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Abstract Tm3+:Na2La4(WO4)7, a disordered tetragonal scheelite-type tungstate crystal, 
is grown by the Czochralski method. The polarized absorption, stimulated-emission and 
gain cross-section spectra are determined. The maximum σSE is 1.62×10-20 cm2 at 
1788.6 nm for σ-polarization. The Judd-Ofelt parameters for Tm3+ are Ω2 = 10.321, Ω4 
= 0.183 and Ω6 = 2.122 [10-20 cm2]. The radiative lifetime of the 3F4 state is 1.63 ms. 
Raman spectroscopy reveals a maximum phonon energy of 923 cm-1. Laser operation 
under diode-pumping is achieved with both a-cut and c-cut Tm:Na2La4(WO4)7 crystals, 
reaching a maximum output power for the a-cut of 715 mW at ~1937 nm with a slope 
efficiency of 34%. Microchip laser operation using the c-cut crystal yields a slope effi-
ciency of 41%. The Tm:Na2La4(WO4)7 crystal is promising for mode-locked lasers 
due to its broadband emission. 
 
Keywords: seven tungstates; thulium ions; absorption; luminescence; Judd-Ofelt theo-
ry; laser operation. 
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1. Introduction 
The Thulium (Tm3+) ion (electronic configuration: [Xe]4f12) plays an important role in 

laser physics due to its broadband eye-safe emission at ~2 μm related to the 3F4 → 3H6 4f-4f 
transition. Tm lasers are used in medicine, remote sensing (LIDAR) and spectroscopy. One of 
the most studied hosts for Tm3+ doping are the scheelite (CaWO4) type (space group 4I ) te-
tragonal (i.e. uniaxial) sodium double tungstate crystals, NaT(WO4)2, where T = Gd, Y, Lu 
or La [1]. In the NaT(WO4)2 lattice, the 2b and 2d sites (both possessing the same S4 sym-
metry) are statistically occupied by the univalent Na+ and trivalent T3+ cations. The laser-
active rare-earth ions, e.g., Tm3+, will replace the T3+ cations in both sites [2]. The local dis-
order of the Tm3+-doped NaT(WO4)2 crystals is then explained by the short-range Na+/T3+ 
distribution, i.e., the second shell of cations around each 2b or 2d sites [1]. Due to the local 
disorder, Tm3+-doped NaT(WO4)2 crystals feature broad absorption and emission spectral 
bands for polarized light [1-4]. The upper laser level (3F4) lifetime of Tm3+ is relatively long 
and amounts to ~1 ms [1]. 

The suitable spectroscopic properties of the Tm:NaT(WO4)2 crystals enabled an effi-
cient pumping at ~0.8 µm (the 3H6 → 3H4 transition of Tm3+) by AlGaAs laser diodes or 
Ti:Sapphire lasers [1,2,5], linearly polarized laser output and broad wavelength tuning of the 
laser emission in the continuous-wave (CW) regime [5]. An a-cut Tm:NaLu(WO4)2 laser 
generated 0.49 W of σ-polarized output at 1924 nm with a slope efficiency η of 48.5% (with 
respect to the absorbed pump power) when pumped by a Ti:Sapphire laser at 800 nm [2]. In 
[1], an a-cut Tm:NaY(WO4)2 laser was continuously tuned from 1847 to 2069 nm (for σ-
polarization). 

In the present work, we report on the development of a novel disordered scheelite-type 
tungstate laser crystal, Tm:Na2La4(WO4)7. Its ideal chemical formula can be represented as 
NaxLay(WO4)2 where x = 4/7 and y = 8/7, so that the charge compensation is maintained. 
Recently, lasing of Na2La4(WO4)7 doped with Nd3+ was demonstrated [6], however, the out-
put power was only 80 mW at 1060 nm with η = 7% under quasi-CW pumping. An isostruc-
tural Na2La4(MoO4)7 crystal is also known [7]. The search for novel crystals within the 
family of the tetragonal tungstates is motivated by the inferior thermal and thermo-optical 
properties of the conventional NaT(WO4)2 crystals, namely, low thermal conductivity (~1 
W/mK) and negative thermo-optic coefficients, dn/dT [8], limiting the power scaling capabil-
ities of these crystals as compared to the monoclinic (space group C2/c) double tungstates, e. 
g., Tm:KLu(WO4)2 [9] or tungstates, e.g., Tm:MgWO4 [10]. 
 

2. Crystal growth and structure 
The Na2La4(WO4)7 crystal melts congruently at 1252 °C [6]. As a consequence, it can 

be grown by the Czochralski method. The raw materials for the growth charge were synthe-
sized by a solid-state reaction, Na2CO3 + (2-2x)La2O3 + 2xTm2O3 + 7WO3 → Na2(La1-

xTmx)4(WO4)7 + CO2↑. The chemicals used for crystal growth were Na2CO3 and WO3 (ana-
lytical grade purity), as well as La2O3 and Tm2O3 (99.99% purity). Stoichiometric amounts 
of raw materials were weighed, mixed, ground and extruded to form the pellets. Then, such 
pellets were placed in an alumina crucible and kept at 950 °C for 48 h. This process was re-
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peated two times to ensure pure polycrystalline materials. The synthesized raw materials 
were placed in a platinum crucible located in a 2 kHz furnace and heated slightly above the 
melting point for 1 h. Then, the temperature was decreased to the crystallization point. The 
crystal was grown at a pulling rate of 1–1.5 mm/h and a rotation rate of 10–15 rpm along the 
[100] crystallographic direction. The grown crystal was cooled down to room temperature at 
a cooling rate of 15–20 °C/h. 

A Tm:Na2La4(WO4)7 crystal with dimensions of Ø20×35 mm3 was grown within four 
days, see Fig. 1(a). It was crack-free and transparent but had a slight green coloration. We 
attributed this slight green coloration of the sample to the impurities or defects in the crystal 
with a strong absorption in the region of 350-696 nm, which might introduce some detri-
mental effects to the laser operation of this material. The Tm3+-ion concentration in the 
grown crystal, NTm = 1.43×1020 at/cm3 (1.36 at.%) was measured by inductively coupled 
plasma atomic emission spectrometry. Since the ion distribution shows a certain concentra-
tion gradient in the crystal during the crystal growth process, we have measured the averaged 
concentration. We used the average concentration of Tm3+ ion in Na2La4(WO4)7 to calculate 
the segregation coefficient. The calculated segregation coefficient of the Tm3+ is KTm=0.38. 

The structure and the phase purity of the grown crystal were confirmed by X-ray pow-
der diffraction (XRD), Fig. 1(b). The structure was refined with the Rietveld method. 
Tm:Na2La4(WO4)7 is tetragonal (defect scheelite-type structure with space group , 
No. 82) and optically uniaxial (optical axis is parallel to the c-axis). It possesses two crystal-
lographic sites (2b and 2d) statistically occupied by the La3+/Tm3+ and Na+ cations following 
the atomic ratio La/Tm:Na = 2:1 (in total). For both sites, the La3+ cations are VIII-fold O2- 
coordinated (ionic radius: 1.16 Å), Fig. 2. The ionic radius of Tm3+ (0.994 Å) is smaller than 
that of La3+ and thus an additional effect on the crystal field strength is expected. 

The determined lattice parameters of Tm:Na2La4(WO4)7 are a = b = 5.35526(7) Å, c = 
11.68568(2) Å, the volume of the unit-cell V = 335.132(8) Å3, and the calculated density ρcalc 
= 4.901 g/cm3. The reduced chi-squared χ2 = (Rwp/Rexp)2 was 1.387. The determined lattice 
constants are close to those of NaLa(WO4)2, a = 5.3575(7) Å, c = 11.671(2) Å [1], and of 
0.41 at.% Nd:Na2La4(WO4)7, a = 5.355 Å, c = 11.68 Å [6]. 

 
3. Spectroscopic characterization 
For the spectroscopic studies, a 3.1 mm-thick rectangular sample was cut along the a-

axis with an aperture of 3.0(c)× 3.0(a) mm2 giving access to both principal light polariza-
tions, π (E || c) and σ (E ⊥ c). All studies were performed at room temperature (293 K). 

 
3.1. Optical absorption 
The absorption spectra of Tm:Na2La4(WO4)7 corresponding to the transitions from the 

3H6 ground-state to the 3F4, 3H5, 3H4, 3F2,3, 1G4 and 1D2 excited-states of Tm3+ are shown in 
Fig. 3 for π- and σ-polarizations. The absorption cross-sections were calculated as σabs = 
αabs/NTm. For the 3H6 → 3H4 Tm3+ transition suitable for pumping with AlGaAs laser diodes, 
Fig. 3(d), the maximum σabs is 4.86×10-20 cm2 at 794.5 nm for σ-polarization. The full width 
at half maximum (FWHM) of the absorption band is 5.3 nm. The peak σabs is much lower for 
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π-polarization, namely 1.37×10-20 cm2 at 793.6 nm. The polarization anisotropy is less pro-
nounced for the 3H6 → 3F4 transition, Fig. 3(f). This transition can be used for resonant 
pumping of Tm lasers, e.g., by Raman-shifted Er fiber lasers. The maximum σabs is 1.33×10-

20 cm2 at 1699 nm for π-polarization and 1.24×10-20 cm2 at 1743 nm for σ-polarization. The 
measured UV absorption edge λg for Tm:Na2La4(WO4)7 is 330 nm (π) and 334 nm (σ) corre-
sponding to a bandgap Eg of ~3.76 eV. 

The transition probabilities for the Tm3+ ion in Na2La4(WO4)7 were determined within 
the standard Judd-Ofelt (J-O) theory [11,12]. All quantities were considered as polarization-
averaged, e.g., the experimental absorption oscillator strengths ‹fΣ

exp› = (2fΣ
exp(σ) + fΣ

exp(π))/3 
which were determined from the measured absorption spectra, Fig. 3. By applying the J-O 
theory, we calculated the absorption oscillator strengths for the Tm3+ ion ‹fΣ

calc›, see Table 1. 
The root mean square (rms) deviation between ‹fΣ

exp› and ‹fΣ
calc› was 0.566. More details and 

in particular the squared reduced matrix elements U(k) and the magnetic-dipole (MD) contri-
butions ‹fMD

calc› can be found in [10,13]. The refractive indices were for Tm:NaLa(WO4)2 
and taken from [8]. The determined intensity (J-O) parameters are Ω2 = 10.321, Ω4 = 0.183 
and Ω6 = 2.122 [10-20 cm2]. 

 
3.2. Optical emission 
Using the J-O parameters, we calculated the probability of spontaneous transitions AJJ', 

the luminescence branching ratios BJJ' and the radiative lifetimes, τrad, of the excited-states of 
the Tm3+ ion. For the squared reduced matrix elements U(k) for emission and the MD contri-
butions AMD

JJ', refer to [10,13]. The results are presented in Table 2. For the upper laser level, 
3F4, τrad is 1.63 ms. For the pump level, 3H4, τrad = 0.22 ms. 

The unpolarized near-IR emission spectrum of Tm:Na2La4(WO4)7 under excitation at 
802 nm (to the 3H4 state) is shown in Fig. 4(a). It contains the emission at 1.4-1.55 µm due to 
the 3H4 → 3F4 transition and the broad and intense emission at 1.65-2.05 µm due to the 3F4 
→ 3H6 transition. To calculate the polarized stimulated-emission (SE) cross-sections, σSE, for 
this transition, we used the modified reciprocity method [14]. The results are shown in 
Fig. 4(b). For σ-polarization, the maximum σSE is 1.62×10-20 cm2 at 1788.6 nm. For π-
polarization, the maximum σSE is slightly lower, 1.44×10-20 cm2 at 1839 nm. 

The measured luminescence decay curve (emission at 1800 nm, from the 3F4 state) for 
the Tm:Na2La4(WO4)7 crystal is shown in Fig. 4(c). The characteristic decay time τlum is 1.7 
ms which is close to the radiative one (1.63 ms). 

The Tm3+ ion represents a quasi-three-level laser scheme, therefore, we calculated the 
gain cross-sections, σg = βσSE – (1–β)σabs, where β = N(3F4)/NTm is the inversion ratio, see 
Fig. 5. Higher cross-sections are obtained for the π-polarization. The gain bandwidth 
(FWHM) calculated for β = 0.3 is 110 nm (π) and 108 nm (σ). 

 
3.3. Raman spectroscopy 
The vibrational properties of Tm:Na2La4(WO4)7 were characterized with Raman spec-

troscopy using polarized light, Fig. 6. Porto’s notation ( )m nk l  means the following: m and l 
stand for the direction of propagation of the excitation and scattered light, respectively, and n 
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and k – for their polarizations, respectively. Both a-cut and c-cut crystals were studied. The 
excitation wavelength was 514 nm (Ar+ ion laser). 

For the NaT(WO4)2-type tetragonal crystals, according to the group theory, the irreduc-
ible representations at the center of the Brillouin zone (k = 0) are: Г = 3Ag + 5Bg + 5Eg + 
5Au + 3Bu + 5Eu of which 13 (Ag, Bg and doubly-degenerated Eg) are Raman-active and the 
rest are IR-active [15]. For scheelite-type crystals featuring isolated [WO4] tetrahedra, see 
Fig. 2, there is an energy gap in the Raman spectra in the 450-700 cm-1 range. This effect is 
also clearly observed for Tm:Na2La4(WO4)7. Physically, the bands at such frequencies are 
related to the double oxygen bridge vibrations (WOOW) and they are observed for monoclin-
ic KLu(WO4)2 and MgWO4 featuring interconnected [WO6] polyhedra [9,10]. For 
Tm:Na2La4(WO4)7, the bands at 758-923 cm-1 are due to the symmetric and asymmetric 
stretching vibrations (ν) of the [WO4] groups, the bands at 325-417 cm-1 are due to the 
[WO4] bending modes (δ) and the bands at shorter frequencies are due to the external lattice 
vibrations (L, T). The strongest band contains several peaks at 914 and 923 cm-1. The Raman 
activity of Na2La4(WO4)7 is a prerequisite for vibronic operation of Tm lasers above 2 μm 
[16]. 

 
3.4. Comparison with other Tm3+-doped tungstates 
In Table 3, we compared absorption and emission properties of Tm3+ ions in various 

representative tungstate crystals, namely tetragonal Tm:Na2La4(WO4)7 and monoclinic 
Tm:KLu(WO4)2 [9] and Tm:MgWO4 [10]. Note that it is easier to grow the former crystal 
(by Czochralski method) as compared to the latter ones (by Top-Seeded-Solution Growth, 
from the flux). Regarding the 3H6 → 3H4 absorption, Tm:Na2La4(WO4)7 provides almost the 
same peak σabs and slightly broader Δλabs (FWHM) as compared to Tm:KLu(WO4)2. What 
about the 3F4 → 3H6 emission, Tm:Na2La4(WO4)7 shows the broader gain bandwidth Δλgain. 
The 3F4 lifetimes of Tm3+ ions are close for the three considered crystals. 

 
4. Laser operation 
For the laser experiments, the same 3.1(a)×3.0(c)×3.0(a) mm3 rectangular sample, 1.36 

at.% Tm:Na2La4(WO4)7 was used. It was polished for light propagation along the a and c 
axes (a-cut and c-cut, respectively). Both pairs of the crystal faces were uncoated. All exper-
iments were performed in the CW mode. 

 
4.1. Hemispherical cavity: a-cut crystal 
The CW laser experiments with the a-cut crystal were performed in a hemispherical 

cavity. The pump mirror (PM) was antireflection (AR) coated at 770-1050 nm and high re-
flection (HR) coated at 1800-2080 nm. It was placed at 1 mm from the laser crystal. Several 
concave output couplers (OCs) with radius of curvature ROC of 50 mm and transmission TOC 
of 1.5%, 3%, 5%, 9% or 15% at the laser wavelength were employed. The total physical cavi-
ty length was ~49 mm. The a-cut crystal was mounted in a Cu-holder using Indium foil to 
provide better thermal contact from all 4 lateral sides. The holder was water-cooled to 12 °C. 
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The laser crystal was pumped through the PM by a fiber-coupled AlGaAs laser diode 
(LD) at ~802 nm. In contrast to pump at the maximum absorption line at 794 nm, we shifted 
the pump wavelength to 802 nm reducing the quantum defect to reduce partially the thermal 
roll-over minimizing the probablity of thermal fracture while still providing enough popula-
tion inversion to overcome the ground state reabsorption therefore realizing efficient laser 
operation. The fiber details were: core diameter, 200 µm, numerical aperture, N.A. = 0.22. 
The diode wavelength was stabilized by water-cooling. The unpolarized pump radiation was 
collimated and focused into the crystal using a lens assembly (focal length: 30 mm, 1:1 
reimaging ratio). The pump spot radius in the crystal wp was 100 μm. The single pass pump 
absorption of the crystal under lasing conditions amounted to 18%. 

The input-output characteristics and the emission spectra of the a-cut 
Tm:Na2La4(WO4)7 laser are presented in Fig. 7. The π-polarization was naturally selected 
according to the anisotropy of the gain, Fig. 5. The maximum output power reached 650 mW 
at ~1937 nm corresponding to a slope efficiency η of 31% (with respect to the absorbed pump 
power Pabs), for TOC = 1.5%. The laser threshold was at Pabs = 260 mW. The laser perfor-
mance deteriorated with the increase of TOC due to up-conversion losses. The laser emission 
wavelength shifted accordingly from 1937 to 1869 nm which agrees with the gain spectra, 
Fig. 5(a). The best laser performance in terms of slope efficiency has been obtained with the 
lowest TOC. This could mean relatively high cavity losses. We attribute this to the Fresnel 
loss of the two uncoated surfaces of the crystal without placing laser crystal. 

Microchip laser concept means a laser material and (optionally) a saturable absorber 
both placed in a compact plano-plano laser cavity featuring low intracavity losses and poten-
tially high laser efficiency. Tm3+-doped tungstate crystals have been recently recognized as 
very suitable materials for microchip lasers [17]. At first, we studied microchip laser opera-
tion with the a-cut Tm:Na2La4(WO4)7 by using a plane OC and approaching both PM and 
OC to the crystal with minimum air gaps. No laser emission was observed in this case. The 
reason for this is the negative (defocusing) thermal lens (with the optical power D < 0) for the 
a-cut crystal. The physical reason for this phenomenon is the negative thermo-optic coeffi-
cient, dn/dT, for all tetragonal double tungstates [8]. However, it is known that solely the 
negative dn/dT does not presumably lead to D < 0. The second key effect is the linear thermal 
expansion, quantified by the thermal expansion coefficient α which is positive for the majori-
ty of the dielectric crystals. The overall variation of the optical path length (OPL) of a laser 
crystal can be represented by the so-called thermal coefficient of the optical path, TCOP = 
dnE/dT + (nE – 1)αk. Here, E and k vectors indicate the light polarization and light propaga-
tion direction, respectively. For an a-cut uniaxial crystal and π-polarization, it gives TCOPa-

cut,π = dne/dT + (ne – 1)αa. For NaLa(WO4)2, this value is -4.6×10-6 K-1 [8] (a negative ther-
mal lens is expected). One can argue that the second available principal light polarization, σ, 
can be naturally selected in a microchip laser if it provides a positive thermal lens. However, 
for a-cut NaLa(WO4)2 and σ-polarization, the above equation changes to TCOPa-cut,σ = 
dno/dT + (no – 1)αa = -4.0×10-6 K-1 [8], meaning a negative thermal lens. 
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Thus, we approached the concave OC to the a-cut crystal to produce a compact laser 
(total cavity length: ~6 mm). The output performance is presented in Fig. 7(a). This laser 
generated a maximum output power of 715 mW at ~1937 nm with η = 34% (for TOC = 1.5%). 

 
4.2. Microсhip-type cavity: c-cut crystal 
The analysis of the TCOP can be extended to the c-cut crystals, where TCOPc-cut,σ = 

dno/dT + (no – 1)αc. Although using c-cut crystals, for which the laser emission is expected 
to be unpolarized (randomly polarized), any ray propagating along the c-axis (optical axis) 
will have the σ (E ⊥ c) polarization. For NaLa(WO4)2, the TCOPc-cut,σ is +2.7×10-6 K-1 (a 
positive thermal lens is expected). The sharp difference with respect to the a-cut crystal is 
explained mostly by the anisotropy of the thermal expansion, αc >> αa, (αc/αa = 1.78 for 
NaLa(WO4)2). In this way, the positive contribution of the thermal expansion to the variation 
of the OPL is dominating over the negative contribution of dn/dT leading to the so-called 
“athermal” behaviour [8]. 

This conclusion was verified by testing the c-cut Tm:Na2La4(WO4)7 crystal in a micro-
chip-type laser cavity with all the experimental details being identical to those described in 
Section 3.1. A set of flat OCs with transmission of 0.1%, 1.5%, 3%, 5% or 9% at the laser 
wavelength was used. The pump absorption (double-pass, due to the partial reflection of the 
OC at the pump wavelength) for the c-cut crystal was ~27%. Note that the pump absorption 
efficiency for both the a-cut and c-cut crystals was limited by the Tm3+ concentration. The 
maximum Pabs in this experiment was limited due to the deterioration of the AlGaAs laser 
diode. The results are shown in Fig. 8. Stable microchip laser operation was achieved. The 
output laser emission was unpolarized. These findings confirm the positive sign of the ther-
mal lens for the c-cut crystal. 

The c-cut Tm:Na2La4(WO4)7 laser generated a maximum output power of 340 mW at 
1930-1948 nm with η = 41% (for TOC = 1.5%). The laser threshold was at Pabs = 510 mW. By 
varying the output coupling from 0.1% to 9%, the emission wavelength experienced a blue-
shift of the multi-peak spectrum from 1988-2015 nm to 1883-1887 nm according to the gain 
spectra, Fig. 5(b). 

 
4.3. Comparison with Tm3+-doped scheelite-type crystals 
In Table 4, we compared output characteristics of lasers based on Tm3+-doped scheelite-

type crystals, namely tetragonal double tungstates and doubly molybdates, Tm:AT(XO4)2 
(where A = Na or Li, T = Gd, Y, Lu, La, and X = W or Mo), reported so far [1,2,5,18-21]. 
These crystals were studied under diode- and Ti:Sapphire (Ti:Sa) pumping. Due to the better 
quality of the pump beam favouring mode-matching, higher slope efficiencies were obtained 
in the latter case. In Ref. [2], a CW Tm:NaLu(WO4)2 laser generated 0.50 W at 1924 nm 
with η = 49%. Regarding the diode-pumping, typically, small slope efficiencies were reported 
even for highly-doped crystals. In Ref. [5], the maximum output power extracted from a CW 
Tm:NaGd(WO4)2 laser was 0.33 W at 1997 nm with η of only 8%. Much higher η value of 
60% was reported in Ref. [19] whilst for quasi-CW pumping. 
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The results obtained in the present work represent the highest CW output power 
achieved from any diode- or Ti:Sa-pumped Tm:AT(XO4)2 laser. Moreover, we did not ob-
serve the thermal roll-over of the input-output dependence, see Fig. 7(a), which was claimed 
as a limiting factor for power scaling in [1,5]. The slope efficiency obtained in the present 
work (34%) is much higher than in the previous reports about diode-pumped CW 
Tm:AT(XO4)2 lasers (~8%) [1,5] despite the relatively low Tm3+ doping concentration used 
in our study. 

 
5. Conclusion 
A novel tetragonal scheelite-type double tungstate crystal, Tm:Na2La4(WO4)7, offers 

intense and broad polarized spectral bands due to the local disorder (e.g., the gain bandwidth 
exceeds 100 nm for π-polarization), which is interesting for tunable and ultrashort pulse la-
sers operating at ~2 μm. Vibronic laser operation beyond 2 μm is also expected due to the 
strong Raman activity. It is known that there are multiple lines of water vapour absorption at 
1.8-1.95 µm which prevent stable mode-locking. However, Tm3+-doped crystals can be 
forced to oscillate at longer wavelength with the aim of spectrally-selective (“bandpass”) cav-
ity mirrors as it has been demonstrated, e.g., with Tm:KLu(WO4)2 [22]. Further work will 
focus on the study of highly Tm3+-doped crystals to boost the laser efficiency through the 
cross-relaxation for Tm3+ ions. 

Using an a-cut Tm:Na2La4(WO4)7 crystal in a compact diode-pumped laser, we 
achieved a maximum output power of 715 mW at ~1937 nm with a slope efficiency of 34%. 
This laser outperforms all known Tm lasers based on the NaT(WO4)2 crystals including both 
pump sources (both with Ti:Sapphire and diode lasers). With a c-cut Tm:Na2La4(WO4)7 
crystal, we realized the first CW microchip laser based on a tetragonal tungstate crystals and 
proved the possibility of “athermal” behavior for this class of tungstates which was theoreti-
cally predicted before [8]. 
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Table 1. Experimental and calculated absorption oscillator strengths for the Tm:Na2 La4(WO4) 7 crystal. 

Transition ‹λ›,  
nm 

‹E›, 
cm-1 

‹Г›,  
cm-1nm 

‹fΣ
exp› 

×106 
‹fΣ

calc› 
×106 

3H6→3F4 1749 5717 210.81 5.43 5.43ED 

3H6→3H5 1205 8299 59.68 3.24 3.22ED+0.52MD 

3H6→3H4 794.6 12585 60.99 7.61 7.34ED 

3H6→3F3 689.8 14495 28.01 4.64 4.20ED 

3H6→1G4 471.8 21193 7.12 2.52 1.85ED 

3H6→1D2 360.2 27761 8.03 4.88 - 
rms dev. 0.566 

‹λ› - “center of gravity” of the absorption band, ‹E› is the corresponding estimated energy of the multiplet barycenter, ‹Г› – polarization-
averaged integrated absorption coefficient, ‹fΣ

exp›– polarization-averaged experimental absorption oscillator strength, ‹fΣ
calc› - calculated 

absorption oscillator strength, ED and MD stand for the electric-dipole and magnetic-dipole contributions, respectively. 
 

Table 2. Calculated emission probabilities for Tm3+ in the Na2 La4(WO4) 7 crystal. 

Excited 
state 

Final 
state 

‹λ›,  
nm A JJ' , s-1 B JJ' ,  

% 
A tot,  
s-1 

τ rad, 
ms 

3F4 3H6 1749 614.8ED 100 614.8 1.63 
3H5 

3F4 3874 21.0ED+1.3MD 2.9 757.2 1.32 
 3H6 1205 635.6ED+99.3MD 97.1   
3H4 3H5 2333 10.1ED+12.3MD 0.5 4498 0.22 
 

3F4 1456 312.7ED+27.7MD 7.6   
 3H6 794.6 4135ED 91.9   
3F3+3F2 3H4 5233 8.5ED+0.3MD 0.2 5127 0.195 
 3H5 1614 1075ED 20.9   
 

3F4 1139 214.3ED+68.4MD 5.5   
 3H6 689.9 3759ED 73.3   
1G4 

3F2 1610 21.3ED 0.3 6970 0.143 
 3F3 1493 121.8ED+4.1MD 1.8   
 3H4 1162 831.2ED+40.1MD 12.5   
 3H5 775.6 2256ED+184.2MD 35.0   
 

3F4 646.2 406.3ED+11.2MD 5.9   
 3H6 471.9 3095ED 44.4   

‹λ› - mean wavelength of the emission band, AJJ'  – probability of radiative spontaneous transition, BJJ'  – luminescence branching ratio, A tot  – 
total probability of radiative spontaneous transitions from the excited-state, τ rad – its radiative lifetime. ED and MD stand for the electric-
dipole and magnetic-dipole contributions, respectively. 

 

Table 3. Comparison of spectroscopic properties of Tm3+ ions in various tungstate crystals. 

No. λabs,  
nm 

σabs,  
10-20 cm2 

Δλabs, 
nm 

λem, 
nm 

σSE,  
10-20 cm2 

Δλgain, 
nm 

τTm, 
ms 

1 794.5 4.86(σ) 5.3(σ) 1940 0.36(π) 110(π) 1.63 
2 801.9 5.1(m) 4.1(m) 1946 1.3(m) 84(m) 1.34 
3 802.6 2.04(x) 14(x) 2020 0.82(y) 82(y) 1.95 

No.1 – Tm:Na2La4(WO4)7 (this work), No.2 – Tm:KLu(WO4)2 (Ref. [9]), No.3 – Tm:MgWO4 (Ref. [10]). The light polarization is 
indicated in brackets. 

 

Table 4. Output characteristics of lasers based on Tm3+-doped tetragonal scheelite-type tungstates reported so far. 

Crystal Doping Pump Pout ,  
W 

λL,  
nm 

η,  
% 

Ref. 

Tm:Na2La4(WO4)7 1.36 at.% diode 0.72 1937 34 * 
Tm:NaGd(WO4)2 3.7 at.% diode 0.33 1997 8 [5] 
Tm:NaY(WO4)2 5 at.% diode 0.21 1930 7.5 [1] 
Tm:NaLa(MoO4)2 7.5 at.% diode** 0.14 1886 60 [19] 
Tm:NaLu(WO4)2 5.9 mol% Ti:Sa 0.50 1924 49 [2] 
Tm:NaY(WO4)2 7.9 at.% Ti:Sa 0.40 1923 43 [1] 
Tm:NaLa(MoO4)2 7.5 at.% Ti:Sa 0.50 1900 50 [18] 
Tm:NaGd(MoO4)2 4.6 at.% Ti:Sa** 0.17 1905 25 [20] 
Tm:LiGd(MoO4)2 5.4 at.% Ti:Sa** 0.29 1900 28 [21] 

*This work. **Quasi-CW operation. 
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Figure 1. (a) Photograph of the as-grown Tm:Na2La4(WO4)7 boule; 
(b) Rietveld analysis of the XRD pattern of this crystal. Numbers de-
note the Miller’s indices, (hkl). 

 
 
 

 
 

Figure 2. Fragment of structure of Tm:Na2La4(WO4)7 in projection 
to the b-c plane. Grey rectangle – unit-cell. 
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Figure 3. (a-f) Absorption spectra of a 1.36 at.% Tm:Na2La4(WO4)7 
crystal, light polarization is E || c (π) and E ⊥ c (σ). 
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Figure 4. Emission properties of the Tm:Na2La4(WO4)7 crystal: (a) 
unpolarized luminescence spectrum, λexc = 802 nm (excitation to the 
3H4 state); (b) stimulated-emission cross-section, σSE, for the 3F4 → 
3H6 transition of Tm3+ calculated by the modified reciprocity method, 
light polarization is E || c (π) and E ⊥ c (σ); (c) luminescence decay 
curve: symbols – experimental data, line – single-exponential fit, λexc 
= 802 nm, λlum = 1800 nm. 
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Figure 5. Gain cross-section, σg = βσSE – (1–β)σabs, for the 3F4 → 
3H6 transition of Tm3+ in Na2La4(WO4)7 for light polarization (a) E || 
c (π) and (b) E ⊥ c (σ), β: inversion ratio. 
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Figure 6. Polarized Raman spectra of a-cut and c-cut 
Tm:Na2La4(WO4)7 crystals. The excitation wavelength is 514 nm. 
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Figure 7. CW Tm:Na2La4(WO4)7 laser in a hemispherical cavity 
(compact plane-concave cavity) - a-cut crystal: (a) input-output de-
pendences, η – slope efficiency; (b) typical laser emission spectra 
measured at Pabs = 2.4 W. The laser polarization is π. 
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Figure 8. CW Tm:Na2La4(WO4)7 laser in a microchip-type cavity - 
c-cut crystal: (a) input-output dependences, η – slope efficiency; (b) 
typical laser emission spectra measured at Pabs = 1.33 W. The laser 
output is unpolarized. 

 


