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Abstract: We report on the crystal growth, polarized spectroscopy, and laser operation of
monoclinic Tm®, Na*(Li*) codoped zinc monotungstate (ZnWOa) crystals. The Li*
codoping with an optimized Tm/L.i ratio enables almost complete local charge compensation
leading to better crystal quality, higher Tm segregation coefficient, and longer luminescence
lifetime and ultimately the demonstration of laser operation. The modified Judd-Ofelt theory
was employed to calculate the Tm®* transition probabilities yielding a radiative lifetime of
the 3F4 state of 2.59 ms. The corresponding intensity parameters are Q2 = 5.194, Qs = 0.658,
Qs = 0.471 [102° cm?] and & = 0.110 [10** cm]. Tm,Li:ZnWOs features strongly polarized
emission spectra extending beyond 2 pum owing to a large total Stark splitting of the ground-
state, AE(®*Hs) = 644 cm™. The stimulated-emission cross-section in this spectral range
reaches 0.47x102° ¢cm? at 2015 nm for light polarization E || Np. The continuous-wave
Tm,Li:ZnWO4 laser generated 282 mW at 1.98 um with a slope efficiency of 14.7%, and
laser emission at 2.03 um was also achieved.

Keywords: laser materials; thulium ions; optical spectroscopy; luminescence; Judd-Ofelt
theory; solid-state lasers.



1. Introduction

Monoclinic divalent metal monotungstates with chemical formula M2*WOa (where M stands for
Mg, Zn, Cd, Mn, etc.) are appealing optical materials. They were first recognized as efficient
scintillators [1] to search for rare nuclear and sub-nuclear processes such as double beta decay,
dark matter particles, or to investigate rare a- and f-decays. More recently, they attracted attention
for photonics applications, notably as Raman shifters [2,3] and laser gain media [4-7]. The
M*WOs crystals present a single crystallographic site for M?* cations which can easily
accommodate various transition-metals and, in particular, Cr3* ions [8]. Although the solubility of
trivalent rare-earth ions (RE®*") in M2*WOj4 crystals is relatively low due to the difference in the
ionic radii and charge of the dopant and host-forming cations, RE**-doped M?*WOs crystals
exhibit attractive spectroscopic properties motivating their studies.

As laser host matrices, M2"WOQ4 crystals and, in particular, MgWO4 and ZnWOs, combine good
thermo-mechanical properties (high thermal conductivity [9], weak anisotropy of the thermal
expansion [7], and high thermal fracture limit [10]) with intriguing spectroscopic features of the
dopant RE®*" ions such as Yb% or Tm3* [4,6,11]. In particular, they offer i) intense and strongly
polarized absorption and emission spectral bands which is a prerequisite for linearly polarized
emission; ii) strong crystal fields leading to large total Stark splitting of the ground states resulting
in broad emission bands and low-threshold laser behavior [4—6]; and iii) remarkable spectral line
broadening arising from a combination of strong electron-phonon interaction and inhomogeneous
line broadening related to the RE®* — Zn?* substitution requiring local charge compensation.

Trivalent rare-earth ions doped into crystalline matrices give rise to various laser lines falling
into the visible, near and mid-infrared spectral ranges. Among the rare-earth dopants, thulium
(Tm**) ions exhibit superior spectral features in M?*WOQa crystals compared to other oxide host
crystals in terms of combination of a large Stark splitting of their multiplets (being record-high
among other tungstate compounds) and strongly polarized emission spectra extending beyond 2
um, as proven for the case of MgWOa [6]. The latter is of key importance for generating
femtosecond pulses at 2 um avoiding the structured absorption of water vapors in the air at ~1.9
pm. Tm lasers emitting in the relatively “eye-safe” spectral range of 2 um find applications in
range-finding (LIDAR), wind mapping [12], medicine, and they are relevant as pump sources of
2.1-um Holmium (Ho) lasers [13] and optical parametric amplifiers for the mid-infrared spectral
range [14].

Tm:MgWOu4 crystals showed a great promise for power-scalable multi-Watt diode-pumped
continuous-wave (CW) lasers emitting at 2 um, achieving, e.g., 3.09 W at 2.03 um with a slope
efficiency of 50% [15]. Broadband wavelength tuning of a Tm:MgWOas laser across the
wavelength range of 1897 - 2062 nm, and operation at 2.09 um relying on the vibronic (electron-
phonon coupling) mechanism were also demonstrated [6]. Even more important, the first sub-100
fs pulses from a solid-state oscillator at 2 um were generated employing a Tm:MgWOs crystal
[16]. Using a graphene saturable absorber, the passively mode-locked laser delivered 86 fs pulses



at 2017 nm at a repetition rate of 76 MHz. Even shorter pulses (76 fs at 2037 nm) were achieved
via single walled carbon nanotube assisted Kerr-lens mode-locking [17].

Despite the encouraging results achieved with Tm:MgWOs crystals in terms of their 2-um laser
performance, further laser development was mostly mitigated by the material considerations,
namely i) incongruent melting of MgWO4 imposing complicated growth by the Top-Seeded
Solution method (from the flux) [18] and ii) very low segregation coefficients of Tm®" ions [18]
limiting the pump absorption efficiency. Moderate to high doping would also be required to
benefit from the cross-relaxation mechanism between adjacent Tm3* ions boosting the pump
quantum efficiency.

Considering these constraints, we turned our attention to the zinc monotungstate, ZnWOa. It
melts congruently at 1213 °C and can be grown by the Czochralski (Cz) method resulting in large
volume crystal boules of high optical quality [11,19]. Moreover, ZnWOs offers higher solubility
of rare earths. Cz growth of ZnWOs crystals with different RE®* dopants including Tm** was
reported in [11,20-22] but the spectroscopic data were incomplete (in particular, the polarization
dependence was not addressed) and no conclusive statement about the laser potential could be
made.

Recently, we performed a systematic study of Yb**,Li* codoped ZnWQs crystals revisiting
their structure, anisotropic optical and polarized spectroscopic properties [5,11]. It was shown that
the crystal-field splitting of Yb®" multiplets in ZnWOu is larger than that for MgWOs which is an
attractive feature in the search of novel broadly emitting laser materials. Moreover, we highlighted
the role of local charge compensation by Li*. This aspect was further studied in [23] regarding the
mechanical properties of RE3*-doped ZnWO:s crystals.

In the present work, we report on a comprehensive study of ZnWQ4 crystals codoped with
laser-active Tm®* ions and univalent alkali metal cations (Na" or Li%) acting as charge
compensators, with the goal of developing novel broadband emitting laser materials for ultrafast
lasers operating slightly above 2 um. The novelty of this work consists of i) the first polarization-
resolved study of spectroscopic properties of Tm®* ions in zinc monotungstate, ii) the first report
on the crystal-field splitting for Tm3* ions in this crystal by low-temperature spectroscopy, iii) the
first study of the effect of charge compensators on the properties of Tm3*-doped ZnWOs4, as well
as iv) the first laser operation of Tm3*,Li*:ZnWO:s crystals.

2. Crystal growth

Two Tm**-doped ZnWO4 crystals containing different charge compensators (Na* or Li* ions)
were grown using the Czochralski (Cz) method with distinct parameters and conditions. The
crystal codoped with Tm**,Na* ions was grown using argon atmosphere in an iridium crucible.
An automatic system was employed to control the boule diameter. The starting materials, Na2COs
(purity: 4N), ZnO, WOs3 and Tm20s3 (purity: 5N), were first weighed according to the chemical
formula Nao.osTmo.osZno9WOs, i.e., the starting Tm** and Na* doping levels were 5 at.% (with
respect to Zn?*). Then they were mixed, ground and heated at 650 °C for 10 h to decompose



Na2COs in a platinum crucible. After the crucible was cooled down to room temperature, the
mixture was pressed into pellets and reheated at 1000 °C for 15 h to form the Tm,Na:ZnWO4
polycrystalline material through a solid-state reaction:

1.8Zn0 + 2WO3 + 0.05Tm203 + 0.05Na2C0O3 — 2Nao.os Tmo.osZno.sWO4 + 0.05CO21.

The synthesized polycrystalline material was placed in an iridium crucible and melted by an
intermediate-frequency heater. To remove bubbles from the melt and to avoid the formation of
polycrystals during the growth process, a homogenization of the melt at a temperature of 30-50
°C above the melting point is required. The temperature was held at this point for 2-3 h, and then
decreased down to the melting point. A seed cut from an undoped crystal and oriented along the
[001] direction was used. The pulling rate varied from 0.5 to 1.0 mm/h, and the crystal rotation
speed was kept at 8 to 15 revolutions per minute (r.p.m.). After the growth was completed, the
crystal was removed from the melt and slowly cooled down to room temperature at a stepped rate
of 15 to 25 °C/h.

The obtained boule of Tm,Na:ZnWOs had dimensions of @25x45 mm?3. The boule had a
cylindrical shape with uniform diameter without developed natural faceting. It contained no cracks
or inclusions. The as-grown crystal had a nearly black coloration due to the presence of color
centers formed during the growth under oxygen deficient conditions [11]. After annealing in air
for several days, the coloration of the crystal changed to wine-brown, and the transparency was
improved as seen in Fig. 1(a).

By using X-ray fluorescence, the actual Tm** doping level in the crystal was determined to be
1.14 at.% (ion density: Ntm = 1.72x10%° at/cm®) resulting in a segregation coefficient Krm =
Cerysta/ Cmett 0F 0.228. This relatively low value is mostly due to the large difference between the
ionic radii and charge of Tm3* and Zn?* (see below). We were unable to quantify the actual content
of Na* by this method.

The crystal codoped with Tm3*,Li* ions was also grown by the Cz method at the “Kristall-2”
growth machine (USSR) in air using a Pt crucible with a diameter / height of @40 mm / 40 mm,
respectively, and a [001] oriented seed cut from an undoped ZnWO4 single crystal. The raw
materials were ZnO (purity: 5N), WO3 (5N), Tm20s (4N) and Li2COz (4N). The Tm3* / Li* content
in the initial melt was optimized to be 4 at.% and 8 at.%, respectively, with respect to Zn?*. This
high content of Li* was intentionally selected to reach nearly complete charge compensation. Prior
to melting, the blend of the initial chemicals was thoroughly mixed and then calcined at 700 °C
during 5 hours for solid-phase synthesis.

The pulling / rotation rates were 1 mm/h and 6 r.p.m., respectively. After the growth was
completed, the crystal was removed from the melt and slowly cooled to room temperature at a rate
of 8 °C/h to reduce the risk of cracking. The crystal was additionally annealed in air at 800 °C for
2 weeks. A photograph of the as-grown crystal is provided in Fig. 1(b). It had a cylindrical shape
with a length of 30 mm and a slightly varying diameter of 10-13 mm. The as-grown boule of high



optical quality had much weaker coloration than that codoped with Tm3*,Na*. After annealing, it
was almost completely removed resulting in a light-brown hue.
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Figure 1. Photographs of the as-grown crystal boules: (a) Tm,Na:ZnWQ, after annealing;
(b) Tm,Li:ZnWO, before annealing. The growth direction is [001].

The actual concentrations of Tm** and Li* in the Tm,Li:ZnWOas crystal were measured by
Atomic Emission Spectrometry with Inductively Coupled Plasma (AES ICP) at iCAP 6300 duo
spectrometer (Thermo Scientific), using a set of multi-element standards (High-Purity Standards).
For the probe fabrication, the crystalline samples were ground into powders and dissolved in
orthophosphoric acid (Suprapur, Merck), at temperatures up to 400 °C. The actual Tm®* doping
level for this second crystal appeared to be 1.59 at.% (Ntm = 2.4x10% at/cm?®) and the segregation
coefficient Ktm is as high as 0.40 owing to the positive effect of Li* codoping. Meanwhile, the
actual Li* content in the crystal was measured to be 1.65 at. %, and the segregation coefficient KLi
was only 0.21. Note that the optimized Tm3*/Li* concentration ratio in the charge provides almost
equimolar actual concentrations of these ions in the crystal, and, consequently, almost complete
mutual charge compensation of heterovalent Tm** — Zn?* and Li* — Zn?* substitution.

3. Crystal structure

The crystal structure of Tm?®",Li*:ZnWO4 was refined by the Rietveld method based on X-ray
powder diffraction (XRD). We used a Bruker-AXS D8-Advance diffractometer equipped with a
vertical 0-0 goniometer, Cu Ka radiation, and a LynxEye-XE-T position-sensitive detector with
an opening angle of 2.94°. The data acquisition spanned the 26 range of 10 to 80°, with a step size
of 0.02° and a step time of 2 s. The powder XRD pattern is shown in Fig. 2(a), in comparison with
a reference standard, pure ZnWQO4 (ICDS card No. 084540). The analysis revealed a consistent
alignment of all diffraction peaks with the reference standard, with no additional peaks indicative
of impurities, thereby affirming the phase purity of the crystal. The Rietveld method was



implemented using the Topas V6 software, see Fig. 2(b) presenting the observed, calculated and
residual patterns. The undoped ZnWOs crystal structure [24] served as the initial model for the
structure refinement.

The refinement indicates that Tm**, Li*:ZnWOas belongs to the monoclinic class adopting the
C5 - P2/c space group (No. 13) and the 2/m point group, with a general multiplicity Z of 2. The
lattice constants of the crystal are a = 4.699(0) A, b = 5.720(7) A, ¢ = 4.930(5) A, and the
monoclinic angle f = a " ¢ = 90.686°, slightly exceeding those of an undoped ZnWO4 crystal (a
=4.692 A b=5721 A, ¢c=4.928 A, and 5 = 90.632°) [24]. The calculated unit-cell volume V is
132.5(3)A3, slightly larger than that for undoped ZnWOs (V = 132.3 A%), confirming the partial
substitution of Zn?* by Tm®* and Li*. Indeed, the ionic radii of Tm** and Li* (0.88 A and 0.76 A,
respectively, for VI-fold oxygen coordination) are larger than that of Zn?* (0.74 A). The calculated
crystal density peaic is 7.836 g/cm?. The Rietveld refinement data are summarized in Table 1. The
reliability factors are Rp = 5.84%, Rwp= 7.60%, and Rexp=4.54%, so that the reduced chi-squared
value ¥? = (Rwp/Rexp)? is 1.67, indicating the convergence of the fit.
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Figure 2. X-ray powder diffraction (XRD) study of Tm*",Li*:ZnWOQy: (a) XRD pattern,
vertical bars — theoretical pattern for undoped ZnWQ,, (hkl) — Miller’s indices; (b)
Rietveld structure refinement: experimental (black), calculated (magenta) and differential
(green) XRD profiles, vertical dashes mark the Bragg reflections.



Table 1. Parameters of the Rietveld refinement of the Tm**,Li*:ZnWOj, crystal.

Data Tm*, Li*:ZnWO,
Crystal system Monoclinic
Space group (IT number) P2/c (13)

Laue class 2/m

Calculated density (g/cm®)  7.836
Lattice constant a, b, c(R)  4.699(0), 5.720(7), 4.930(5)

a, B, v (deg.) 90, 90.686, 90

Unit-cell volume (A%) 132.5(3)

20 range (deg.) 10 - 80

20 step 0.02

Radiation Cu-Kal (1 =1.5418 A)

No. of reflections 85

Refinement software Topas V6

Reliability factors Rp = 5.84, Rup= 7.60, Rexp= 4.54 and ¥* = 1.67

Table 2. Atomic coordinates, sites, occupancy factors (O.F.) and isotropic
displacement parameters for Tm*", Li*:ZnWOs.

Atoms X y z O.F. Biw, A2 Wyckoff Symmetry
Zn|Tm|Li 1/2 0.6828(8) 1/4 1 0.163(8) 2f 2
w 0 0.1857(1) 1/4 1 0.22 (0) 2e 2
01 0.2675(8) 0.3765(6) 0.4075(6) 1 0.45(0) 4g 1
02 0.2171(0) 0.8893(3) 0.4360(0) 1 0.36(0) 4g 1

The substitution of Zn?* cations by Tm?" ions in the ZnWOa crystal structure is expected. There
is a single crystallographic site for Zn?* (Wyckoff: 2e, C2 symmetry). Zn?* cations are reside in
[ZnOs] octahedra, displaying VI-fold oxygen coordination. This heterovalent substitution requires
maintaining of the crystal electroneutrality, typically achieved through the introduction of charge
compensators, e.g., univalent alkali metal cations (Na* or Li*). Without such elements, vacancies
at the zinc sites [11] serve as a means of charge compensation, but this leads to several detrimental
effects, such as weakening of the crystal lattice and diminishing its mechanical strength
characteristics, and a multi-site behavior. The ionic radii of Li* and Na* are 0.76 A and 1.02 A,
respectively. Thus, it is expected that the former ones will more easily enter the ZnWOu lattice.

The fractional atomic coordinates (X, y, z), the site occupancy factors (O.F.), and the isotropic
displacement parameters Biso derived from the Rietveld refinement are listed in Table 2. The
structure of Tm**,Li*:ZnWOs4 is shown in Fig. 3, based on the atomic coordinates determined by
the Rietveld refinement. The metal-to-oxygen interatomic distances within the [WQOs] and [MOg]
(M = Zn|Tm|Li) polyhedra are detailed in Table 3. The W®* ions exhibit bonding with six oxygen
ions (0?7, constructing distorted [WOs] octahedra. Similarly, the Zn?*|Yb3*|Li* ions form [MOQe]



octahedra through bonding with six oxygens. These [MOs] octahedra share corners with eight
[WOs] octahedra and edges with two [MOs] ones. Regarding the bond lengths, for both [WOs]
and [MOs] octahedra, there are two sets of shorter lengths measuring 1.831 A and 2.008 A, two
intermediate lengths of 1.913 A and 2.029 A, and two longer ones of 2.176 A and 2.211 A,
respectively, see Fig. 4.

Figure 3. The structure of Tm**,Li*:ZnWO4: (a) projection on the a-b plane; (b) projection
on the b-c plane; black lines — unit-cell.

Figure 4. The coordination environment of [WQOg] and [(Zn|Tm|Li)O¢] polyhedra in
ZnWO..

Table 3. Metal-oxygen distances within [WOg] and [(Zn|Tm|Li)Os] polyhedra in Tm**,Li*:ZnWO..

Polyhedron [WOs] [(ZNn]Tm|Li)Os]

Interatomic distances W-01=1.831x2  Zn|Tm|Li - O1 =2.029%2

M-0,A W-0,=1.913x2  Zn|Tm|Li- 01 =2.211x2
W-0,=2.176x2  Zn|Tm|Li - O2 = 2.008%2

Average bond length, A 1.973 2.082

Polyhedron volume, A®>  9.763 11.613




4. Spectroscopic characterization

ZnWOq crystallizes in the monoclinic class, and it is optically biaxial. Its optical properties are
described within the optical indicatrix frame, featuring three mutually orthogonal principal axes
denoted as Np, Nm, and Ng following the notation for the principal refractive indices np < nm < ng.
One of them (Np) is parallel to the crystallographic b-axis, aligned with the 2-fold symmetry axis.
The other two axes of the optical indicatrix, Nm and Ng, lie in the a-c plane. The orientation of the
optical indicatrix with respect to the crystallographic frame is quantified by the angles a » Nm =

11.7° and ¢ * Ng = 12.4° at the wavelength of 1 um [5], Fig. 5. The spectral measurements were
performed for the principal light polarizations E || Np, Nm, and Ng.

-

Figure 5. Orientation of the optical indicatrix axes (Np, Nm, Ng) with respect to the
crystallographic frame (a, b, ¢) in monoclinic ZnWQO,.

4.1 Raman spectroscopy

The Raman spectra were measured using a confocal p-Raman microscope (Renishaw inVia)
equipped with a x50 Leica objective, an edge filter, and a 514-nm Ar" ion laser. The Porto's
notations for polarized Raman spectroscopy were used, m(nk)/, where m and | denote the
directions of light propagation for the excitation and scattered light, respectively, and n and k

represent the corresponding polarization states. The three principal crystal cuts along the Np, Nm
and Ng axes were studied, as shown in Fig. 6.
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of Raman bands in cm ™. Aexc = 514 nm.

In the crystal structure of monoclinic ZnWOu4, there are two molecules per unit cell. According
to the factor group theory analysis, the following set of irreducible representations is predicted at
the center of the Brillouin zone: I'(k = 0) = 8Ag + 10Bg + 8Au + 10Bu. The even (gerade) modes
(Ag and Bg) are Raman-active, while the uneven (ungerade) ones (Au and Bu) are IR-active. The
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analysis of the polarized Raman spectra reveals 17 out of 18 possible Raman modes for the
Tm?3*,Na*:ZnWOs crystal (the low-frequency mode below 100 cm™ is missing due to the applied
edge filter). The peak frequencies of the observed Raman modes, as well as the corresponding
symmetries (Ag or Bg, after [23]) are detailed in Table 4.

Table 4. Raman modes for Tm**,Na*:ZnWQO, and undoped ZnWO; crystals.

No. Frequency, cm™ Symmetry  No. Frequency, cm™ Symmetry
Tm,Na:ZnWOQOs ZnWO, [25] Tm,Na:ZnWOQO4 ZnWOQ, [25]
1 906.3 906.8 Ay 10 313.3 355.4 By
2 785.3 785.9 By 11 273.6 314.6 Ay
3 707.6 709.1 Aq 12 266.4 267.3 By
4 677.2 678.7 By 13 1945 195.3 Ay
5 545 546.4 Ay 14 178.7 190 By
6 513.8 515.3 By 15 163 164.5 Ay
7 406.7 406.9 Aq 16 144.3 146.3 By
8 353.4 355.4 By 17 122.3 123.2 Ay
9 341.3 341.8 Ay 18 - 91.5 By

For all three principal crystal cuts, the most intense Raman band corresponds to the highest
frequency vibrations, located at 906.3 cm L. Its full width at half maximum (FWHM), denoted as
Av, is measured to be 10.1 cm ™. This band is attributed to symmetric stretching W — O vibrations
(v1 mode, A1g symmetry) within the WOs octahedra. It exhibits a slight blue shift and broadening
when compared to the undoped ZnWOs crystal, for which vi is 906.8 cm™ with a corresponding
Av of 8.3 cm™* (at room temperature) [25]. Tm**-doped ZnWOQ4 presents itself as a promising
candidate for self-Raman frequency conversion.

4.2 Optical absorption and Judd-Ofelt analysis

The absorption spectra were measured using a Varian CARY-5000 spectrophotometer and a Glan-
Taylor polarizer. The unpolarized transmission spectra of both Tm3* Na* and Tm**,Li* codoped
ZnWOq crystals for the spectral range of 300 — 1100 nm are shown in Fig. 7. They are recalculated
for an equal crystal thickness of 2.8 mm. For the crystal containing Na* as charge compensator,
even after annealing, a broad and intense absorption band related to residual color centers is
observed spanning from 400 to 650 nm. Moreover, the overall transmission in the visible and
near-IR spectral ranges is lower than the theoretical value determined by the Fresnel losses. The
transmission of the Tm®*,Li* codoped crystal was greatly improved as compared to the Tm®*,Na*
codoped one. Still, two broad bands around ~380 nm and 520 nm were observed in the visible
indicating that the charge compensation was not complete. The UV absorption edge is at 330 nm
(optical bandgap: Eq = 3.76 eV) for both crystals. The ab-initio studies of the electronic structure
of ZnWOu indicated a direct bandgap of 4.65 eV [26], and the optical bandgap for undoped
ZnWOs is 3.9 - 4.4 eV [27].
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Figure 7. Unpolarized transmission spectra of Tm,Li: and Tm,Na:ZnWO, crystals

recalculated for the same thickness of 2.8 mm. Non-oriented crystals.

The high sensitivity of the optical properties of ZnWO4 crystals to uncontrolled impurities is
well known. Even very low concentrations (1-5 ppm) of transition-metal ion impurities cause
broad and strong absorption bands in these crystals around 325-350 nm, 430-450 nm and 500
nm. These bands are attributed to Fe3* ions, Fe? ions and color centers at oxygen vacancies,
respectively.

The polarized absorption spectra of thulium ions in the Tm®" Na*:ZnWOs crystal are shown in
Fig. 8(a-f). The RT spectral profiles of the absorption bands were nearly identical for crystals with
Na* and Li* charge compensators. The observed absorption bands are attributed to transitions
originating from the 3Hes ground state of Tm®* to different excited states, namely 3Fs, 3Hs, 3Ha,
3F23, 1G4, and D2 (in the increasing energy order). The spectra reveal strong polarization
anisotropy of absorption properties.
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Figure 8. RT absorption cross-section, aaps, spectra of Tm** ions in the Tm**,Na*:ZnWQ,
crystal for transitions from the *Hs ground-state to the following excited-states: (a) 'D;
(b) Gy; (c) ®F23; (d) °Ga; (e) *Hs; and (f) *F4. The light polarizations are E || Np, Nm and Ny

The He — 3Ha transition is commonly used for pumping Tm lasers, benefiting from the well-
developed technology of high-power AlGaAs diode lasers emitting at 0.8 um. Figure 8(d) depicts
the polarized absorption cross-sections, derived as gabs = aabs/Ntm, Where oaps is the measured
absorption coefficient and Ntm is the actual Tm** ion density. The maximum gaps is 1.09x10%
cm? at 803.6 nm and the corresponding absorption bandwidth (FWHM) is 16 nm for light
polarization E || Ng. For the other two polarization states, gans is lower, amounting to 0.83x10%°
cm? at 807.7 nm (for E || Np), and 0.24x10%° cm? at 802.7 nm (for E || Nm). For the former
polarization, the absorption bandwidth is superior, 25 nm. Tm3* ions in ZnWO4 exhibit a relatively
broad absorption band around 0.8 pm. This broadening resembles that observed in Tm®*"-doped
MgWO4 (with a maximum oaps of 2.04x10°2° cm? at 802.6 nm and an absorption bandwidth of 14
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nm for E || Ng) [18] and well exceeds the broadening for monoclinic double tungstates such as
Tm:KLu(WOa)2 (aabs as high as 5.95x10%° cm? at 802 nm however at the expense of a narrow
absorption bandwidth of 4 nm for E || Nm) [28]. Such broadband absorption behavior significantly
reduces the difficulties associated with stabilization of the emission wavelength of AlGaAs laser
diodes.

The transition intensities of Tm>" ions were calculated based on the measured absorption
spectra using two parametrization schemes, the standard Judd-Ofelt (J-O) theory [29,30], as well
as its modification accounting for a weak configuration interaction (the mJ-O theory) [31]. The J-
O formalism only describes the electric dipoles (ED) contributions. The magnetic dipole (MD)
transitions following the selection rule AJ=J—-J'= 0, £1 were independently computed using the
Russell-Saunders approximation on the wave functions of Tm*" under the assumption of a free-
ion model. The mean refractive index of ZnWOs at the average absorption / emission wavelength
for each particular transition was calculated from the dispersion curves (Sellmeier equations)
reported in [5].

Within the standard J-O theory, the ED line strengths SED . for J — J' transitions are:

Sftﬁc(/],) = Zk=2,4,6 U(R)ri Q)

where Q are the intensity (J-O) parameters and U®, k=2, 4, 6, are the squared reduced matrix
elements calculated using the free-ion parameters from [32]:

U = ((4f™SLINU*||(4f™S'L')). ()

In the mJ-O theory, it is postulated that only the excited configuration of the opposite parity, 4™
15d!, contributes to the configuration interaction. The resulting ED line strengths are:

SeneU]") = Yk=z,46 UPQy. 3)

Here, the intensity parameters (1, become linear functions of the energies (Es and E/) of the two
multiplets participating in the transition J — J"

Qi = 01+ 20(E; + E, — 2EP)), (4)

where E]9 denotes the mean energy of the 4f" configuration, and a = 1/(2A), where A = E(4f™!5d")

— E(4f") has the meaning of the average energy difference between the ground and first excited
configurations. The mJ-O parametrization scheme features 4 free parameters (Qx, k=2, 4, 6, and
a).

Table 5 lists the experimental and calculated absorption oscillator strengths of Tm*" ions in
ZnWOs4 (fexp and feaic, respectively). The experimental values were polarization-averaged, <f> =
(fo + fm + f¢)/3. Two sets of fealc values obtained through the J-O and mJ-O theories are given. The
intensity parameters for the J-O theory are as follows: Q2 = 3.698, Q4 = 0.730 and Q¢ = 0.405
[1072° cm?]. For the mJ-O parametrization scheme, they are Q2 = 5.194, Q4 = 0.658, Qs = 0.471
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[1072° cm?] and a=0.110 [10~* cm]. The mJ-O theory was selected for derivations of the transition

probabilities for two reasons. First, it yielded a lower root mean square (r.m.s.) deviation between

the experimental and calculated f values (0.396 versus 0.448 for the standard J-O theory). Second,

it better matched the experimental oscillator strength for the *Hs — *Fa transition (fexp = 2.328%10"
8, cf. with feac of 2.91x107° and 2.55x10° for J-O and mJ-O theories, respectively). This oscillator
strength affects the values of the radiative lifetime of the 3Fa level which is the upper laser level
for the 2 um laser transition of Tm*"*.

Table 5. Measured and calculated absorption oscillator strengths® of Tm** ions in ZnWOs.

Transition

I,

fexpy

feale 10° fealc, 10

! 2 4) (6)

SHg—>*1L; cmt cminm 10° L L = J-0 mJ-0

°F, 5762 112.3 2.33 0.5374 0.7259 0.2382 2.91FP 2.55EP
1.345P+  1.21FP+

3

Hs 8303 5548 254 01074 02314 06384 o lwo
H, 12691 32.33 3.33 0.2373 0.1090 0.5946 3.00%P 3.29%P
3

Fat 0 03163  0.8411 - &
%, 14666 11.59 1.60 0 0 0.2580 1.94 1.81
G, 21100 4.42 1.29 0.0483 0.0749 0.0125 1.06%P 1.39%P
D, 27729  3.69 1.86 0 0.3156 0.0928 1.665° 1.81FP
r.m.s. dev. 0.448 0.396

“<E> - barycenter energy of absorption band, I”— integrated absorption coefficient, UY, k=2, 4, 6, -
squared reduced matrix elements, fexp and fcac — experimental (polarization-averaged) and calculated
absorption oscillator strengths, ED and MD - electric and magnetic dipole, respectively.

Utilizing the mJ-O theory, we calculated the probabilities of spontaneous radiative transitions

(4sr), the luminescence branching ratios (Bir), and the radiative lifetimes (zrad) of Tm*" excited

states, from *F4 to 'D2, see Table 6. For the *F4 state which is the upper level of the ~2 um laser

transition of Tm>* ions, the radiative lifetime is 2.589 ms.

Table 6. Calculated probabilities of spontaneous radiative transitions® of Tm** ions in ZnWQj, crystal
(obtained from the mJ-O theory).

Initial  Final <A>, ) By, Aot Trad,
state state  nm e ue ue A, 5 % st ms
°Fy *He 1736 0.5374 0.7259 0.2382 386.1F° 1 386.1 2.59
Hs °Fy 3802 0.0913 0.1279 0.9278 11.3%P+0.04MP 2.4  488.6 2.05
*He 1192 0.1074 0.2314 0.6384 316.8%P+160.2MP 97.6
H, *Hs 2326 0.0131 0.4786 0.0093 27.55P+15.8MP 15 2795.4 0.358
°F, 1443 0.1292 0.1301 0.2055 239.3%P+40.1MP 10
*He 788 0.2373 0.1090 0.5946 2472.7%° 88.5
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0.0820 0.3535 0.2850
3 3 3 ED+ MD
F3%F, *Hs 5063 — N - N 54.25P+0.5 0.4 60017 0.167
0.6285 0.3468 0
3 ED
Hs 1594 5 e 1092.6 12
0.0025 0.0005 0.1707
3 ED+ MD
Fs 1123 — N -K 2273.75°+103.2 18.2
0 0.3163 0.8411
3 ED
He 682 5 = SBEEG 2477.4 69.4
3
Fot 0.0064 0.0719 0.0408
1 ED+ MD
Ga o, 1554 —— 114.1%°+6.6 2 5884 0.170
’H, 1189 0.1563 0.0040 0.3695 670.55P+55.0MP 12.3
’Hs 787  0.0727 0.0054 0.5357 1434.75°+228.7M° 283
°F, 652  0.0035 0.0196 0.0722 256.25°+19.4MP 4.7
SH¢ 474 0.0483 0.0749 0.0125 3098.7%° 52.7
D, G, 1509 0.1844 0.1706 0.0009 803.2F° 0.7 110766  0.009
3
Fot 0.0641 0.3095 0
766 8025.85P+272.4MP 75
3F, 0.1646 0.0719 0
H, 665 0.1274 0.0117 0.2277 6492.8%° 5.9
Hs 517 0 0.0017 0.0163 157.6%° 0.1
°F, 455 05750 0.0960 0.0226 81667F° 73.7
H¢ 361 0 0.3156 0.0928 13347FP 12

“<)> - mean emission wavelength, U®, k =2, 4, 6, - squared reduced matrix elements, A;y — probability of
spontaneous radiative transition, B;y — luminescence branching ratio, Aw: and g — total probability of
spontaneous transitions and radiative lifetime of an excited-state, respectively, ED and MD - electric and
magnetic dipole, respectively.

4.3 Luminescence (spectra and lifetime)
The polarized RT luminescence spectra were measured using a home-made setup comprising a
CW Ti:Sapphire laser tuned to 804 nm as an excitation source, a Glan-Taylor polarizer, a CaF:
lens, a long-pass filter (LP1400, Thorlabs), a large mode area ZrF4 fiber for light collection and
an optical spectrum analyzer (AQ6375B, Yokogawa), calibrated with a 20 W quartz lamp with a
known spectral response.

The stimulated-emission (SE) cross-sections, ose, for the 3F4 — 3He transition around 2 pm
were calculated using two approaches. First, the Fichtbauer—Ladenburg (F-L) formula was
employed based on the measured polarized luminescence spectra Wi(4) [33]:

A° wi(4)
81(N)2TrqaC 1/3 X j=pm,g | AW j(A")dAr

aip () = (5)

here 4 is the luminescence wavelength, <n> is the averaged (over polarization) refractive index at

the central emission wavelength; zad is the radiative lifetime of the ®F4 Tm®* state, ¢ is the speed
of light, and the indices i and j = p, m, g indicate the polarization state.
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In addition, we used the reciprocity method (RM) [34]:

. . 1 A—
oip (D) = 0lps () 2 exp (- L22L), (6)

where g}, is the absorption cross-section for the i-th polarization, h is the Planck constant, K is
the Boltzmann constant, T is the crystal temperature (RT), EzrL is the energy difference between
the lowest Stark sub-levels of the two multiplets (zero phonon line, ZPL), and Zm are the partition
functions of the lower (m = 1) and upper (m = 2) manifolds.

The SE cross-sections calculated by the two methods (the F-L formula and RM) agreed with
each other, considering the effect of reabsorption on the measured luminescence spectra. This
yielded an estimate for the radiative lifetime of the 3F4 Tm3* state of 2.5+0.3 ms, well in line with
the calculation by the mJ-O method. The results on the ose spectra combining these two
calculation methods are shown in Fig. 9(a).
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Figure 9. Emission properties of Tm,Li:ZnWOs: (a) stimulated-emission (SE) cross-
sections, ose, for the *F4 — 3Hg transition (light polarizations: E || Np, Nm and Ng), combined
data obtained using the F-L formula and RM; (b) luminescence decay curves from the F,
Tm?* state (bulk and powdered samples).
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The broad emission band spanning from 1.6 to 2.2 pm originates from the 3F4 — 3Hs Tm®*
transition. Similar to optical absorption, Tm®*" ions in ZnWOas exhibit a significant polarization
anisotropy of emission properties, a favorable characteristic for achieving linearly polarized laser
output. Strong polarization anisotropy means also higher emission cross-section for a certain
polarization compared to an isotropic crystal with the same radiative lifetime having in mind the
fundamental relationship between these quantities. The maximum ose is 1.75x102° cm? at 1871
nm for light polarization E || Np. In the long-wave spectral region where laser action is expected
to occur due to reabsorption from the ground-state in the quasi-three-level 2-um Tm laser, the
peak SE cross-sections are 0.47x10%° cm? at 2015 nm and 0.42x102° cm? at 1971 nm, also for
light polarized along the Np-axis.

Tm?3" ions exhibit smooth and broad emission spectral profiles extending beyond 2 pm,
positioning Tm**-doped ZnWO4 as a promising candidate for generation of femtosecond pulses
in this spectral range which is well detuned from the structured absorption of water vapors in the
air, the effect known to be a limiting factor for femtosecond laser operation of many Tm?*"-doped
laser crystals.

The SE cross-section for Tm3*:ZnWOQj at the expected laser wavelengths are lower than those
reported previously for Tm:MgWOs (ose = 0.97x10%° cm? at 2015 nm for E || Nm) [18] and
Tm:KLu(WOa)2 (ose = 0.92x10°% cm? at 1945 nm for E || Nm) [35], which is assigned to stronger
spectral line broadening.

The investigation of luminescence decay at RT employed a nanosecond optical parametric
oscillator (Horizon, Continuum), a 1/4 m monochromator (Oriel 77200), an InGaAs detector, and
an 8 GHz digital oscilloscope (DSA70804B, Tektronix). To mitigate the impact of radiation
trapping, the sample was ground into fine powder. Figure 9(b) shows the luminescence decay
curves for the Tm®*,Li*:ZnWOs crystal. The decay is well described by the single-exponential
law, yielding a luminescence lifetime zim of 1.57 ms for the powdered sample, as compared to
2.08 ms for the bulk crystal. For the Tm3* Na*-codoped crystal, the luminescence decay curve
strongly deviated from the single exponential law yielding an average lifetime of only 1.04 ms,
indicating a strong luminescence quenching assigned to energy migration to defects (evidenced
by the strong tendency for color center formation). Still, even for the Tm3*,Li*-codoped crystal,
the luminescence lifetime was shorter than the radiative one calculated using the mJ-O theory,
possibly revealing the effect of residual color centers. Indeed, the luminescence quantum yield
(nq) calculated as the ratio of zium t0 zrad, iS 60.8%. Note that the multiphonon non-radiative
relaxation from the 3F4 state of Tm** ions in ZnWOs is expected to be nearly negligible due to the
relatively large energy gap to the lower-lying multiplet.

The expected laser wavelengths, and the gain profiles of Tm:ZnWO4 can be evaluated through
the analysis of the gain cross-section, again, Spectra. The latter are calculated using the equation
ogain = fose — (1 — B)aavs, where B = N2(®F4)/Ntm is the population inversion ratio, i.e. the ratio of
Tm?3* ions in the excited state, N2(3F4), to the total ion density Ntm. The gain spectra for the *Fs —
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3He transition of Tm3* ions in the ZnWOj4 crystal are plotted in Fig. 10 for the two high-gain light
polarizations, namely E || Np and E || Ng.
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Figure 10. Gain cross-sections, ogin = fose — (1 — f)oans, for the 3F4 — 3Hs transition of
Tm®* ions in ZnWO, for light polarizations: (a) E || N, and (b) E || Ng. 8 - population
inversion ratio.

For Nm-cut and Ng-cut Tm3*-doped ZnWOs crystals, laser oscillations are anticipated for light
polarization E || Np, which corresponds to the highest gain. For this polarization state, when the
inversion ratio is small (5 < 0.20), the gain curves present two local peaks at 1.98 um and 2.01
pum. For g = 0.15, the gain bandwidth (FWHM) is 83 nm. At higher inversion ratios, another
intense peak appears at 1.88 um, so that a rapid change in the laser wavelength can be expected
on increasing the level of losses (e.g., output coupling) in the laser cavity. Broadband wavelength
tunability across 1.8-2.1 um is expected in this case.

4.4 Low-temperature spectroscopy and Stark splitting

With the goal of resolving the experimental crystal-field splitting for the upper (3Fz) and lower
(®He) laser manifolds of the Tm3* ion, we employed low-temperature (LT, 12 K) absorption and
emission spectroscopy. The crystal was mounted in a cryostat (Oxford Instruments, model SU 12)
with helium-gas close-cycle flow. In monoclinic ZnWOs crystals, the Tm3* ions replace for the

19



Zn?* host-forming cations in C2 symmetry sites with a VI-fold coordination by oxygen. For this
site symmetry, each 25*1L; multiplet with an integer J is split into a total of 2J + 1 Stark sub-levels.
The polarized LT absorption and luminescence spectra of Tm**:ZnWO4 around 2 pm (the He <>
3F4) transition are depicted in Fig. 11. The electronic transitions were assigned following the
previous work on Tm**:MgWOs [6], as well as the Raman spectra of ZnWQj4 to eliminate the
possible vibronic peaks. All Stark sub-levels of the 3Hs and 3F4 states were resolved. The LT
absorption and emission lines of Tm3* ions are broader than those in monoclinic double tungstate
crystals, such as Tm:KY(WOQa4)2, presenting a substitutional rare-earth site, suggesting an
enhanced inhomogeneous spectral line broadening probably due to the charge compensation
mechanism. In our recent study of Yb3*-doped ZnWOs crystals with and without Li*, it was
concluded that Li* codoping reduced the variety of spectroscopic sites for the rare-earth dopant
resulting in a formation of a single “quasi-center” but provides a notable inhomogeneous line
broadening [36]. Note that at RT, the latter effect is dominated by the homogeneous temperature
broadening.
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Figure 11. Low-temperature (LT, 12 K) absorption and emission spectra of Tm**:ZnWOQ,
near 2 um: (a) absorption, the 3Hs —3F, transition; (b) luminescence, the *Fs —*Hs
transition. The symbol “+” marks the assigned electronic transitions. Vertical dashes —
crystal-field splitting in Tm:ZnWO;, after [6].
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Figure 12 illustrates the determined experimental crystal-field splitting of the 3Hs and 3F2 Tm3*
multiplets in ZnWOa. The zero-phonon line (ZPL) representing the transition between the lowest
Stark sub-levels of both multiplets is found at 1794 nm (EzeL = 5574 cm™). At RT, the calculated
partition functions for the ground-state and the excited-state are Z1 = 4.922 and Z2 = 3.695,
respectively, resulting in a ratio of Z1/Z2 = 1.332.
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Figure 12. Experimental Stark splitting of the °F4 and *Hs Tm** multiplets in ZnWO,
showing transitions responsible for emission above 2 pm, ZPL — zero-phonon line.

The Tm:ZnWOs crystal exhibits a relatively large total Stark splitting of the Tm3* ground state,
AE(®He) of 644 cm, evidencing a relatively strong crystal-field for this material. This leads to
the longest wavelength of a purely electronic transition *F4 —3He of 2028 nm, i.e., above 2 pm,
which is rarely observed for commonly used laser host crystals. This value is higher than that
previously reported for another monoclinic monotungstate crystal, Tm:MgWO4 (633 cm™) [6] and
well exceeds the values found for double tungstates, such as monoclinic Tm:KLu(WO4)2 (530 cm"
1 [37] and tetragonal Tm:NaGd(WO4)2 (373 cm™) [38]. The relatively large total Stark splitting
of the ground-state of Tm3" ions in ZnWOs is favorable for operation at longer wavelengths
exceeding 2 um and reducing reabsorption at the laser wavelength potentially leading to low-
threshold laser operation.

5. Laser operation at 2 ym

The layout of the laser set-up is depicted in Fig. 13. Until now we were able to achieve lasing only
with Tm®*,Li*:ZnWOa. The laser element was cut from the annealed crystal for light propagation
along the Ng optical indicatrix axis (Ng-cut). It had an aperture of 7x10 mm? and a thickness of
2.8 mm. The crystal was polished from both sides to laser grade quality and left uncoated. The
laser element was glued to a passively cooled Cu-holder using a silver paint for better heat
removal. A hemispherical laser cavity comprised a plane pump mirror (PM) providing high
transmission (HT) at the pump wavelength (T = 93.1% at 0.80 um) and high reflection (HR, R >
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99.9%) at 1.86 — 2.31 pum and a set of concave output couplers (OCs) having a radius of curvature
(RoC) of —100 mm and a transmission at the laser wavelength Toc in the range of 0.5% to 10%.
The crystal was placed close to the pump mirror with an air gap of ~1 mm. The geometrical cavity
length was 99 mm. The pump source was a continuous-wave Ti:Sapphire laser (3900S, Spectra
Physics) delivering up to 3.6 W at ~804 nm with a nearly diffraction limited beam (M? ~ 1). The
pump polarization was defined by a polarizer to correspond to E || Np in the crystal for maximized
absorption via the 3Hs — 3Ha transition, Fig. 8(d). The pump power was varied using an
antireflection (AR) coated half-wave plate in front of the polarizer. The pump beam was first
expanded using a telescope (reimaging ratio: 1:2) and then focused into the crystal through the
dichroic PM by an AR-coated achromatic lens with a focal length f of 75 mm. The measured pump
spot diameter in the focus was 70 + 10 um. The crystal was pumped in single pass. The measured
pump absorption under lasing conditions decreased from 70.8% to 64.1% on increasing the output
coupling due to the ground-state bleaching. We employed a long-pass filter (FEL1000, Thorlabs)
to filter out the residual pump. The spectra of laser emission were measured using an optical
spectrum analyzer (AQ6376, Yokogawa) and a ZrF4 fiber.
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Figure 13. Scheme of the Tm**,Li*:ZnWOy laser pumped by a Ti-Sapphire laser: A/2 -

half-wave plate, P - Glan-Taylor polarizer, FL - focusing lens, PM - pump mirror, OC -
output coupler, F — long pass filter.

The continuous-wave Tm?3* Li*:ZnWOs laser generated a maximum output power of 282 mw
at 1964-1983 nm (exhibiting a broad laser spectrum) with a slope efficiency # of 14.7% with
respect the absorbed power and a laser threshold of 188 mW (when using 5% OC), Fig. 14(a). A
slightly higher slope efficiency of 15.1% was achieved for higher output coupling of 10%. The
laser threshold increased from 65 mW to 237 mW upon increasing the output coupling from 0.5%
to 10%. The input-output dependences were linear, and neither signs of thermal effects nor thermal
fracture were observed. Further scaling of the output power was limited by the available pump
power. The moderate slope efficiency of the Tm®*,Li*:ZnWOs laser is assigned to residual losses
due to color centers which are not fully removed by the crystal annealing. The round-trip passive
losses estimated using the Findlay-Clay analysis were L = 3.7%.
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Figure 14. CW Tm*",Li*:ZnWO, laser: (a) input-output dependences, 5 — slope efficiency,
Ng-cut crystal; (b) typical laser emission spectra, the laser polarization is E || N,.

The typical spectra of laser emission measured well above the laser threshold are shown in
Fig. 14(b). For small output coupling (small inversion in the gain medium), the laser operated
above 2 um, specifically in the wavelength ranges of 1982-2020 nm for 1% OC, 2006-2023 nm
for 0.5% OC, and 2013-2030 nm for 0.2% OC (for the last one, the output dependence is not
shown in Fig. 14(a)). This range is particularly attractive for potential applications of Tm**-doped
ZnWOs4 crystals in mode-locked lasers due to the minimum overlap with the structured water
vapor absorption lines in the air. As the output coupling increased, a continuous blue-shift of the
laser wavelength was observed, leading to emission at 1878-1887 nm for the highest 10% OC.
The laser spectra were relatively broad due to the smooth and structureless gain profiles of
Tm:ZnWOu4. The laser emission was linearly polarized, and the polarization state (E || Np) was
naturally selected by the anisotropy of the gain of the biaxial Tm:ZnWOs4 crystal in agreement
with Fig. 10.

6. Conclusion
To conclude, monoclinic Tm®",Li* codoped ZnWOs crystals are attractive for ultrafast lasers
emitting above 2 um thus avoiding the structured water vapor absorption in the air, owing to a
combination of attractive spectroscopic properties, namely i) broad absorption around 0.8 um
enabling efficient diode pumping, ii) broad and strongly polarized emission bands related to the
3F4 — 3Hs Tm*" transition supporting linear laser polarization (stimulated-emission cross-section:
ose = 0.47x10% ¢cm? at 2015 nm for light polarization E || Np), iii) a large total Stark splitting of
the ground-state (AE(*Hs) = 644 cm™) being record-high among other mono- and double tungstate
crystals responsible of emission beyond 2 um, as well as iv) a relatively long luminescence
lifetime (1.57 ms). This is coupled with the possibility to grow ZnWOu crystals by the Czochralski
method (contrary to other commonly used monoclinic tungstate laser crystals grown from the
flux), as well as good thermo-mechanical properties of this compound.

The feature of the present work is a direct comparison of two Tm*"-doped ZnWOs crystals
codoped with different univalent alkali metal cations (Na* or Li* serving for local charge
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compensation). We show that Li* codoping is more favorable (driven by the relative closeness of
ionic radii of Tm3*, Li* and Zn?*), especially in the case of optimized Tm/Li ratio, as it enables i)
better optical quality of the single-crystals, ii) higher segregation coefficient for the laser-active
Tm?* ions (Ktm = 0.40), and iii) weaker luminescence quenching for the 3F4 Tm3* metastable level.
Altogether, this plays a key role in achieving low-threshold laser operation of Tm,Li:ZnWOa
crystals around 2 pm.

From the material point of view, further progress in laser development with Tm,Li:ZnWOQ4
should focus on increasing the actual Tm®* doping level in these crystals to benefit from the cross-
relaxation process among adjacent Tm®" ions boosting the pump quantum efficiency, as well
optimizing the growth and annealing conditions for better crystal quality. Further power scaling
is expected under pumping by high-power AlGaAs laser diodes around 800 nm.
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Li* codoping provides higher Tm3* segregation and longer luminescence lifetime;
Tm,Li:ZnWO:4 features strongly polarized emission spectra extending beyond 2 um;

The stimulated-emission cross-section is 0.47x10% cm? at 2015 nm;

First continuous-wave laser operation of Tm,Li:ZnWO4 crystal at 2 um is demonstrated.
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