Monoclinic zinc monotungstate Yb**,Li*:ZnWOs: Part II. Polarized
spectroscopy and laser operation

Anna Volokitina®®, Samuel Paul David®, Pavel Loiko, Kirill Subbotin®f, Anatoly Titov®f,
Denis Lis®, Rosa Maria Solé?, Venkatesan Jambunathan®, Antonio Lucianetti®, Tomas
Mocek®, Patrice Camy?, Weidong Chen®", Uwe Griebner®, Valentin Petrové, Magdalena
Aguilé?, Francesc Diaz?, and Xavier Mateos®"

“Universitat Rovira i Virgili (URV), Fisica i Cristal-lografia de Materials i Nanomaterials
(FiCMA-FiCNA)-EMaS, Marcel.li Domingo 1, 43007 Tarragona, Spain

bITMO University, Kronverkskiy Pr., 49, 197101 Saint-Petersburg, Russia

‘HiLASE Centre, Institute of Physics of the Czech Academy of Sciences, Za Radnici 828,
25241 Dolni Brezany, Czech Republic

dCentre de Recherche sur les Ions, les Matériaux et la Photonique (CIMAP), UMR

6252 CEA-CNRS-ENSICAEN, Université de Caen Normandie, 6 Boulevard du Ma-

rechal Juin, 14050 Caen Cedex 4, France

¢Prokhorov General Physics Institute, Russian Academy of Sciences,38 Vavilova St., 119991
Moscow, Russia

IMendeleev University of Chemical Technology of Russia, 9 Miusskaya Sq., 125047 Moscow,
Russia

SMax Born Institute for Nonlinear Optics and Short Pulse Spectroscopy, Max-Born-Str. 2a,
12489 Berlin, Germany

"Key Laboratory of Optoelectronic Materials Chemistry and Physics, Fujian Institute of Re-
search on the Structure of Matter, Chinese Academy of Sciences, Fuzhou, 350002 Fujian,
China

*Corresponding author, e-mail: xavier.mateos@ury.cat

Abstract. Monoclinic ytterbium-lithium codoped zinc monotungstate crystal
(Yb** Li":ZnWOu) is a promising material for laser opertation at ~1.06 pm. Absorption,
oas, and stimulated-emission, osg, cross-sections are determined for light polarized
along the optical indicatrix axes, E || Np, Nm and Ng. At room temperature, the maxi-
mum osg amounts to 2.81x1072° cm? at 1055.6 nm (for E || N,) and the gain bandwidth
reaches ~22 nm (for E || Ng). The radiative lifetime of the upper laser level is 0.37 ms.
The Stark splitting of Yb*>" multiplets is resolved with low-temperature (6 K) spectros-
copy revealing a relatively large total splitting of the ground-state, AE(*F72) = 804 cm™!,
being remarkably high as compared to other Yb**-doped tungstate crystals. A notable
inhomogeneous broadening of the zero-phonon line is detected at 6 K. A continuous-
wave diode-pumped 1.8 at.% Yb*" Li":ZnWO, laser generated a maximum output
power of 2.90 W at ~1059 nm with a slope efficiency of 57.9% and a linearly polarized



output (E || Np). Yb*",Li":ZnWOs is attractive for broadbly tunable and mode-locked
oscillators.
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1. Introduction

The ytterbium (Yb*") ion (electronic configuration: [Xe]4f'?) is a major subject of re-
search on laser emission at ~1 pm owing to its 2Fs» — 2F7p transition. This is because of the
following advantages: (i) easy pumping by commercial InGaAs laser diodes emitting at
~0.96-0.98 um [1-3], (i1) simple energy-level scheme leading to high laser efficiencies and
weak heat loading [4,5], (iii) larger Stark splitting of the ground-state (*F75) as compared
with Nd** ion, leading to broader wavelength tunability and the generation of ultrashort puls-
es in mode-locked (ML) lasers [6], (iv) the absence of parasitic energy-transfer processes [7].

Tungstate crystals with different crystallographic structures are known as excellent
hosts for Yb*" doping [8-11]. In general, they benefit from high transition cross-sections for
polarized light [8], broad emission bands which are attractive for sub-100 fs ML lasers [6,9]
and strong Raman activity making self-frequency Raman conversion feasible [12].

A prominent example is the crystal family of monoclinic (sp. gr. C2/c) potassium (rare-
earth) double tungstates Yb:KRE(WO4)> where RE = Gd, Y or Lu [8,13]. These crystals fea-
ture a substitutional rare-earth site (symmetry: Cz) and easy Yb*" doping. Efficient continu-
ous-wave (CW) [14,15], passively Q-switched (PQS) [16] and ML [6,17] Yb:KRE(WO4)>
lasers are known. The drawback of these materials as laser gain media is their moderate
thermal conductivity (<k> = 3.1 Wm™'K™! for KLu(WO4)2 [18]) and strong anisotropic ther-
mal expansion [19]. Another difficulty is that all the KRE(WO4), representatives exhibit a
polymorphic phase transformation below the melting point and the monoclinic low-
temperature phase (a-phase) of interest for lasing cannot be directly obtained from the melt,
therefore the Top-Seeded Solution Growth (TSSG) method (using a flux) [8] is needed for
the growth of these crystals.

A second family of tungstate crystals deeply studied for Yb*" doping comprises materi-
als with a general chemical formula of ARE(WOQ4), (where A = Li or Na and RE = La, Gd,
Y, Lu or Bi) [9,20-22]. These crystals belong to the tetragonal class (having a scheelite-like
structure, sp. gr. [41/a) and they are structurally disordered, as the A* and RE*" cations share
two non-equivalent sites (2b and 2d) [22]. This leads to a significant inhomogeneous broad-
ening of Yb>" emission bands. Laser action in Yb**-doped ARE(WOa): crystals was demon-
strated and they were found particularly attractive for ML oscillators [9]. The majority of
scheelite-like double tungstate crystals can be grown by the Czochralski (Cz) method (from
the melt) [23]. Because of the disordered structure, the thermal conductivity of these crystals
is relatively low, <«> ~1.6 Wm™'K"!, however, an “S” shaped dependence of the thermal con-
ductivity on the temperature is observed leading to higher x values above room temperature
[24].

Recently, another crystal family of monoclinic (sp. gr. P2/c) divalent-metal monotung-
states M>*"WO4 (where M = Mg, Cu, Ni, Co, Fe, Zn, Mn or Cd) has attracted attention for
doping with rare-earth ions (RE*") with laser applications [10,25,26]. Two examples of such
host crystals are magnesium and zinc monotungstates, MgWO4 [27] and ZnWO4 [28], respec-
tively. These crystals offer better thermo-mechanical properties in comparison with two
above mentioned families of tungstates, in particular, higher thermal conductivity (<x> = 8.7
Wm'K! for MgWOs [29]) and weaker anisotropy of the thermal expansion [25], that is im-



portant for power scaling of lasers. The large RE*" ions in the M?*WO4 crystals substitute for
the smaller divalent-metal cations (e.g., Mg?" or Zn?") via a heterovalent mechanism, so that
the segregation coefficients Krr of the RE*" dopants between the crystals and the fluxes are
typically well below 1, and large RE*" doping concentrations are hardly achievable in these
materials [26]. However, the differences in ionic radii and valence of the active ions and the
host-forming cations promote enlarged Stark splitting of the RE** multiplets and inhomoge-
neous broadening of the absorption and emission bands [25,30].

So far, laser operation with RE**-doped MgWO4 crystals has been demonstrated at ~1
pum (with Yb*") [5,10] and at ~2 pm (with Tm** and Ho>") [25,31,32]. In the first report on
Yb:MgWOs, the crystal growth by the TSSG method, room-temperature (RT) spectroscopy
and preliminary laser experiment were described [10]. Later on, low temperature (LT) spec-
troscopy and highly-efficient laser operation were reported: a diode-pumped 1.25 at.%
Yb:MgWOq laser generated 18.2 W at ~1056 nm with a slope efficiency of 89% and a linear-
ly polarized output [5]. In [33], an Yb:MgWO4 oscillator was mode-locked by a SEmicon-
ductor Saturable Absorber Mirror (SESAM) delivering 125 fs pulses at 1065 nm with a repe-
tition rate of 117 MHz. In [34], a diode-pumped Yb:MgWO4 laser generated an optical vortex
beam corresponding to the first-order Laguerre—Gaussian doughnut beam (LGo1).

Compared to the research on RE**-doped MgWO4 crystals for laser applications, much
less attention has been paid to their zinc counterparts. However, unlike MgWQO4, ZnWO4
crystals melt congruently at 1486 K and thus they can be easily grown by the conventional
Czochralski (Cz) method [35,36]. The thermal conductivity of undoped ZnWOs; is slightly
higher than that for monoclinic double tungstates (<x> up to 4.3 Wm™'K™") [24,37]. Undoped
ZnWOy is well-known during many years as a promising scintillating material [35,36]. So
far, one group repetitively presented the results on the growth and brief optical characteriza-
tion of ZnWOy crystals doped with Yb*', Tm**, Er**, Ho** and Dy** [38-42]. Yang reported
on laser operation of Yb:ZnWOy4 yielding 0.5 W at 1017 nm with an estimated slope efficien-
cy of only ~6% [38]. Tm:ZnWO4 and Dy:ZnWO4 lasers are also known [43,44].

In the present work, we assess the potential of Yb**-doped zinc tungstate as a promising
laser material at ~1 um. The polarized room temperature (RT, 293 K) and low temperature
(LT, down to 6 K) spectroscopy of Yb**,Li":ZnWOy4 crystals are studied and efficient diode-
pumped laser operation is achieved. In the first part of this work [45], we presented the re-
sults on the Cz crystal growth, its coloration, structure refinement and vibronic properties.

2. Experimental

2.1. Crystal growth

For spectroscopic and laser studies, two ZnWOj4 crystals codoped with (5 at.% Yb**, 5
at.% Li") and (3 at.% Yb**, 3 at.% Li") ions (nominal composition, in the growth charge)
were grown by the Czochralski method. The growth was performed in Pt/Rh crucibles. The
starting materials were WO3, ZnO, Li»COs (as the source of Li* ions) and Yb2Os. The Li*
ions were added as charge compensators of heterovalent Zn?* to Yb*" substitution. The start-
ing composition was calculated assuming that the Yb*>" and Li" ions substitute for the Zn>*
ones in the ZnWOs structure. For the growth, a [100]-oriented undoped seed was used. The



pulling rate was 1 mm/h and the rotation speed was 6 rpm. Once the growth was completed,
the crystal was separated from the melt and slowly (at a rate of 8 K/h) cooled down to RT to
avoid its cracking. The as-grown crystals were black-colored with a well-developed natural
faceting parallel to the (010) cleavage plane. The crystals were oriented by means of the sin-
gle-crystal X-ray diffraction. The crystal exhibited cleavage on the (010) plane.

The crystal coloration was removed by oxidizing annealing at a temperature of 800 °C.
The duration at the maximum temperature was 24 hours. After annealing, thin (few mm)
crystal plates became transparent having a weak rose coloration. More details about the crys-
tal growth, cleavage, coloration and the ways of its removal can be found in the parallel paper
[45].

The actual Yb** concentration Nyp in the crystals was measured by the microprobe
analysis using a Cameca Camebax SX-100 analyzer. It amounted to Ny = 2.0+£0.7x10%° cm™
(~1.4 at.% Yb) and 2.7+£0.5x10*° cm™ (~1.8 at.% Yb) for the crystals with the nominal dop-
ing level of 3 at.% and 5 at.% Yb*", respectively.

2.2. Optical spectroscopy

The polarized RT absorption spectra were measured using a Varian CARY-5000
spectrophotometer and a Glan-Taylor polarizer. To measure the absorption spectra at LT, the
sample was fixed within an Oxford Instruments Ltd. cryostat (model SU 12) with helium-gas
close-cycle flow. The spectral bandwidth (SBW) was 0.6 nm.

The polarized RT (293 K) luminescence spectra were measured using an Ando
AQG6315-E optical spectrum analyzer (OSA) and a Glan-Taylor polarizer. As an excitation
source, we used a CW Ti:Sapphire laser tuned to 940 and 972 nm (the two measurments were
combined to eliminate the excitation peak). For the LT studies, a Yokogawa AQ6373 OSA
was employed using a 965 nm InGaAs laser diode as a pump source. The same cryostat was
used.

The luminescence decay of Yb**:ZnWO4 at ~1030 nm was studied using a 1/4 m mon-
ochromator (Oriel 77200), an InGaAs detector and a 300 MHz digital oscilloscope (TDS
3032B, Tektronix). The luminescence was excited by the output of a ns optical parametric
oscillator (OPO, Horizon, Continuum) tuned to 960 nm.

3. Optical spectroscopy

3.1. Optical indicatrix

According to the Rietveld refinement of the X-ray powder diffraction patterns (see Part
I of this paper), Yb>*,Li":ZnWOQ4 belongs to the monoclinic crystal class (sp. gr. P2/c — C*n,
wolframite-type structure). The lattice constants for the 1.8 at.% Yb**,Li":ZnWOs crystal are
a=4.7022) A, b=5.718(6) A, c = 4.930(4) A and B = 90.713(5)° with Z=2 [45]. This crys-
tal is optically biaxial [46]. Its optical properties are described in the frame of mutually or-
thogonal optical indicatrix axes, denoted as X, Y and Z. Note that, in general, no relation for
the nx, ny and nz refractive indices is placed. One axis is parallel to the 2-fold monoclinic ax-
is (the crystallographic b-axis) and the other two are located in the orthogonal a-c plane mak-
ing certain angles with the crystallographic axes.



The dispersion of the principal refractive indices of undoped ZnWO4 was studied in
[47] yielding the following values at 1.0 um: np =2.1299, ny, = 2.1447 and ng = 2.2790. Here,
we use the notations for monoclinic laser crystals, where the optical indicatrix axes are la-
beled as N,, Nm and N, according to the relation between the refractive indices: np < nm < ng.
If the intermediate refractive index (nm) is nearer in magnitude to the smallest one (#p) than to
ng, the crystal is biaxial positive which is the case of ZnWOs. The optical axes are located in
the N,-Ng plane and the angle between them, containing Ng, is 2V < 45° (for ZnWOy, 2V, =
38.4° at 1.0 um, and this crystal is quasi-uniaxial). Here, Vg is the angle between each of the
optical axes and the Ng-axis.

There exists a discrepancy in the assignment between the (X, Y, Z) and (Np, Nm, Ng)
axes for ZnWOys in the literature. The only work where the axes are unambiguously assigned
is [48]. We will follow their convention: the N, axis is parallel to the b-axis and the Ny and
N; ones are located in the a-c plane, Fig. 1. According to [48], the angle between the Ng-axis
and the c-axis p = 11.93° (at the longest available wavelength of 0.69 um), measured within
the monoclinic angle f. This assignment is in agreement with the early paper of Spengler and
O’Hara where the (X, Y, Z) notations for the optical indicatrix axes were used assuming that
the authors followed the nx < ny < nz convention [46]. However, both these studies disagree
with the repetitive publications on RE**-doped ZnWOs crystals published more recently
[39,42].

An overview of the reported refractive indices for ZnWOQs is shown in Fig. 2(a). The
data from different authors agree well. The experimental data on the dispersion of the n,, nm
and ng refractive indices were fitted using a single-pole Sellmeier formula with an IR correc-
tion term [49]:
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Here, A4; - D; are the Sellmeier coefficients, 4 is the light wavelength [in pm], and i = p, m, g.
The obtained best-fit Sellmeier curves are shown in Fig. 2(a) and the corresponding 4; - D;
coefficients are listed in Table 1. The average deviation between the experimental data and
their fits is about 0.0002.

The optical bandgap of undoped ZnWO4 Eg is 3.9-4.4 eV [50].

Similarly to other monoclinic tungstates [49], a rotation of the dielectric frame with the
wavelength was determined for ZnWOy in the angular range of p = 6.88° — 11.93° for wave-
lengths between 0.40 and 0.69 um [48]. Slightly different values of the p angle can be found
in the literature: Spengler and O’Hara specified p = 9.80° at 0.59 um [46] and Bond gave p =
8.20° at ~1 pum [47]. The literature data on p are summarized in Fig. 2(b) while the data from
Bond [47] are shifted along the vertical axis to correspond to two other sources. They were
fitted with the following formula [49]:
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p(4) _A+E+?, (2)
where p is expressed in deg and A is in um. The best-fitting parameters 4 = 12.792 deg (it
corresponds to the rotation angle in the long-wavelength limit, A — o), B = 1.0294 degxum



and C = -1.4239 degxum?. At ~1 um relevant for the Yb** ion, Eq. (2) gives p = 12.40°. This
value is indicated in Fig. 1.

3.2. RT absorption cross-sections

The transition cross-sections were determined at RT using a 1.8 at.% Yb**,Li":ZnWO4
crystal (Nyb = 2.7x10%° cm™).

The absorption cross-sections were calculated from the measured absorption coeffi-
cient, o'abs = a'abs/Nyb (Where i = Ny, Nm, Ny is the light polarization). The results are shown in
Fig. 3(a). The maximum oaps = 2.40x1072° cm? at 972.7 nm and the corresponding full width
at half maximum (FWHM) of the absorption peak is 8.3 nm (for light polarization E || Ny).
This absorption peak corresponds to the zero-phonon line (ZPL) at RT (see below). The
Yb** Li*:ZnWOs crystal exhibits a notable anisotropy of the absorption cross-sections, as ex-
pressed by the ratios gaps(Ng) : Gabs(Np) = 2.6 : 1 and gabs(Ng) : dabs(Nm) = 4.7 : 1 at the wave-
length of ~970 nm. Another intense and slightly broader absorption peak occurs at 958.4 nm
(0abs = 1.84x10%° cm? and FWHM = 9.8 nm again for E || N,). Both absorption peaks are
suitable for pumping with InGaAs laser diodes. Due to the broad absorption lines,
Yb** Li*:ZnWOs lasers are expected to be less sensitive to the temperature drift of the diode
wavelength.

Compared to its magnesium counterpart (Yb>":MgWO4 [5], for which gabs = 6.16x1072°
cm? at 974.0 nm with FWHM = 5.6 nm for E || N,), the studied material exhibits lower peak
absorption cross-section values whilst much broader absorption peaks. This effect is even
more pronounced when comparing with the monoclinic double tungstate crystal
Yb*":KLu(WOs4), [8] (for which oabs is as high as 11.8x102° cm? at 981.0 nm with a FWHM
of only 3.5 nm for the light polarization E || Nm).

In a previous work on Yb*":ZnWO4 (without Li*), a maximum absorption cross-section
of 2.6x1072° cm? at ~972 nm was reported [38]. This agrees with the present results. Howev-
er, due to the probable confusion with the optical orientation of the sample, it is difficult to
compare the polarized absorption spectra with those from [38].

3.3. RT stimulated-emission and gain cross-sections
The stimulated-emission (SE) cross-sections, osg, were determined from the measured
luminescence spectra for polarized light calibrated for the spectral response of the set-up us-
ing the Fiichtbauer—Ladenburg (F-L) equation [51]:
05 W,(2)
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where, 4 is the light wavelength, <n> = 2.184 is the mean refractive index at the mean emis-
sion wavelength <Aum> = 1010.0 nm, c is the speed of light, 7aa = 0.37 ms is the radiative
lifetime of the emitting state (°Fs\2), see below, and Wi(1) is the luminescence spectrum for i-
th polarization (i = p, m, g). To avoid the unwanted effect of reabsorption on the measured
luminescence spectra, thin (thickness: ¢ <100 pm) (010)-oriented cleaved plates of
Yb** Li*:ZnWOs were used. The results are shown in Fig. 3(b).



The SE cross-sections can be calculated alternatively by the reciprocity method (RM),
or McCumber equation [52,53]:

)= 1) Eeerp @
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where £ is the Planck constant, (hc/A) is the photon energy (in cm™), & is the Boltzmann con-

_(hc//I)—EZPL)

stant, 7 is the crystal temperature (RT), EzpL is energy of the ZPL transition, and Zn are the
partition functions of the lower (m = 1) and upper (m =2) manifolds:

Z,=> gi'exp(~E}' IKT) - (5)
k

Here, g™« = 1 is the degeneracy of the sub-level with the number k£ and energy £™x measured
from the lowest sub-level of each multiplet.

Using the crystal-field splitting for the Yb*" ion in ZnWOj4 (see Section 4.5), we calcu-
lated the SE cross-sections via Eq. (4). A comparison of the results obtained with the F-L
equation and the RM for the light polarization E || N, is shown in Fig. 3(b). Note that due to
the exponential term in Eq. (4), the precision of the SE cross-sections calculated by the RM is
lower at longer wavelengths. The two methods used give a satisfactory agreement indicating
the correctness of the selected 7rq value (0.37+0.02 ms), as well as the weak influence of the
reabsorption on the measured luminescence spectra.

The maximum osg = 2.81x102° cm? at 1055.6 nm and the corresponding emission
bandwidth Adem (FWHM) is ~12 nm (for E || N,). Similarly to the absorption transition,
strong anisotropy of the SE cross-sections is observed, namely asg(NVp) : gse(Ng) =4.6 : 1 and
0se(NVp) : 0se(Nm) = 6.2 : 1 at ~1.06 um. This will determine a linearly polarized output in the
Yb** Li*:ZnWOs lasers. Note that at the wavelength of ~973 nm (ZPL at RT in emission), the
relation for the SE cross-sections is different, asg(NVg) > ase(Np) > ose(Nm), 1.€., in agreement
with the one discussed in Section 4.3. There exists another broader peak in the osg spectra
centered at 1004.1 nm featuring a FWHM of ~28 nm (again for E || N,). The two other polar-
izations (E || Ng and E || Nn) feature broader emission bandwidths at >1 um, however, the
spectra are rather structured. Thus, direct laser studies are needed to determine the optimum
polarization for generation of ultrashort pulses in ML operation.

The peak osk values in Yb** Li":ZnWO4 are lower than those for its magnesium coun-
terpart (Yb>":MgWO4 [5], for which osg reaches 6.2x1072° cm? at 1056.7 nm for E || Nm and
the emission bandwidth Alem (FWHM) is 19 nm) and similar to the SE cross-sections for
monoclinic double tungstate Yb*>":KLu(WOa4), (for which osg = 2.64x102° cm? at 1026.6 nm
and Alem is ~10 nm [8]. The emission bandwidth for Yb**,Li":ZnWOy is similar or even bet-
ter than in the two above mentioned tungstate crystals. Note that here, we consider the SE
cross-sections at wavelengths longer than the ZPL since such wavelengths are typically ex-
pected in bulk Yb lasers (see below).

The Yb>" ion represents a quasi-three-level laser scheme with reabsorption at the laser
wavelength. Thus, the gain cross-sections:

Ogain — Pog — (1 - ﬂ)o-abs’ . (6)



where = N2(*Fsn)/Nyy is the inversion ratio and N» is the population of the upper laser level
(*Fsp), are calculated to conclude about the possible laser wavelength and gain bandwidths
Algain. The results are shown in Fig. 4 for the high-gain light polarizations E || N, and E || N.
For E || N,, the local peak at ~1056 nm dominates in the gain spectra. The gain bandwidth
Adgain (FWHM) is 11.6 nm (for f = 0.15). For the E || N polarization, with increasing the in-
version ratio, several local maxima in the gain spectra are observed at ~1056, 1040, 1022 and
1003 nm. The gain bandwidth is larger, Adgain = 22.2 nm (for the same f = 0.15).

Note that the strongest emission peak of Yb** ions in the Yb**,Li":ZnWO4 crystal (at
the wavelength of ~1056 nm for E || N,) corresponds to almost zero absorption (the reabsorp-
tion cross-section, gaps = 0.05x102° cm?). This causes positive gain around this wavelength
even at low f, that gives a hope for obtaining low threshold lasing at ~1056 nm in the
Yb** Li":ZnWO4 crystal.

3.4. Luminescence decay

The luminescence decay of Yb**,Li*:ZnWO4 was studied at RT. Very thin (£ <100 pum)
cleaved plates were used to avoid the radiation trapping effect. The decay curve, Fig. 5, is
single-exponential and the luminescence lifetime 7ium 1s 367 ps. This agrees with the presence
of a single site for Yb*" ions in ZnWO4 (symmetry: C). Previously for Yb*":ZnWO4 (without
Li" codoping), tium was determined to be 644 ps using a bulk crystal [38]. This value may be
overestimated due to the reabsorption effect.

The calculation of the SE cross-sections by two independent methods (the F-L equation
and the RM, Section 3.3), yields an estimation for the radiative lifetime zraq = 0.37+£0.02 ms.
Thus, the luminescence quantum efficiency for Yb**,Li":ZnWOu 7q = Tium/Trad is close to uni-
ty. This agrees with the “energy-gap law” for non-radiative relaxation [54] postulating that it
is weak when the energy-gap to the lower-lying multiplet (AE = 9481 cm™!, in our case) is at
least 4 times higher than the maximum phonon energy of the host (Avpn = 906 cm™! [45]).

3.5. Crystal-field splitting

To resolve the Stark splitting of the Yb** multiplets in ZnWOs, the polarized absorption
and luminescence spectra were measured in the temperature range of 6-293 K, Fig. 6. The
studies were performed for the following light polarizations: E || @ (*<Nm) and E || b (Np) in
absorption and E || ¢ (=N,) and E || b (N,) in emission. For Yb*" ions in sites with the C;
symmetry, there is a total of J + 1/2 Stark sub-levels for each *5*'L; multiplet, denoted as 0..3
for 2F7; and 0'..2' for 2Fsp, respectively. The interpretation of the electronic transitions was
performed accounting for the Raman spectra (see Part I of this paper).

At the temperature of 6 K, the populations of all the Stark sub-levels of the ground mul-
tiplet (except of the lowest one) are greatly reduced. Moreover, the electron-phonon coupling
is also suppressed. Nevertheless, Yb>" ions in ZnWOQ4 exhibit large bandwidth of the zero-
phonon line (ZPL), i.e., the transition between the lowest Stark sub-levels of two multiplets,
or 0 « 0'. Indeed, AdzpL = 3.0 nm (for E || Np, as determined from the luminescence spectrum
measured with a better resolution of SBW = 0.6 nm). Compared to the monoclinic
Yb:KY(WOs); crystal (Adzpr <0.1 nm for E || Np) [55], this is much broader. Besides that, the



ZPL in absorption has a poorly resolved slightly asymmetric shape. The notable inhomoge-
neous broadening of the ZPL transition in the Yb*",Li":ZnWO4 crystal can be explained both
by the difference in the ionic radii of Yb**, Li* and Zn?*" ions (Ryp = 0.868 A, RLi = 0.76 A
and Rz, = 0.74 A for VI-fold oxygen coordination [56]), and by heterovalent mechanism of
substitution of Zn?>" by Yb** and Li" ions.

Formally, ZnWOys is an ordered crystal; the Zn?>* ions accommodate in a single type of
sites (Wyckoff symbol: 2e). However, in reality, each Li*, and, especially, Yb>" ion in the
Zn*" sub-lattice is a charged point defect, which brings both the spatial distortions (due to the
difference in ionic radii), and the distortions in distribution of the electron density (due to the
difference in formal charges) in its local environment. Besides that, as it was shown in the
first part of this work [45], the actual Li" amount in the crystal is lower than the content of
Yb** ions. It means that essential part of Yb*>" remains uncompensated by Li* ions. Thus,
there additionally should be some amount of another kind charge compensators, probably,
zinc vacancies. It is the third kind of point defects, acting in a similar way, as Yb** and Li"
ions do. Each Yb*" active center has its own kind of surrounding by these three kinds of
points defects, and, consequently, its own kind of crystal field, very slightly differing from
that of other Yb*" active centers. In other words, some (rather slight) extent of the structural
disordering do exist in the crystal. A similar behavior was detected recently for Yb**-doped
isostructural MgWOy4 crystal, revealing Adzpr, = 3.3 nm for E || Nm [5].

The energy-level scheme of Yb*" in ZnWOys is shown in Fig. 7(a). The ZPL has an en-
ergy of Ezp = 10285 cm’!. The corresponding transition wavelength at 6 K is 972.3 nm. At
RT, the partition functions Zn for the lower (m = 1) and upper (m =2) manifolds are Z; =
1.345 and Z» = 1.548 (the ratio: Z1/Z> = 0.869).

The total Stark splitting of the ground-state AE(*F7,) is 804 cm™!. In general, larger
AE(*F752) supports wavelength tuning, shorter pulses under ML operation regime, longer
achievable laser wavelengths, as well as lower lasing threshold and its weaker sensitivity to
the temperature increase. The ground-state splitting for Yb*" in ZnWOQ4 exceeds those of oth-
er known tungstate crystals employed for diode-pumped lasers at ~1 pum, such as monoclinic
ordered Yb:MgWOQs, 765 cm™ [5], monoclinic ordered Yb:KLu(WOQ4)2, 559 cm [8], and
tetragonal disordered Yb:NaGd(WOa),, 482 cm™ (2d sites) and 492 cm™ (2b sites) [22],
Fig. 7(b). Note that the local symmetry of the site (sites) for Yb>" ions is the same for all the
considered monoclinic crystals (C2) and it is different for the tetragonal scheelite-type one
(Sa).

For all the RE*" ions, it is known that the barycenter energy of any isolated 25*1L; 4
multiplet shows a linear variation with the barycenter energy of any other multiplet. This is
expressed by the so-called barycenter plot [57], Fig. 8. The barycenter energies <E(*Fs;)>
and <E(*F7)> for Yb** Li":ZnWO4 agree well with the linear fit of this plot, expressed by
the equation E(*Fs») = 10166.6 + 0.997xE(*F7,2) [in cm™'], where Eo = 10166.6 cm™ has the
meaning of the energy of the Yb*>" excited-state assuming a free ion. This analysis confirms
the correctness of the constructed energy-level scheme.

4. Laser operation
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4.1. Laser set-up

For laser experiments, we fabricated a rectangular active element from the 1.8 at.%
Yb** Li":ZnWOs crystal (¢ = 3.85 mm, aperture: 7.3x6.5 mm?). It was cut for light propaga-
tion along the a-axis (a-cut). Its input and output facets were polished to laser quality and re-
mained uncoated. The element was wrapped with In foil from all four lateral sides to improve
the thermal contact and mounted in a Cu-holder. The latter was cooled by circulating water (7'
= 12 °C). The laser crystal was placed in a linear plano-concave (hemispherical) cavity
formed by a flat pump mirror (PM) coated for high transmission (HT) at the pump wave-
length (~0.97 um) and for high reflectance (HR) at 1.02—1.2 um, and a set of concave output
couplers (OCs) with a transmission Toc = 3%-10% at the laser wavelength (~1.06 pum) and a
radius of curvature (RoC) of 50 mm, Fig. 9. The PM was placed at ~1 mm separation from
the laser element. The geometrical cavity length was 49 mm.

The pump source was a fiber-coupled (N.A. = 0.22, fiber core diameter: 105 pm) In-
GaAs laser diode emitting up to 54 W of unpolarized output at a central wavelength of 968
nm (emission bandwidth: 1.5 nm, M? = 37). The pump was reimaged into the crystal using a
lens assembly (imaging ratio: 1:1, f= 30 mm) leading to a pump spot diameter 2wp = 100 um
and a confocal parameter 2zr = 1 mm (in the crystal). Despite the reflectivity of the OCs at
the pump wavelength, the counter-propagating pump beam was focused before the crystal, so
that the second pass of the pump did not contribute to the laser output. The small-signal pump
absorption #abso was calculated from the unpolarized transmission spectrum to be 32.8%. The
value determined from the pump-transmission measurement at the threshold pump power and
accounting for the absorption saturation was smaller, #abs,. = 23.2%. It was used to determine
the absorbed pump power, Pabs. Here, we took into account the Fresnel losses at the uncoated
crystal surfaces.

4.2. Laser performance

The Yb** Li*":ZnWOj4 laser generated a maximum output power of 2.90 W at ~1059
nm with a slope efficiency # = 57.9% (with respect to the absorbed pump power) and a laser
threshold P, of 0.41 W, Fig. 10(a). The optical-to-optical efficiency #opt (vs. the pump power
incident on the crystal) reached 11.2% (all the values are specified for 7oc = 10%). For
smaller output coupling transmission, the slope efficiency was inferior while the laser thresh-
old slightly decreased (7 = 41.5% and Pn = 0.29 W for Toc = 3%). For all OCs, a thermal
roll-over in the input-output dependences was observed for Pas > 5 W and assigned to non-
optimized cooling of the laser element.

The laser emission was linearly polarized (E || Np), the polarization was naturally se-
lected by the gain anisotropy. The emission spectra, Fig. 10(b), were weakly dependent on
the output coupling being an interesting advantage. The laser operated around 1.06 um in
agreement with the gain spectra, Fig. 4(a).

In a previous study of a 1.25 at.% Yb:MgWOjs crystal in the hemispherical cavity under
diode pumping, the laser performance was similar: 2.52 W at ~1060 nm with 7 = 61% (vs.
Paps) [10]. However, the laser threshold was higher than in our case, Pn = 0.97 W. Note that
much better CW laser performance was achieved with a microchip Yb:MgWO4 laser [5] be-
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cause of the optimized dimensions of the crystal leading to its efficient cooling and good
mode-matching efficiency determined by the positive thermal lens.

No thermal fracture of the crystal was observed up to at least Paps of 6 W. It is known
that M2*WO4 crystals exhibit high thermal fracture limit [5].

5. Conclusions

To conclude, the Yb*",Li":ZnWOs crystal is promising for ~1 pum lasers since it com-
bines (i) good thermal properties (high thermal conductivity and weak anisotropy of thermal
expansion) enabling power scaling, (ii) intense spectral bands with polarized light leading to
linearly polarized laser emission, (iii) broad emission bands and large total Stark splitting of
the ground-state (*F7,2) - largest among other Yb’*-doped tungstate laser crystals and (iv)
weak reabsorption at the laser wavelength. The attractive spectroscopic properties of
Yb** Li*:ZnWOs are attributed to the low symmetry of the Yb** site (C2) and inhomogeneous
broadening arising from the difference in the valence and ionic radius of the cations partici-
pating in the doping mechanism (Yb>", Li* and Zn**). Some of the above characteristics make
Yb** Li*:ZnWOs very attractive for tunable and ML lasers as well as ultrafast amplifiers.

We report on efficient diode-pumped RT laser operation of a 1.8 at.% Yb** Li*:ZnWO4
crystal generating multi-watt output with a slope efficiency of 57.9%. This result well over-
comes the previous report (which, in addition, was not supported by the laser power transfer
characteristics) [38], proving that Yb**-doped zinc tungstate is an efficient laser material.

Regarding CW laser operation, further power scaling and improvement of the slope ef-
ficiency are possible. One direction of research to reach this goal is the elimination of the re-
sidual (rose) crystal coloration, e.g., by using Pt crucibles and high-purity reagents during the
crystal growth. Another important issue is the control of the charge compensation during
Yb** doping, e.g., by introducing larger amount of Li" cations or by using other ions (Na®,
Nb>*). This may help to improve the segregation coefficient of Yb>" ions in ZnWO4 leading
to higher achievable doping levels and, thus, better pump absorption efficiency. The design of
the laser cavity for diode-pumped Yb*',Li":ZnWOs lasers requires additional knowledge
about the thermo-optical properties, such as the dn/dT coefficients and thermal lensing.

Due to its broad transparency, ZnWOj is also promising for doping with other RE**
ions such as Tm** or Ho*" for laser operation in the spectral range of ~2 pm.
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Figure 1. Orientation of the optical indicatrix axes (Np, Nm, Ng) with respect to

the crystallographic frame (a, b, ¢) in monoclinic ZnWOs. The angle p is speci-
fied at the wavelength of ~1 pm.
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Figure 2. (a) Dispersion of the principal refractive indices (7p, #m, ng) in mono-
clinic ZnWOs: symbols — literature data [46-48], curves — their fitting using
Eq. (1). The best-fit parameters are listed in Table 1; (b) rotation of the dielectric

frame (expressed

by the angle p between the Ny and ¢ axes in the a-c plane,

Fig. 1) as a function of wavelength, symbols — literature data [46-48], curves —

their fitting using
axis.

Eq. (2). Red circles — data from [47] shifted along the vertical
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Figure 3. RT spectroscopy of a 1.8 at.% Yb**,Li":ZnWOjs crystal: (a) absorption
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Figure 4. RT gain cross-section, ogin = Sose — (1 — B)cabs, spectra for the 2Fsj <>
’F7p, transition of Yb*":ZnWOa. The light polarizations are (a) E || N, and (b) E ||
Ng. B = No(*Fs2)/Nyp is the inversion ratio, N, is the population of the upper laser

level (*Fsp).
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Figure 7. Crystal-field splitting for Yb>" ions in ZnWOu: (a) Scheme of the Stark
sub-levels; the blue arrow denotes the zero-phonon line (ZPL) transition in ab-
sorption, red arrows denote the transitions in emission at 6 K. Z1(Z») are the parti-
tion functions for the lower(upper) multiplets; (b) a comparison of the crystal-
field splitting for Yb*" ions in ZnWOas, MgWO4 [5], KLu(WOs4), [8] and
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Figure 9. Scheme of the diode-pumped 1.8 at.% Yb** Li*:ZnWOj laser: LD — la-
ser diode, PM — pump mirror, OC — output coupler, RoC — radius of curvature.
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Figure 10. Diode-pumped 1.8 at.% Yb**,Li*:ZnWO4 laser: (a) input-output de-
pendences, # — slope efficiency; (b) typical laser emission spectra. The crystal is
a-cut. The laser emission is linearly polarized (E || Np).
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