, as well as the highest Bcalc value. Still, this weak (non-resonant) ESA does not prevent 
lasing. 

On the contrary, there is a strong risk of resonant ESA in the orange and deep-red 
spectral ranges, with both higher values of Bcalc and smaller energy mismatch between the 
transition energies ΔEJJ’ in ESA and SE. In the orange spectral range (the 4G5/2→6H7/2 
transition, ΔEJJ’ = 16530 cm-1), the most probable ESA path is the 4G5/2 → 4F9/2 transition, with 
Bcalc of 0.859×10-17 m3s-2J-1 and ΔEJJ’ = 16450 cm-1. Similarly, in the deep-red (the 4G5/2→6H11/2 
transition, ΔEJJ’ = 14020 cm-1), the most probable ESA paths are the 4G5/2 → 4G11/2 and 4G5/2 
→ 2K15/2 transitions, with Bcalc of 0.906×10-17 m3s-2J-1 and 2.037×10-17 m3s-2J-1, respectively, and 
transition energies of 13860 and 13630 cm-1, respectively. These strong and nearly resonant 
ESA processes might prevent laser action in the orange and deep-red spectral ranges. The 
possible 4f-4f ESA transitions of Sm3+ ions at the potential laser wavelengths are shown in 
Fig. 10. 

Due to the crystal-field interaction, the 4G5/2 state of Sm3+ ions is split in three closely 
located Stark sub-levels with the energies of 17601, 17876 and 17885 cm-1 in KGd(WO4)2. We 
calculated the probabilities of thermal population of these sub-levels, at 300 K and 400 K 
(accounting for the possible heating of the laser element under optical pumping), and the results 
are presented in Table 8. As very obviously expected, we observed an increase of the fractional 
thermal population of the higher-lying Stark sub-levels with increasing temperature, namely 
from 0.176 to 0.215 for the intermediate one, and from 0.168 to 0.207 for the higher-energy 
one. Thus, ESA conditions could also be affected by variations in the crystal temperature. 

 
3.7. Laser performance 
For the laser experiments, we used a rectangular laser element cut from the 0.8 at.% 

Sm3+-doped crystal and oriented in the optical indicatrix frame. The laser element had 
dimensions of 6.00(Np) × 7.70(Nm) × 8.05(Ng) mm3. It was oriented for light propagation along 
the Ng-axis (Ng-cut) due to the good thermo-optical properties offered by this crystal cut [65]. A 
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photograph of the laser element under UV illumination is given in Fig. 2(b). It was mounted in a 
Cu-holder and passively cooled. 

Two high-brightness pump sources were employed: 2ω-OPSL emitting up to 3.5 W at 
479.1 nm (Genesis CX, Coherent) and a 2ω-Ti:sapphire laser (MSquared Lasers, SolsTiS 
ECD-X) delivering up to 1.5 W at 404.7 nm.  

We employed a laser setup which is very similar to one reported in [19], see Fig. 11. 
First, we explored laser operation in the red spectral range on the 4G5/2 → 6H9/2 transition 

under pumping with the 2ω-OPSL at 479.1 nm. This wavelength corresponds to a local 
maximum in the absorption spectrum with a peak absorption cross section of 0.68×10-20 cm2 
for light polarized E || Nm, see Fig. 5(b). The input-output characteristics of the red Sm3+-laser 
are shown in Fig. 12(a), and the output characteristics are summarized in Table 9. A maximum 
true peak output power of 37.8 mW was obtained when using an output coupler transmission 
of 2.2%, with a corresponding laser threshold of 87 mW and a slope efficiency of 17.6% with 
respect to the absorbed pump power. For output coupler transmissions between 0.7% and 
6.2%, the laser threshold increased from 44 mW to 216 mW at lower slope efficiencies than for 
TOC = 2.2%. 

The input-output characteristics did not show a perfect linear trend close to the laser 
threshold. No signs of detrimental thermal effects nor thermal fracture of the crystal were 
observed up to the highest incident pump power of 2.0 W. A weak impact of thermo-optic 
effects was confirmed by implementing a mechanical chopper to modulate the pump beam 
and testing various pump duty cycles between 1:2 and 1:10, which did not reveal any significant 
improvement in the slope efficiency, however, a lower laser threshold resulted in a higher laser 
peak power. 

The laser wavelength of ~649 nm was weakly dependent on the output coupling rate. 
The laser emission was linearly polarized (E || Np) as expected from the emission spectra 
shown in Fig. 7(c). The far-field laser mode profiles shown in Fig. 12(b-d) were captured for an 
output coupling of 4.1% at three different output powers. With increasing the pump power, the 
laser beam is distorted and becomes elliptic. This behaviour is related to a weak astigmatism 
of the positive thermal lens in Ng-cut monoclinic double tungstate crystals [65]. 

This laser results represents an improvement in comparison to the first laser 
demonstration in this gain material [19] in terms of the output power in the red by a factor of 
two. 

Using the frequency-doubled Ti:sapphire laser at 404.7 nm as pump source to make use 
of the much higher absorption cross-section of 6.8×10-20 cm2 of the spin-allowed 6H5/2 → 6P3/2 
transition of Sm3+, see Fig. 5(a). However, no laser action in the red was achieved in this case. 
This can be explained by possible parity-allowed 4f – 5d ESA at this pump wavelength. 

Moreover, we performed laser experiments aiming for the orange transition 4G5/2 → 6H7/2 
and the deep-red transition 4G5/2 → 6H11/2, using both pump sources, but again no laser 
emission was observed. This is most probably due to strong resonant 4f-4f ESA transitions at 
the laser wavelengths, as predicted by our calculations using the mJ-O formalism. 

Finally, the heavily-doped (20 at.% Sm3+) crystal was investigated for laser operation. No 
laser action was obtained in the red when pumping by 2ω-OPSL at 479.1 nm, presumably due 
to the strong concentration quenching of the upper laser level 4G5/2 by CR processes as 
evidenced by the measured luminescence decay curve for this sample, see Fig. 9. 

 
4. Conclusions 
By performing a comprehensive polarizatrion-resolved spectroscopic study of samarium 

(III) doped KGd(WO4)2 crystals as a representative of the crystal family of monoclinic double 
tungstates, we conclude that these optically biaxial materials are appealing for the development 
of blue-pumped low-threshold lasers directly emitting red light. This is because of their attractive 
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spectroscopic properties, such as (i) high absorption cross-sections for polarized light enabling 
efficient pumping even for low-doped crystals; (ii) intense and strongly polarized stimulated-
emission bands in the red (σSE is 0.55×10-20 cm2 at 649.0 nm for light polarization E || Np and 
the corresponding luminescence branching ratio is 40.2%) leading to linearly polarized laser 
emission; and (iii) high luminescence quantum yield (~94% for 0.8 at.% Sm3+ doping) and 
relatively weak concentration quenching of luminescence due to the relatively long Gd3+ - Gd3+ 
interatomic distances. By employing the modified Judd-Ofelt theory, we were able not only to 
quantify the transition intensities for Sm3+ ions in absorption and emission, but also to analyze 
the possible role of 4f – 4f excited-state absorption in affecting and even ceasing laser operation 
in the visible, in the orange, red and deep-red spectral ranges. Indeed, ESA to the higher-lying 
short-living 4F9/2 (in the orange) and 4G11/2 and 2K15/2 (in the deep red) manifolds is suggested 
as a limiting factor for laser action in these spectral ranges. 

Future studies on Sm3+-doped monoclinic double tungstates should involve the following 
lines to improve their laser performance and better understand the spectroscopic processes 
affecting laser transitions: 

(i) an experimental study of ESA at the potential pump and laser wavelengths, e.g., by 
the pump-probe method, is needed, to reveal the predicted 4f – 4f ESA channels and to confirm 
the existence of possible parity-allowed 4f – 5d ESA transitions within the transparency range 
of monoclinic double tungstates; 

(ii) further optimization of the Sm3+ doping level around a few at.% is needed to find an 
equilibrium between the pump absorption efficiency and luminescence quenching; 

(iii) and, finally, the prospects of diode-pumping of Sm:KGd(WO4)2 crystals should be 
explored for further power scaling. Note that microchip laser operation is expected in this case 
as Ng-cut monoclinic double tungstate crystals feature a weakly astigmatic positive thermal 
lens. The role of ESA in the heat generation in such lasers needs to be clarified. 
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Figure 1. Energy-level scheme of Sm3+ ion up to 21000 cm-1. Arrows – 

transitions in absorption and emission, dashed lines –cross-relaxation (CR) 
processes, NR – non-radiative multiphonon relaxation. 

 
 

  
Figure 2. (a-c) Photographs of Sm:KGd(WO4)2 single crystals, the growth 
direction is along the [010] axis: (a,b) 0.8 at.% Sm3+ doping: (a) an as-grown 
crystal in natural light, (b) polished laser element under UV illumination; (c) 20 
at.% Sm3+ doping, an as-grown crystal in natural light; (d) orientation of the 
optical indicatrix axes {Np, Nm, Ng} with respect to the crystallographic axes {a, 
b, c}, with the C2 symmetry axis parallel to the b-axis. 
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Figure 3. Crystalline structure of monoclinic Sm:KGd(WO4)2 (sp. gr. C2/c): 
(left) a fragment of structure within a single unit-cell (black lines) in projection 
on the a-b crystallographic plane, (right) the coordination polyhedra 
[Sm|GdO8], [WO6], and [KO12].  
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Figure 4. Polarized Raman spectra of the 0.4 at.% Sm:KGd(WO4)2 crystal in 
the 𝒑(𝑖𝑗)𝒑̅ geometry (i, j = m, g). Porto’s notations are used. λexc = 514 nm. 
Numbers – Raman frequencies in cm-1. 
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Figure 5. (a-d) Polarized absorption cross-section, σabs, spectra for Sm3+ ions 
in the 0.4 at.% Sm:KGd(WO4)2 crystal for light polarizations E || Np, Nm and Ng. 
The transitions were assigned according to [48], with grey labels indicating 
transitions to excited-states with nearly zero squared reduced matrix elements 
U(k) (k = 2, 4, 6). 
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Table 1. Measured and calculated absorption oscillator strengths of Sm3+ ions in the 0.4 
at.% Sm:KGd(WO4)2 crystal: EJ – energy of the “center of gravity” of the absorption band, 
<Г> – integrated absorption coefficient, <fexp> and fΣcalc – experimental (polarization-
averaged) and calculated absorption oscillator strengths, respectively, ED and MD – 
electric-dipole and magnetic-dipole contributions, respectively. 

 

Transition  

6H5/2→2S+1LJ 
EJ,  
cm-1 

<Г>,  
cm-1*nm 

<fexp>, 
106 

fΣcalc (J-O),  
106 

fΣcalc (mJ-O),  
106 

6F1/2
6H15/2+ 

6F3/2+6F5/2 
6652.5 359.83 18.144 16.969ED+ 

0.002MD 
17.534ED+ 
0.002MD 

6F7/2 7983.1 87.570 6.271 6.870ED 7.125ED 
6F9/2 9083.3 40.763 3.850 3.649ED 3.738ED 
6F11/2 10350 14.556 1.803 0.553ED 0.562ED 
4G5/2 17727 0.597 0.215 0.092ED+ 

0.036MD 
0.093ED+ 
0.036MD 

4F3/2 18756 0.424 0.169 0.020ED+ 
0.001MD 

0.020ED+ 
0.001MD 

4G7/2+4I9/2+4M15/2 
+4I11/2+4I13/2 

20975 9.060 4.502 2.127ED+ 
0.001MD 

2.106ED+ 
0.001MD 

4F5/2+4M17/2+ 
4G9/2+4I15/2 

22512 1.876 1.070 0.338ED+ 
0.009MD 

0.334ED+ 
0.009MD 

6P5/2+4M19/2+ 23750 4.431 17.984 17.568ED 17.601ED 
4L13/2+4G7/2 24672 20.946  
6P3/2+4K11/2+4M21/2+ 
4L15/2+4G11/2 

25603 1.144  

4D1/2+4L17/2+6P7/2+4K13/2+ 26416 2.234 6.040 6.374ED 6.282ED 
4F9/2+4D3/2+6P5/2 27347 5.040  
4K15/2+4H9/2+6P7/2 28782 1.781 1.672 1.294ED 1.247ED 

r.m.s. deviation    0.999 1.020 
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Table 2. Squared reduced matrix elements for absorption transitions 
from the fundamental level 6H5/2 of Sm3+ ions. 

 

Transition 
6H5/2→2S+1LJ 

Energy E, 
cm-1 

|U(2)|2 |U(4)|2 |U(6)|2 

6H5/2 0 0.3879 0.0568 0.0000 
6H7/2 1038 0.2061 0.1960 0.0954 
6H9/2 2253 0.0256 0.1394 0.3268 
6H11/2 3592 0.0000 0.0240 0.2649 
6H13/2 5014 0.0000 0.0007 0.0659 
6F1/2

 6376 0.1939 0.0000 0.0000 
6H15/2 6485 0.0000 0.0000 0.0044 
6F3/2 6620 0.1444 0.1364 0.0000 
6F5/2

 7112 0.0332 0.2841 0.0000 
6F7/2

 7960 0.0020 0.1430 0.4299 
6F9/2

 9121 0.0000 0.0207 0.3412 
6F11/2

 10506 0.0000 0.0006 0.0515 
4G5/2

 17889 0.0002 0.0007 0.0000 
4F3/2

 18853 0.0003 0.0000 0.0000 
4G7/2

 19992 0.0004 0.0019 0.0025 
4I9/2

 20491 0.0023 0.0005 0.0015 
4M15/2

 20604 0.0000 0.0000 0.0329 
4I11/2

 21071 0.0000 0.0000 0.0110 
4I13/2

 21624 0.0000 0.0030 0.0220 
4F5/2

 22090 0.0004 0.0001 0.0000 
4M17/2

 22354 0.0000 0.0000 0.0053 
4G9/2

 22696 0.0001 0.0010 0.0028 
4I15/2

 22952 0.0000 0.0000 0.0005 
4M19/2

 23890 0.0000 0.0000 0.0000 
2F5/2

 24042 0.0000 0.0269 0.0000 
4L13/2

 24522 0.0000 0.0081 0.0091 
4F7/2

 24783 0.0002 0.0012 0.0004 
6P3/2

 24913 0.0000 0.1705 0.0000 
4K11/2

 25189 0.0000 0.0004 0.0027 
4M21/2

 25216 0.0000 0.0000 0.0000 
4L15/2

 25612 0.0000 0.0000 0.0054 
4G11/2

 25724 0.0000 0.0001 0.0010 
4D1/2

 26593 0.0001 0.0000 0.0000 
6P7/2

 26595 0.0000 0.0016 0.0772 
4L17/2

 26734 0.0000 0.0000 0.0002 
4K13/2

 26971 0.0000 0.0004 0.0015 
4F9/2

 27237 0.0000 0.0004 0.0000 
6P5/2

 27684 0.0000 0.0165 0.0000 
4D3/2

 27712 0.0001 0.0235 0.0000 
4H7/2

 28410 0.0013 0.0007 0.0000 
4K15/2

 28739 0.0000 0.0000 0.0001 
4H9/2

 29003 0.0001 0.0002 0.0008 
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Table 3. The intensity parameters of Sm3+ ions in the KGd(WO4)2 crystal. 

 

Parameter J-O theory mJ-O theory 

Ω2, 10-20 cm2 9.714 8.027 

Ω4, 10-20 cm2 8.343 7.210 

Ω6, 10-20 cm2 2.763 2.322 

α, 10-4 cm  -0.017 
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Figure 6. Polarized luminescence spectra of Sm3+ ions in the 0.8 at.% 
Sm:KGd(WO4)2 crystal in the visible spectral range, with emissions originating 
from the 4G5/2 metastable state and terminating at the 6HJ and 6FJ lower-lying 

manifolds. Light polarizations are E || Np, Nm and Ng. λexc = 488 nm. 
 
 

Table 4. The calculated probabilities of spontaneous radiative transitions of Sm3+ 
ions in the KGd(WO4)2 crystal (the mJ-O model): λem – peak emission 
wavelengths for all the possible transitions originating from the 4G5/2 metastable 
state, A(JJ’) – probabilities of spontaneous radiative transitions (ED + MD), B(JJ’) 
– luminescence branching ratios, Atot – total probability of radiative spontaneous 
transitions, τrad – radiative lifetime of the 4G5/2 state. 
4G5/2→2S+1LJ λem, nm A(JJ’), s-1 B(JJ’), % Atot, s-1 τrad, µs 
6H5/2 564.1 49.93ED+31.27MD 6.0 1362.5 734.0 
6H7/2 607.2 434.46ED+25.54MD 33.8   
6H9/2 655.0 548.18ED 40.2   
6H11/2 716.3 114.1ED 8.4   
6H13/2 794.2 12.82ED 0.9   
6F1/2+6H15/2+ 
+6F3/2+6F5/2 

903.0 104.26ED+16.75MD 8.9   

6F7/2 1026.3 12.18ED+1.74MD 1.0   
6F9/2 1156.9 10.59ED 0.8   
6F11/2 1355.6 0.66ED 0.05   
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Table 5. The squared reduced matrix elements for transitions in emission from 
the 4G5/2 level of Sm3+ ions to the lower-lying levels. 

 

Transition 
4G5/2→2S+1LJ 

Energy E, 
cm-1 

|U(2)|2 |U(4)|2 |U(6)|2 

6F11/2 7383 0.0000 0.0001 0.0004 
6F9/2 8768 0.0015 0.0002 0.0003 
6F7/2 9929 0.0001 0.0015 0.0001 
6F5/2 10777 0.0059 0.0011 0.0000 
6F3/2 11269 0.0010 0.0001 0.0000 
6H15/2 11404 0.0000 0.0000 0.0001 
6F1/2 11513 0.0010 0.0000 0.0000 
6H13/2 12875 0.0000 0.0001 0.0019 
6H11/2 14297 0.0000 0.0043 0.0016 
6H9/2 15636 0.0095 0.0062 0.0018 
6H7/2 16851 0.0000 0.0084 0.0072 
6H5/2 17889 0.0002 0.0007 0.0000 
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Figure 7. (a-f) Polarized stimulated-emission (SE) cross-section, σSE, spectra 
for transitions from the 4G5/2 metastable state to the lower-lying 6HJ and 6FJ 
manifolds: (a) 6H5/2, (b) 6H7/2, (c) 6H9/2, (d) 6H11/2, (e) 6H13/2, (f) 6H15/2 and 6FJ (J = 
1/2, 3/2, 5/2), the light polarizations are E || Np, Nm and Ng. 
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Figure 8. Comparison of stimulated-emission (SE) cross-sections, σSE, for the 
4G5/2 → 6H7/2 transition for 0.8 at.% Sm3+-doped (solid lines) and 20 at.% Sm3+-
doped (dashed lines) KGd(WO4)2 crystals. The light polarizations are E || Np 
and E || Nm.  
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Table 6. The peak emission wavelengths, λem, and stimulated-emission cross-
sections, σSE, for selected transitions originating from the 4G5/2 Sm3+ metastable 
state in the 0.8 at.% Sm:KGd(WO4)2 crystal. The corresponding light 
polarization is indicated in parentheses. 

 
4G5/2→2S+1LJ λem, nm σSE, 10-21 cm² Color 
6H5/2 564.6 0.81 (p) Yellow 
6H7/2 610.0 3.91 (m) Orange 
6H9/2 649.0 5.47 (p) Red 
6H11/2 709.4 1.22 (m) Deep-red 
6H13/2 792.9 0.16 (m) Deep-red 
6F1/2 868.4 0.19 (p) IR 
6H15/2 884.6 0.41 (m) IR 
6F3/2+6F5/2 950.7 2.02 (m) IR 
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Figure 9. (a,b) Luminescence decay curves from the 4G5/2 state of Sm3+ ions 

in KGd(WO4)2 crystals: (a) 0.4 at.% Sm3+ and 0.8 at.% Sm3+; (b) 20 at.% 
Sm3+. Grey circles – experimental data, solid curves – their fits using the I-
H model. λexc = 471 nm, λlum = 602 nm.  
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Table 7. Einstein coefficients, Bcalc, representing the probabilities of transitions in stimulated-
emission (SE) and absorption (ESA) from the metastable 4G5/2 Sm3+ state in the KGd(WO4)2 
crystal. The calculations were performed using the modified Judd-Ofelt formalism. ΔEJJ’ 
corresponds to the energy difference between the two levels involved in the transition. 

 

SE 
4G5/2→2S+1LJ 

ESA 
4G5/2→2S+1LJ 

Manifold energy 
EJ’, cm-1 

Transition energy 
ΔEJJ’, cm-1 

Bcalc,10-17 
m3s-2J-1 

Color 

4G5/2→6H7/2
  1260 16530 0.386 Orange 

 4G5/2→4F9/2 34240 16450 0.859  
 4G5/2→2L17/2 34410 16620 0.010  
 4G5/2→4I9/2 34430 16650 0.520  
4G5/2→6H9/2

  2460 15330 0.579 Red 
 4G5/2→4P5/2 32620 14830 0.395  
 4G5/2→2F5/2 33510 15720 0.475  
4G5/2→6H11/2

  3770 14020  0.158 Deep-red 
 4G5/2→4G11/2 31640 13860 0.906  
 4G5/2→2K15/2 31420 13630 2.037  
 4G5/2→4P3/2 31520 13730 0.363  
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Figure 10. Possible 4f-4f excited-state absorption (ESA) transitions from the 
4G5/2 Sm3+ metastable state to higher-lying excited-states (dashed arrows), 
according to calculations within the modified Judd-Ofelt theory. Solid arrows – 
pump (GSA) and laser (SE) transitions. 

 
Table 8. Fractional thermal populations of Stark sub-levels of the 4G5/2 
manifold of Sm3+ ions in the KGd(WO4)2 crystal. 

 

Sub-level energy E, cm-1 Fractional thermal population 

 T = 300 K T = 400 K 

17601 0.656 0.577 
17876 0.176 0.215 
17885 0.168 0.207 
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Figure 11. Scheme of the laser setup: L, AR-coated achromatic focusing lens; 

PM, pump mirror; OC, output coupler. 
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Figure 12. Output performance of the red 0.8 at.% Sm:KGd(WO4)2 laser 

emitting at 649 nm: (a) Input-output dependences; (b-d) far-field laser mode 
profiles captured at different output powers of the laser for TOC = 4.1%: (b) 
near the laser threshold; (c) at ~10 mW; (d) at ~21 mW. 

 
 

Table 9. Output characteristics of the red 0.8 at.% Sm:KGd(WO4)2 laser: TOC 
– output coupling, Pth – laser threshold, η – slope efficiency, Pout – maximum 
output power. 

 

TOC, % Pth, mW η, % Pout, mW 

0.7 55 13.8 30.7 
0.9 44 12.4 30.3 
2.2 87 17.6 37.8 
4.1 167 17.5 21.1 
6.2 216 9.7 8.5 

 


