
HAL Id: hal-04298289
https://hal.science/hal-04298289

Submitted on 21 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Efficient continuous wave and broad tunable lasers with
the Tm:GdScO 3 crystal

Qingsong Song, Ning Zhang, Jian Liu, Xinyu Qian, Chaoyi Zhang, Yanyan
Xue, Yongguang Zhao, Xiaodong Xu, Kheirreddine Lebbou, Jun Xu

To cite this version:
Qingsong Song, Ning Zhang, Jian Liu, Xinyu Qian, Chaoyi Zhang, et al.. Efficient continuous wave
and broad tunable lasers with the Tm:GdScO 3 crystal. Optics Letters, 2023, 48 (3), pp.640-643.
�10.1364/OL.481997�. �hal-04298289�

https://hal.science/hal-04298289
https://hal.archives-ouvertes.fr


 

1 

 

Tm:GdScO3: potential 2 μm ultrashort pulse laser 1 

crystal with the broadest tunable CW laser range 2 

of 321 nm 3 

QINGSONG SONG,1,2
 NING ZHANG,2 JIAN LIU,1 XINYU QIAN,1,3

 CHAOYI ZHANG,1 4 
YANYAN XUE,1 YONGGUANG ZHAO,2 XIAODONG XU,2,5

 KHEIRREDDINE LEBBOU
4, 5 

AND JUN XU
1,6 6 

1School of Physics Science and Engineering, Institute for Advanced Study, Tongji University, Shanghai 7 
200092, China 8 
2Jiangsu Key Laboratory of Advanced Laser Materials and Devices, School of Physics and Electronic 9 
Engineering, Jiangsu Normal University, Xuzhou 221116, China 10 
3Materials Genome Institute, Shanghai University, Shanghai, 200444, China 11 
4Institut Lumière Matière, UMR5306 Université Lyon1-CNRS, Université de Lyon, Lyon 69622, Villeurbanne 12 
Cedex, France 13 
5 xdxu79@jsnu.edu.cn  14 
6 15503@tongji.edu.cn 15 

Abstract: We report on the growth, detailed spectroscopy, and 2 μm continuous-wave (CW) laser 16 
operation of an orthorhombic Tm:GdScO3 single crystal. The crystal was grown by the Czochralski 17 
technique and the spectroscopic properties were investigated by Judd-Ofelt (J-O) analysis. The 18 
results indicate that Tm:GdScO3 crystal (E // b polarization) is favorable for low-threshold and 19 
broadband tunable continuous-wave (CW) laser operation with a large optical parameter σemτ of 20 
5.68 × 10

-20
 cm

2
·ms (1980 nm), a broadband and smooth emission spectra (FWHM = 279 nm) and 21 

gain cross-section (0.76 × 10
-20

 cm
2
 at 1982 nm when β = 0.3). Furthermore, the CW laser (c-cut) 22 

generated 1.645 W at 1983 nm pumped by a 1700-nm Raman fiber laser, with a slope efficiency of 23 
53.1% and a threshold of 0.331 W. Besides, the CW regime also obtained a tuning range of 321 24 
nm, which is the broadest in any Tm

3+
 2 μm laser to the best of our knowledge. Consequently, 25 

Tm:GdScO3 crystal is promising for 2 μm ultrashort pulses generation. 26 

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement 27 

1. Introduction 28 

Mid-infrared 2-µm lasers with Tm
3+

-activated gain materials have attracted great attention for 29 
their wide range applications in atmospheric remote sensing, space communication, organic 30 
material processing, medicine, Etc. Especially 2-µm mode-locked Tm

3+
-doped lasers, 31 

generating ultrashort pulses with high peak power, are of great interest for developing mid-32 
infrared OPO and super continuum spectrum, the potential applications in spectroscopy and 33 
pulsed laser surgery, and for the development of tabletop x-ray coherent sources [1,2]. 34 

In the case of the heavy lanthanide ion Tm
3+

 with the configuration [Xe]4f
12

, lanthanide 35 
contraction reduced the shielding effect from the crystal field, meaning that the host crystal has a 36 
more pronounced influence on the spectroscopic properties, and leading to the spectral broadening. 37 
The broadband transitions of Tm

3+
 ion can be exploited in realizing ultrashort pulse laser by mode-38 

locking. Compared to Ti:sapphire, the narrow gain spectra of Tm-doped crystals limit their 39 
ultrashort laser generation with broadband spectrum. Further broadening of the gain spectra can be 40 
realized by introducing multisite defects or local disorders in crystals. Tm

3+
-doped disordered 41 

crystals, with strong crystal-lattice vibration due to disorder, help to energy level splitting of Tm
3+

 42 
and getting broadband gain spectrum while maintaining the excellent thermal capacities of 43 

https://doi.org/10.1364/OA_License_v2
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crystalline due to their long-ordered structures. Up to now, numerous publications have reported 44 
generating sub-100 fs pulses from Tm

3+
-doped gain media by varieties of mode-locking methods. 45 

Monoclinic Tm:MgWO4 crystal generated 86-fs pulses at 2017 nm based on a graphene saturable 46 
absorber (SA) mode-locked laser [3]. At the same wavelength, slightly shorter pulses of 78-fs have 47 
been generated from a single-walled carbon nanotube-based saturable absorber (SWCNT-SA) 48 
mode-locked Tm:CLNGG laser [4]. To date, the shortest pulses from a Tm

3+
-doped laser (non-49 

sample combined) have been demonstrated by using the disordered “mixed” sesquioxide. Based on 50 
mixed sesquioxide Tm:(Lu,Sc)2O3, a semiconductor saturable absorber mirror (SESAM) mode-51 
locked laser generated 63-fs pulses at 2057 nm [5], and a Kerr-lens mode-locked laser generated 52 
58-fs pulses at 2081 nm [6]. Additionally, based on mixed sesquioxide Tm:(Lu,Y)2O3, a SWCNT-53 
SA mode-locked laser generated 57-fs pulses at 2045 nm [7], and a SESAM mode-locked laser 54 
generated as short as 54-fs at 2048 nm [8]. The authors attribute the performance to the flat and 55 
smooth gain cross-sections of the Tm

3+
-doped mixed sesquioxide. 56 

Recently, gadolinium scandate (GdScO3) crystal has attracted much attention due to the high 57 
thermal conductivity of 5.54 W/(m·k) and low phonon energy of 481 cm

-1
 [9-11]. GdScO₃  is 58 

orthorhombic structured and belongs to Pnma space group [12]. In addition, due to its high 59 
tolerance to structural distortions, its perovskite structure permits diverse ionic substitutions at Gd

3+
 60 

and Sc
3+

 sites. [13]. The crystal structure of GdScO3 based on ICSD data is shown in Fig. 1(a). 61 
Larger Gd

3+
 and smaller Sc

3+
 ions are in 8-fold and 6-fold oxide ion coordination, respectively. 62 

Moreover, the average bond lengths of Gd-O and Sc-O are 2.51 and 2.98 Å, respectively. The 63 
distance of nearest-neighbor cation that can be replaced by Tm

3+
 ion is only 3.21 Å, shorter than 64 

that of host materials, such as Sc2O3 (3.24 Å), LuScO3 (3.33 Å), CaYAlO4 (3.37 Å), YSGG (3.48 65 
Å), YAP (3.59 Å), LuAG (3.65 Å), Etc., so this host is very favorable for Tm

3+
 to realize “two-for-66 

one” through cross-relaxation (CR). Since small-radius rare-earth ions can effectively replace Gd 67 
and Sc sites, Gd and Sc can also replace each other, GdScO3 crystal has large low-symmetry 68 
distortions in the local symmetry of the activator center; the large inhomogeneous broadband 69 
spectra can be deserved [9]. The transition of Tm

3+
:
3
F4 → 

3
H6 shows a broadband emission with an 70 

FWHM of ~ 269 nm in 1.33 at.% Tm:GdScO3 crystal [11], which is much broader than any other 71 
Tm

3+
-doped crystals [14]. Therefore, a broadband tunable continuous-wave (CW) laser, even 72 

mode-locked ultrashort pulses of Tm:GdScO3 can be expected. 73 

In the present work, we aimed to evaluate the laser potential of Tm:GdScO3 crystal in detail 74 
concerning growth, polarized spectra, and polarized CW and tunable CW laser operation. The 75 
Judd-Ofelt (J-O) theory accounting for configuration interaction was also applied, yielding the 76 
intensity parameters Ω2 = 3.85, Ω4 = 3.08, Ω6 = 0.82 × 10

-20
 cm

2
. The crystal CW laser was pumped 77 

by a 1700-nm Raman fiber laser and achieved tunable ranges of 1813-2022 (a-cut), 1818-2111 (b-78 
cut), and 1824-2145 (c-cut) nm. 79 

2. Crystal growth and structure 80 

Under stationary stable regime, the Tm:GdScO3 crystal was grown by the Czochralski technique. 81 
First, the commercial oxide powders of Tm2O3 (5N), Gd2O3 (5N), and Sc2O3 (5N) were weighted 82 
as raw materials according to the formula Tm0.04Gd0.96ScO3. Next, the mixed raw materials were 83 
pressed into bulks and pre-sintered in air at 1500 °C for 10 hours. And then, all the bulks were 84 
melted in an iridium crucible for crystal growth with a <100> orientation GdScO3 crystal as the 85 
seed. To control the thermal gradient and limit thermal defects propagation, zirconia oxide (ZrO2) 86 
thermal insulation was used around the crucible.   During the growth the pulling rate was 1 mm/h, 87 
the rotation rate was 10-20 rpm, and growth atmosphere was nitrogen. Unfortunately, due to 88 
sudden cooling to the room temperature caused by the accident of power outages in the furnace, 89 
there are some cracks in the obtained crystal, as shown in Fig. 1(b). The as-grown crystal was dark 90 



 

3 

 

brown in color, the coloration was removed to a great extent by annealing at 1350 °C for 20 h 91 
under reducing atmosphere (5% H2+95% Ar). 92 

 93 

Fig. 1. (a) Schematic diagram of Tm:GdScO3 structure, (b) Room temperature XRD pattern of the 94 
powdered Tm:GdScO3 crystal. The inset presents photograph of the as-grown Tm:GdScO3 bulk. 95 

The structure of Tm:GdScO3 was determined by the X-ray powder diffraction experiment 96 
((XRD, Bruker-D2, Germany)). The XRD pattern (Fig. 1b) of Tm:GdScO3 crystal is in agreement 97 
with that of undoped GdScO3 (PDF#79-0577). The crystal belongs to the orthorhombic crystal 98 
class (space group Pnma, No. 62) and the lattice constants were calculated to be a  = 5.4816 Å, b 99 
= 5.7481 Å, and c = 7.9423 Å, slightly larger than that of the undoped crystal (a  = 5.482 Å, b 100 
= 5.742 Å, and c  = 7.926 Å). We did not register the presence of secondary’s phases 101 
peaks diffraction or inclusions.    102 

3. Spectroscopic characterization 103 

The polarized absorption spectra of Tm:GdScO3 crystal were measured using a Cary 5000 UV-104 
Vis-NIR spectrophotometer; the fluorescence spectra and fluorescence decay curves were recorded 105 
by Edinburgh Instruments FLS 1000 spectrophotometer with a excitation source of 793 nm LD. All 106 
the measurements were carried out at room temperature. The concentration of Tm

3+
 ions was 107 

measured by inductively coupled plasma atomic emission spectrometry (ICP-AES) to be 3.04 at.%, 108 
corresponding Tm

3+
 ion concentration NTm is 4.798 × 10

20
 cm

-3
. 109 

3.1 Optical absorption and Judd-Ofelt analysis 110 

When narrow-band or line sources such as light-emitting diodes or krypton arc lamps are used 111 
for optical pumping, the location and strength of individual absorption lines are important 112 
[15]. The absorption intensities of GdScO3 crystal vary with orientation because of the 113 
anisotropy. Hence study of the polarized absorption spectra of Tm:GdScO3 crystal is 114 
necessary. Fig. 2(a) shows the polarized absorption spectra of 3.04 at.% Tm:GdScO3 crystal. 115 
The absorption spectra consist of mainly six absorption bands which are corresponding to the 116 
transitions 

3
H6 → 

1
D2, 

1
G4, 

3
F2,3, 

3
H4, 

3
H5, and 

3
F4. The absorption spectra are represented by 117 

the absorption coefficient αabs calculated from the tested transmittance data. Its calculation 118 
formula is as follow [16-18]: 119 

        
              

 
 

         

 
 

    

 
                                           (1) 120 
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where I0 (λ) is the incident optical intensity, I(λ) is the transmitted optical intensity, T is the 121 
measured transmittance, and L is the thickness of the sample in cm, and OD is the measured 122 
absorption intensity. The details about the 

3
H6 → 

3
F4 transition are shown in Fig. 2(b). The 123 

absorption bands are smoother broadband absorptions than that of Sc2O3 or YAG. [19,20] The 124 
absorption cross-section σabs = αabs/NTm at 1700 nm and the full widths at half maximums 125 
(FWHMs) of the corresponding absorption peak are 0.71 × 10

-20
 cm

2
 and 131.34 nm (E // c), 126 

0.60 × 10
-20

 cm
2
 and 112.69 nm (E // b), 0.60 × 10

-20
 and 109.88 nm cm

2
 (E // a), respectively. 127 

The FWHMs are comparable to or broader than the disordered “mixed” Tm:CGLA crystal 128 
[127.1 nm (σ), 100.6 nm (π)] [21]. The broadband absorption match commercially available 129 
pump sources in the 1.6-1.7 µm (Fig. 2c), for example, Tm-doped fiber laser, Yb,Er-doped 130 
fiber and crystal laser, and Raman fiber laser [22]. 131 

 132 

Fig. 2. Polarized (a) absorption spectra and (b) absorption cross-section of the Tm:GdScO3 crystal, (c) 133 
energy level diagram of the Tm:GdScO3 crystal: ESU, excited-state upconversion; NR, non-radiative 134 
relaxation; CR, cross-relaxation; UC, upconversion luminescence. The splits of Tm3+ were estimated. 135 

Other absorption spectral data are listed in Table 1. As the chart shows, the 
3
H6 → 

3
H4 136 

transition of the Tm:GdScO3 is again broadband, with a maximum bandwidth of 33 nm (E // 137 
c), wider than YVO4 (28 nm) [23], LuYO3 (26 nm) [24], La:CaF2 (27 nm) [25] and CGLA 138 
(17.5 nm) [21]. The broad absorption band weakens the sensitivity towards pump wavelength 139 
shifts. Therefore, it is suitable for pumping by the well-known “two-for-one” pumping 140 
mechanism at ~ 0.8 μm (Fig. 2c), in which one pump photon can excite two Tm

3+
 ions by the 141 

cross-relaxation 
3
H4 + 

3
H6 → 

3
F4 + 

3
F4 and thus enable two laser photons. However, pumping at ~ 142 

0.8 μm suffers from excited state absorption and heat production with a larger quantum defect. 143 
Therefore, in general, also Tm-lasers are suitable for direct in-band pumping into the emitting 

3
H4 144 

level [26], which requires a similar wavelength as in the case of Ho
3+

. This could increase the 145 
Stokes-efficiency more than 90% [27]. This paper adopts this scheme, and the pump wavelength is 146 
located at 1700 nm (Fig. 2b). 147 

 148 
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Table 1. The polarized absorption spectra parameter of the Tm:GdScO3 crystal. 149 

Table 2. The J-O intensity parameters of Tm3+ in GdScO3 and other crystals. 150 

Crystals Ω2(10-20 cm2) Ω4 (10-20 cm2) Ω6 (10-20 cm2) Ω4/Ω6 Ref. 

Y2O3 3.17 1.43 0.48 2.97 [35] 

Lu2O3 2.87 1.38 0.46 3.04 [35] 

Sc2O3 2.58 0.88 0.67 1.31 [35] 

LuYO3 5.44 3.37 1.57 2.15 [36] 

LuScO3 2.43 1.08 0.65 1.65 [14] 

YVO4 7.81 1.03 1.14 0.90 [23] 

GdVO4 8.13 1.45 1.35 1.07 [23] 

LuVO4 8.44 1.82 1.78 1.02 [23] 

YAG 0.70 1.20 0.50 2.40 [37] 

LuAG 2.51 1.24 1.34 0.92 [38] 

YAP 0.93 0.23 1.12 0.21 [39] 

CYA 1.55 3.45 1.18 2.92 [40] 

CGLA 2.93 2.79 1.14 2.44 [21] 

MgWO4 7.61 0.84 2.38 0.35 [1] 

La:CaF2 1.43 1.49 1.16 1.28 [25] 

SrF2 1.30 3.52 2.44 1.44 [41] 

KY3F10 1.91 1.53 1.57 0.98 [42] 

GdScO3 

E // c 

E // b 

E // a 

 

3.85 

4.17 

3.61 

 

3.08 

2.36 

0.94 

 

0.82 

0.54 

0.42 

 

 

 

This work 

 

 

 

Ωt,eff 3.87 2.13 0.59 3.59  

The absorption spectra were analyzed within the standard J-O theory [28,29] for investigating 151 
the radiative transition properties. The absorption line strengths Sexp (J,J') from the ground state 

3
H6 152 

to the excited states (from 
3
F4 to 

1
D2) were determined from the measured absorption spectra: 153 

        
   

         

       

  

       

 

  
                                                 (2) 154 

where J represents the angular quantum number, N0 represents the ionic concentration, α(λ) 155 
represents the absorption coefficient,    represents the calculated average wavelength, h is the 156 

3H6→ 

Peak λ (nm) αabs (cm-1) σabs (10-20 cm2) FWHM (nm） 

E // 

c 

E // 

b 

E // 

a 

E // 

c 

E // 

b 

E // 

a 

E // 

c 

E // 

b 
E // a E // c E // b E // a 

1D2 362 357 357 3.11 5.05 2.30 0.65 1.05 0.48 10.07 4.96 7.51 

1G4 475 473 474 1.73 1.79 1.16 0.36 0.37 0.24 14.95 9.84 10.85 

3F3+
3F2 694 686 686 4.50 6.29 3.01 0.94 1.31 0.63 23.62 8.21 7.48 

3H4 791 794 794 3.00 8.23 5.58 0.63 1.72 1.16 33.24 7.78 8.18 

3H5 1216 1228 1202 8.31 2.01 2.70 1.73 0.42 0.56 5.92 44.34 44.79 

3F4 1673 1742 1696 4.47 4.53 2.93 0.93 0.95 0.61 131.34 112.69 109.88 
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Planck constant, c is the light speed, e is the electron charge, and n is the refractive index. The 157 
refractive index of the host crystals throughout this range can be calculated using the respective 158 
Sellmeier equation [30]. For this work, the constants in the equation were estimated using the 159 
reported refractive index data of GdScO3 [31], resulting in the following equation: 160 

                
         

            
                                           (3) 161 

where λ has the unit of µm. It should be reminded that the influence of the optical axis is not 162 
considered here. The values of Sexp and the squared reduced matrix elements U

(t)
 given in [32] were 163 

used to calculate the J-O intensity parameters, Ωt, (t = 2, 4, 6) by multiple linear regression. For 164 
Tm:GdScO3, the biaxial crystal, the effective intensity parameters can be calculated as: Ωt,eff = 165 
(Ω2,E//a + Ω4,E//b + Ω6,E//c)/3 [33] and the values were calculated to be Ω2,eff = 3.87, Ω4,eff = 2.13 and 166 
Ω6,eff = 0.59 (10

-20
 cm

2
). The J-O intensity parameters of Tm

3+
 doped crystals are listed in Table 2. 167 

As we know, Ω2 is the symmetry and covalency-dependent parameter of the host crystal field [34]. 168 
The larger the Ω2, the stronger the covalency and the lower symmetry of the crystal. Compared 169 
with other crystals, the Tm:GdScO3 crystal is more covalent and less symmetrical. The Ω4/Ω6 is 170 
usually as a parameter of description for spectra quality [34]. The higher the ratio, the better the 171 
spectral quality of the crystal. The data in Table 2 show that the value Ω4/Ω6 of the Tm:GdScO3 172 
crystal is the largest. 173 

Table 3. The absorption line strength Sexp(J,J') and calculated line strength Scal(J,J') of Tm:GdScO3 crystal. 174 

With these parameters, the calculated line strengths Scal(J,J'), the root-mean-square deviation 175 
(RMS ΔS) and RMS error between measured and calculated line strengths can be given by the 176 
following equations: 177 

        
      

                                                 

 
                (4) 178 

           exp   cal 
 
                                                               (5) 179 

     error      exp   cal 
 
            exp

                                     (6) 180 

where Sed are the forced electric dipole line strengths, Smd are the magnetic dipole line strengths and 181 
were taken from [43], N (N = 6) is the number of absorption bands directed at our analysis. These 182 
outcomes are presented in Table 3. 183 

3H6→ 
   (nm） 

n 
Sexp(J, J') (10-20 cm2) Scal(J, J') (10-20 cm2) 

E // c E // b E // a E // c E // b E // a E // c E // b E // a 

1D2 362 359 360 2.16 1.11 1.17 0.67 1.05ED 0.80ED 0.34ED 

1G4 475 475 478 2.12 0.82 0.54 0.54 0.43ED 0.38ED 0.25ED 

3F3+
3F2 692 686 685 2.09 2.06 1.64 1.00 1.87ED 1.34ED 0.76ED 

3H4 791 792 792 2.09 1.74 1.98 1.48 1.74ED 1.57ED 1.21ED 

3H5 1205 1203 1202 2.06 2.37 1.28 1.49 
1.65ED+ 

0.402MD 

1.34ED+ 

0.402MD 

0.87ED+ 

0.402MD 

3F4 1723 1721 1727 2.03 4.80 4.30 3.05 4.50ED 4.08ED 2.72ED 

RMS ΔS (10-20 cm2) 

RMS erros 

0.36 

0.14 

0.48 

0.22 

0.40 

0.25 
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3.2 Optical emission 184 

The probabilities of spontaneous radiative transitions A(J,J') is jointly determined by Sed and Smd. 185 
Here only 

3
F4→

3
H6 transition is considered, and the magnetic dipole line strength Smd = 0 [43]. 186 

Hence, the simplified equation is as follow: 187 

         
      

           

        

 
                                                    (7) 188 

where Sed were determined from the J-O parameters Ωt and the emission transition matrix elements 189 
U

(t)
 given in [32]. The fluorescence branching ratio β(J, J') and the radiative lifetime τrad are 190 

obtained by: 191 

        
       

          
                                                            (8) 192 

     
 

          
                                                              (9) 193 

Table 4. Calculated emission probabilities of the 3F4 → 3H6 transition in Tm:GdScO3  crystal.  194 

3F4→ FWHMa (nm）    (nm） A (J,J') (s-1)  β(J, J') τrad(ms) 

3H6    1 2.64 

E // c 74.81 1927 419.11   

E // b 278.66 1830 449.62   

E // a 273.94 1894 268.17   

aThe FWHMs were derived from the emission spectra rather than the emission cross-section. 195 

 196 

Fig. 3. (a) Polarized emission cross-section of the Tm:GdScO3 crystal, and (b) fluorescence decay 197 
curve of Tm3+:3F4 manifold in the Tm:GdScO3 crystal, pumped at 793 nm LD. 198 

In the Equation (9), the            was averaged over the principal light polarizations, 199 
[A(J,J')E//c + A(J,J')E//b + A(J,J')E//a]/3. The above parameters are summarized in Table 4. In 200 
particular, the τrad(

3
F4) is closely connected with the 2 μm laser power of potential transition. The 201 

τrad was calculated to be 2.64 ms, inferior to that of fluoride [41,44,45] and aluminate [19,38] as 202 
expected. Due to the intrinsic disorder of GdScO3 causes a reduced site symmetry, which should, in 203 
turn, reduce the excited state lifetime [46]. Whereas the τrad approaches that of mixed-sesquioxide 204 
[47-49] and CGA [21], and longer than that of MgWO4 [1], SSO [50] and vanadate [23]. The 205 
room-temperature fluorescence decay curves of the 

3
F4 excited state are shown in Fig. 3(b). The 206 

value of fluorescence lifetime τf at 1800 nm was fitted to be 2.29 ms. And the corresponding 207 
quantum efficiency η = τf/τrad was 86.7%. 208 
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 209 
Fig. 4. Photoluminescence parameters of Tm-doped crystals. Fluorides are marked by squares, oxides 210 
by circles, and this work by pentagrams [1,14,21-25,27,29,42,45,48,49,51,53,54,57-62]. (a) Emission 211 
cross-section vs bandwidth, (b) σemτ vs peak emission wavelength. 212 

The emission cross-sections σem for the 
3
F4 → 

3
H6 transition of the Tm:GdScO3 crystal were 213 

calculated by the Füchtbauer-Landenburg formula (F-L method) [25]: 214 

       
       

                 
                                                   (10) 215 

where I(λ) represents the fluorescence intensity at the wavelength λ. The emission cross-sections 216 
from 1550 to 2400 nm are shown in Fig. 3(a). Compared with the case of YAG [19], Sc2O3 [20], 217 
KY3F10 [45], Etc, the spectra, in especial the polarization direction of E // b, are slightly smoother 218 
and broader, due to the disordered structure of GdScO3 and the maxima occur at intermediate 219 
wavelengths. In addition, after increasing the spectral width at the expense of reducing peak 220 
emission cross-section, the Tm-GdScO3 still possess considerable emission cross-sections. The 221 
main emission peaks are located at 1806 (E // c), 1980 (E // b) and 1888 (E // a) nm, and the values 222 
of σem are 0.68 (E // c), 2.57 (E // b) and 1.13 (E // a) × 10

-20
 cm

2
, with FWHMs of 221 (E // c), 287 223 

(E // b) and 274 (E // a) nm, respectively. To the best of our knowledge, the bandwidth of 287 nm 224 
exceeds that of any other host (Fig. 4a), and the broadband supports the generation of wide-range 225 
tunable CW laser. Moreover, in the GdScO3 crystal, the large ground-state multiplet of Tm

3+
 ion 226 

enables the peak of emission cross-section close to 2000 nm and extends to more than 2300 nm, 227 
which coincides with the transition of 

3
H4 → 

3
H5. No significant emission peaks at ~ 2.3 μm are 228 

shown in Fig. 3(a), so we ignored the weak emissions from transition of 
3
H4 → 

3
H5. Furthermore, 229 

the absorption spectra end at merely ~ 1950 nm. Therefore, it is particularly favorable to the quasi-230 
three-level system. As regards the quasi-three-level laser, the emission saturation intensity Isat = 231 
hv/σemτ [51,52], one of the most important parameters of the laser material characterizing its ability 232 
to reach the threshold, is essentially determined by σemτ. The larger the σemτ is, the smaller the laser 233 
threshold is. The σemτ versus wavelength at the maximum emission cross-section of the main hosts 234 
doped with Tm

3+
 ion are shown in Fig. 4(b). In the E // b polarization, the σemτ of Tm:GdScO3 (2.57 235 

× 2.21 = 5.68 10
-20

 cm
2
 ms) is second only to Tm:KY3F10 [45] and close to Tm

3+
 in SrF2 [41], 236 

MgWO4 [1] and BYF [53]. Moreover, the laser thresholds of Tm
3+

 in these materials are all lower 237 
(0.065 ~ 0.45 W), so the Tm:GdScO3 crystal can be expected to have a low laser threshold in the 238 
polarization. 239 

3.3 Optical gain 240 

The laser emission range for Tm:GdScO3 can be signed from the corresponding gain cross-sections 241 
σgain = βσem – (1 – β)σabs, where β = N2(

3
F4)/NTm represents the inversion ratio. The polarized σgain 242 
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spectra of the 
3
F4 → 

3
H6 transition with different β values are shown in Fig. 5. The maximum σgain 243 

value (0.76 × 10
-20

 cm
2
 at 1982 nm when β = 0.3) correspond to light polarization E // b. For both 244 

low β value and higher β value, the local peak centered at ~ 1.98 μm dominates in the spectra. 245 
Compared with other polarizations, the gain bandwidth of the gain cross-section is also the widest. 246 
The bandwidth is 230 nm even at a low β value (β = 0.15), far beyond 145 nm of Tm:CGLA [21]. 247 
Furthermore, when β = 0.3, the bandwidth is more than 250 nm because of its smooth gain cross-248 
section. Besides, such large, broad, and flat profile of the gain cross section supports a wide band 249 
tunable and ultrashort pulse lasers for the a-cut and c-cut Tm:GdScO3 crystals [46]. 250 

 251 

Fig. 5. Polarized gain cross-sections (a) E // a, (b) E // b, and (c) E // c of the Tm:GdScO3 crystal.  252 

Similar to that of polarization E // a, the gain cross-sections of polarization E // a also expect 253 
the potential for broadband tunable and ultrafast lasers with a gain bandwidth of 223 nm (β = 0.3). 254 
With the increase of the inversion level from β = 0.15 to 0.2, the local peak jumped from ~ 1.99 μm 255 
to ~ 1.89 μm. In contrast, for polarization E // c, the value of σgain is small even to zero before 1.9 256 
μm because of strong self-absorption. Therefore, the positive gain or even a dual-wavelength 257 
operation can be achieved before 1.9 μm only when β > 0.2. And a high inversion level β = 0.4 is 258 
required to support a wider band tunable laser output. 259 

4. Laser operation 260 

4.1 Laser set-up 261 

 262 

Fig. 6. Schematic of the Tm:GdScO3 crystal laser: M1, M2, folding mirrors; M3, high reflective 263 
mirror; LF, Lyot filter inserted at Brewster’s angle; OC, output coupler. The inset shows one of the 264 
samples of the laser operation. 265 

The Tm:GdScO3 crystal was operated CW and tunable laser under a 1700-nm Raman fiber 266 
laser in an X-shaped laser cavity (Fig. 6), which comprised of a spherical lens (f = 75 mm) 267 
focusing capability with beam radius of 22 μm, two dichroic folding mirrors (M1 and M2, with a 268 
radius of curvature of ROC = -100 mm), a high reflective mirror M3, a home-made Lyot filter (LF, 269 
only for tunable laser operation) inserted at Brewster’s angle and plane-wedged output couplers 270 
(OCs) with the transmission of Toc = 0.5, 1.0, 1.5, 3.0, 5.0 %. The active elements were a-, b-, 271 
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and c-cut (thickness: l = 6.0 mm, aperture: 3.0 × 3.0 mm
2
) with Brewster's Angle to produce a 272 

polarized laser, corresponding to the of E // c, E // a, E // b, respectively. Their end faces were 273 
polished but left uncoated, whereas the lateral surfaces were not polished and coated.  The 274 
sample was placed in the cavity at Brewster’s angle and tightly mounted in a water-cooled (14 275 
℃) Cu-holder to mitigate the thermal load. 276 

4.2 Laser operation of a-cut Tm:GdScO3 crystal 277 

The absorbed pump - output dependences and typical laser emission spectra of a-cut Tm:GdScO3 278 
are presented in Fig. 7(a) and (b). The laser emission was horizontally polarized (E // c); the 279 
anisotropy of the gain naturally selected the polarization. The output power dependence was linear, 280 
demonstrating no detrimental influence of the thermal effects. The single-pass absorption under 281 
lasing conditions was calculated to be 68.7%. The maximum output power was 0.7 W at 1975.9 nm 282 
with a slope efficiency of η = 30.0% (concerning the absorbed pump power), with the laser 283 
threshold of 0.725 W (Toc = 5%), and the optical-to-optical efficiency ηopt was 19.9% (concerning 284 
the incident pump power). With the increase of TOC, the central wavelength shifted to a shorter 285 
wavelength (blue-shift) from 1992.5 to 1975.9 nm, which is a typical feature of the quasi-three-286 
level Tm-laser system due to the enhanced reabsorption effect [59]. 287 

 288 

Fig. 7. CW and wavelength-tunable performance of the a-cut Tm:GdScO3 crystal: (a) Output power 289 
versus absorbed pump power with different OCs, (b) laser spectra with different OCs, (c) Caird plot 290 
of the inverse slope efficiency with respect to the inverse output-coupling loss, and (d) wavelength 291 
tuning curve. Here, η is the slope efficiency; 1/η is the inverse slope efficiency; -1/ln(1 - Toc) is the 292 
inverse output-coupling loss. 293 

The round-trip resonator loss δ was calculated by a modified Caird analysis [60], 1/η = 1/η0(1 + 294 
2γi/γoc) with γi = -ln(1 - L) and γoc = -1/ln(1 - Toc), where η0 is the limiting slope efficiency, L is the 295 
internal loss per pass, γi is the logarithmic internal loss of the cavity per pass, and γoc is the 296 
logarithmic output-coupling loss. As shown in Fig. 7(c), the best fit of the measured data yielded η0 297 
= 38.7% and L = 0.017 ± 0.0009,  and then the propagation losses at the laser wavelength [61] were 298 
calculated to be δ = L/l = 0.028 ± 0.0015 cm

-1
. For the wavelength-tuning operation, the laser 299 

wavelength was quasi-continuously adjusted from 1812.9 to 2022.3 nm (tuning range Δλ = 209.4 300 
nm, Toc = 1%), as shown in Fig. 7(d). The non-smooth tunable laser and low-power, low-efficiency, 301 
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high-threshold CW laser operations are mainly due to the small and discontinuous gain, and the 302 
small σemτ value (1.49 × 10

-20
 cm

2
·ms) in the corresponding polarization E // c. The results indicate 303 

that laser operation in this polarization direction is not the best choice. 304 

4.3 Laser operation of b-cut Tm:GdScO3 crystal 305 

A better laser operation result is based on the b-cut Tm:GdScO3 (E // a). The absorbed pump-output 306 
dependences and typical laser emission spectra are presented in Fig. 8(a) and (b). The single-pass 307 
absorption under lasing conditions was calculated to be 74.9%. The maximum output power was 308 
1.152 W at 1909.6 and 1988.6 nm (double-peak spectra) with a slope efficiency of η = 49.6%, with 309 
the laser threshold of 0.433 W (Toc = 5%), and the optical-to-optical efficiency ηopt is 34.9%. The 310 
central wavelength was changed from 1909.6 to 1993.3 nm with decreasing the TOC. The best 311 
fitting results are η0 = 68.6%, and δ = 0.013  ± 0.0005 cm

-1
 (Fig. 8c). As shown in Fig. 8(d), the 312 

wavelength-tuning operation come out a tuning range from 1818.1 to 2110.9 nm (Δλ =292.8 nm, 313 
Toc = 1%).  314 

 315 

Fig. 8. CW and wavelength-tunable performance of the b-cut Tm:GdScO3 crystal: (a) Output power 316 
versus absorbed pump power with different OCs, (b) laser spectra with different OCs, (c) Caird plot, 317 
and (d) wavelength tuning curve. 318 

4.4 Laser operation of c-cut Tm:GdScO3 crystal 319 

The first-rank laser performance is based on the c-cut Tm:GdScO3 (E // b). The absorbed pump-320 
output dependences and typical laser emission spectra are presented in Fig. 9(a) and (b). The 321 
single-pass absorption under lasing conditions was calculated to be 79.2%. With decreasing the Toc, 322 
the central wavelength was changed from 1983.1 to 2022.3 nm. When Toc = 5%, the maximum 323 
output power was 1.645 W at 1983.1 nm with a slope efficiency of η = 53.1%, a lower threshold of 324 
0.331 W, and an optical-to-optical efficiency of ηopt = 44.1%. The best fitting results are η0 = 72.1%, 325 
and δ = 0.010 ± 0.0004 cm

-1
 (Fig. 9c). 326 

As shown in Fig. 9(d), a CW tuning range of 321.3 nm was measured in the c-cut Tm:GdScO3 327 
(1823.6-2144.9 nm, Toc = 1%). To the best of our knowledge, this tuning range is broader than that 328 
of obtaining from any other Tm-doped materials, such as Tm:CGLA (258 nm) [21], Tm:CYA (271 329 
nm) [62], Tm:Lu2O3 and Tm:Sc2O3 combined (296 nm) [63], Tm:YSAG (300 nm) [64] and 330 
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Tm:Y2O3 (318 nm) [59]. Among these outstanding hosts, mode-locked pulses as short as 41-fs 331 
based on Tm:Lu2O3 and Tm:Sc2O3 in one laser cavity [63]. In short, the result further indicates the 332 
potential of Tm:GdScO3 crystal for ultrashort pulse generation. 333 

 334 

Fig. 9. CW and wavelength-tunable performance of the c-cut Tm:GdScO3 crystal: (a) Output power 335 
versus absorbed pump power with different OCs, (b) laser spectra with different OCs, (c) Caird plot, 336 
and (d) wavelength tuning curve. 337 

5. Conclusions 338 

In conclusion, we report on the Czochralski growth, structural and detailed polarized spectroscopic 339 
characterization, and CW and first wavelength-tunable laser operation of 3.04 at.% Tm:GdScO3 340 
crystal. From the structure, both Gd and Sc sites in GdScO3 can be effectively substituted  by Tm 341 
dopant, and the crystal has large low-symmetry distortions (with a large J-O intensity parameter Ω2 342 
of 3.87), which is the prerequisite for the broadband spectra of Tm

3+
 ion. The spectra exhibit broad 343 

absorption bands for pumping at 1.7 µm (FWHM = 131, 113, 110 nm), broad, smooth, flat 344 
emission cross-section (FWHM = 274, 287, 221 nm) and gain cross-section (bandwidth > 200 nm). 345 
Furthermore, the large value of Ω4/Ω6 (3.59) also indicates that the spectral quality is excellent, 346 
especially in the polarization of E // b. Compared with others directions, the spectra show the 347 
widest and largest emission and gain cross-section, and a large value of σemτ (5.68 × 10

-20
 cm

2
·ms 348 

at 1980 nm) indicating a low threshold. The corresponding c-cut crystal CW laser generated 1.645 349 
W at 1983 nm with a slope efficiency of 53%, a threshold of 0.33 W, and a broadband tuning range 350 
of 321 nm (1824-2145 nm). The result indicates that the Tm:GdScO3 crystal is a promising  351 
potential gain medium for ultrashort pulse generation, and it seems advantageous for further pulse 352 
shortening of Tm 2-μm mode-locking. 353 
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