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ABSTRACT. A monoclinic 0.86 at.% Ho®*":MgWO4 crystal is grown by the Top-Seeded-
Solution Growth method. Its spectroscopic properties are studied with polarized light for
E || a, b, c. The Ho®" ion transition probabilities are determined within the modified Judd-
Ofelt theory (mJ-O) accounting for the configuration interaction. The intensity parameters
are Q, = 21.09, Q4 = 4.42, Qs = 2.28 [10%° cm?] and 0. = 0.053 [10™ cm]. The calculated
radiative lifetime of the °17 state is 6.18 ms. The Stark splitting of the °17 and °Is multiplets
is determined with low-temperature spectroscopy. The absorption, stimulated-emission
(SE) and gain cross-sections for the °lg <> °I7 transition are derived. Ho*":MgWO features
a large Stark splitting of the ground-state (380 cm™), high maximum ose of 1.82x10°%° cm?
at 2.083 um, broad gain spectra and high luminescence quantum yield making it suitable
for efficient continuous-wave and mode-locked lasers at ~2.1 um. First laser operation of
Ho®*:MgWO, crystal is demonstrated at 2.104 um reaching a slope efficiency of 72%.
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1. Introduction

The Holmium ion (Ho®*") with an electronic configuration of [Xe]4f*° exhibits eye-safe
emission above 2 pum due to the transition from the first excited-state (°I7) to the ground-state
(lg) [1]. The Stark splitting of the latter multiplet is typically large (from 314 cm™ for
Ho®*":LiYF4 to 540 cm? for Ho®*":Y3AlIsO12) [2,3] and determines the width of this emission
band. The emission at >2 um matches the absorption of water molecules (H20) in bio-tissues
and in the atmosphere, so that Ho lasers are used for remote sensing, wind mapping [4,5] and in
laser surgery. The Ho emission is also suitable for pumping mid-IR optical parametric oscillators
(OPOs) and optical parametric amplifiers (OPASs) [6]. It is of great interest to develop novel Ho®*-
doped materials for continuous-wave (CW) and mode-locked (ML) bulk and thin-disk lasers at
2 um, featuring high transition cross-sections with polarized light and broad emission properties.

Monoclinic (space group C*n — P2/c) crystals of magnesium monotungstate (MgWO.) doped
with thulium (Tm?®") ions have recently attracted a lot of attention for the development of CW
and ML oscillators at 2 um [7-9]. Such crystals belong to the family of monoclinic divalent-metal
monotungstates M**WO, where M = Mg, Cu, Ni, Co, Fe, Zn, Mn or Cd [10-12]. As a host
material, MgWOy, is characterized by a relatively high thermal conductivity x of ~8.7 W/mK
measured for an arbitrary crystal orientation [13]. This value is higher than for the well-known
monoclinic double tungstates (MDTSs), e.g., KLu(WOa)2, for which « is only ~3 W/mK [14].
Previous research on Tm-doping revealed that Tm3" ions in MgWOj4 replace the Mg?* ones in
C> sites and the significant difference in their ionic radii, as well as the low site symmetry
promote the broadening of the absorption and emission bands [7,15].

Efficient CW, Q-switched and ML Tm?3*:MgWO4 lasers have been recently demonstrated [7-
9]. In Ref. [8], a diode-pumped Tm**:MgWO4 laser generated 3.09 W at 2022-2034 nm with a
slope efficiency of 50%. A Ti:Sapphire pumped Tm*:MgWO4, laser ML by a graphene saturable
absorber generated 86 fs pulses at 2017 nm at a repetition rate of 87 MHz (emission bandwidth:
53 nm) [9], the shortest pulses achieved with a bulk ML crystalline laser at ~2 um. Very recently,
we analyzed spectroscopically a unique feature of Tm**:MgWO4 to generate linearly polarized
broadband emission above 2 um [15].

Compared to Tm?®', the Ho* ion provides longer emission wavelength and higher laser slope
efficiency. The latter is realized by employing the so-called resonant (in-band) pumping directly
to the upper laser level (°I7) [16,17]. In this case, a slope efficiency approaching the Stokes
efficiency, e.g., >80%, is feasible [18]. The weak heat loading diminishes the thermo-optic
effects. MgWO, crystals doped with Ho®* ions have not been studied so far. Note that Ho®*-
doped MDTs, namely KLU(WOQ4)2, KGd(WO4).2 and KY(WO4)2, have been successfully used
in bulk and thin-disk lasers [19,20].

In the present work, we aimed to grow a Ho:MgWO4 crystal, to perform a detailed room- and
low-temperature spectroscopic characterization and to demonstrate the first laser operation of
this monoclinic crystal.

2. Crystal growth
The Ho**:MgWO4 crystal was grown by the Top Seeded Solution Growth (TSSG) method
(from the flux, with sodium tungstate, Na;WOQs, as a solvent). The reagents used were MgO,



WO3, Na2CO3 (AR-grade purity) and Ho203 (99.99% purity). The ratio of MgWO4 : Na;WO4
in the melt was 5:7 (mol). The stoichiometric amounts of raw materials with 10 at.% Ho2O3 were
mixed and melted in a platinum crucible. Then the melt was heated to 970 °C and held for 48
hours to make the solution homogeneous in a home-made vertical tubular furnace with a nickel-
chrome wire as a heating element. When the saturation temperature (934 °C) of the solution was
exactly determined, the crystal was grown at a cooling rate of 0.6-1 °C/day and rotated at a rate
of 10 revolutions per minute (rpm). After a period of ~25 days, the crystal was pulled out of the
solution and cooled to room temperature at a rate of 12 °C per hour.

A single crystal with dimensions of 20x8x8 mm?® was obtained, as shown in Fig 1(a). The
crystal was free of cracks and inclusions and it had a yellow-brown coloration.

3. Experimental

For room temperature (RT, 293 K) X-ray diffraction (XRD), we used a MiniFlex 600 powder
diffractometer with Cu Ka radiation (A = 0.154187 nm). The sample was finely powdered. High-
temperature XRD patterns were recorded using a Siemens D5000 diffractometer equipped with
an Anton-Paar HTK10 platinum ribbon heating stage.

The RT absorption spectra were measured using a Varian CARY 5000 spectrophotometer
(spectral resolution: 0.1 nm) equipped with a Glan-Taylor polarizer.

The spectra of near-IR luminescence were measured using an Optical Spectrum Analyzer
(OSA, Yokogawa, model AQ6375B). The luminescence was excited by a CW GaSb laser diode
emitting at 1926 nm. The spectra of visible luminescence were measured using a Renishaw inVia
confocal Raman microscope with a Leica x50 objective. The excitation wavelength was 457 nm
(an Ar* laser line). In both cases, a Glan-Taylor polarizer was used to control the polarization of
Ho®*" luminescence.

The low-temperature (LT, 6 K) absorption and emission measurements were done using an
Oxford Instruments Ltd. cryostat (model SU 12) with helium-gas close-cycle flow.

For the luminescence decay measurements, we used mechanically chopped output of the
GasSbh laser diode emitting at 1926 nm as an excitation source. To detect luminescence, we used
OSA and a 2 GHz digital oscilloscope (Tektronix DPO5204B).

4. Crystal structure

4.1 Lattice constants

The X-ray powder diffraction pattern of the as-grown Ho®*:MgWOj crystal recorded at RT is
shown in Fig. 1(b). The measured XRD pattern is consistent with the standard pattern of undoped
MgWO, (ICDD card #27-0789). The Ho**:MgWO4 crystal is monoclinic (space group C*zn —
P2/c, No. 13, centrosymmetric point group 2/m), the lattice constants are a = 4.6958(3) A, b =
5.6822(3) A, ¢ = 4.9358(3) A, o = y = 90°, 8 = a’*c = 90.744(4)°, the volume of the unit cell V =
131.69(2) A3. The calculated crystal density is pcac = 6.863 g/cm?® (the number of the formula
units in the unit-cell Z = 2). The determined lattice constants are in agreement with those for
undoped MgWO, (a =4.6889 A, b =5.6753 A, ¢ =4.9289 A, 5 = 90.726°) [21].

4.2 Doping concentration



The Ho®" ion concentration Ny in the as-grown crystal was determined by inductively
coupled plasma atomic emission spectrometry (ICP-AES). The measured Nho value was
1.207x10%° cm™ (equivalently, 0.86 at.%). The effective segregation coefficient of Ho®** ions Ko
= Nmeasured/Nsolution Was thus determined to be 0.086.

In MgWOj4, the Ho®" ions are expected to replace the Mg?* ones in a single type of sites (C2
symmetry, VI-fold O> coordination). The charge compensation is provided by Na* cations
present in the solution. The corresponding ionic radii are as following: Ho®* (0.901 A), Mg?*
(0.72 A) and Na* (1.02 A). Their comparison leads to the following conclusions. The larger ionic
radius of Ho®*" and Na" compared to that of Mg?* explains the larger lattice constants of
Ho®*:MgWO; relative to undoped MgWO4 and the low segregation coefficient K. In addition,
the substantial difference between the ionic radii of Ho** and Mg?*, as well as the presence of
Na* cations in the lattice promote a strong crystal-field for the active ions.

4.3 Thermal expansion

The thermal expansion of Ho®*":MgWO. was studied using high-temperature XRD. The XRD
patterns were recorded at temperature T ranging from 300 K to 800 K with a step of 50 K. The
(a, b, c and p) values were determined for each T. All studied lattice constants increased linearly
with T, see Fig. 2. The volume of the unit-cell V and crystal density pcac were then calculated.
The unit-cell of Ho*:MgWO, expanded with temperature and the density decreased almost
linearly.

From Fig. 2(a-c), we calculated the coefficients of the linear thermal expansion ar along the
a, b and c crystallographic axes as ai = ALi/(LiAT) (i = a, b, c). The obtained values are aa =
11.22, ap = 8.09 and ac = 8.77 [107® K]. Previously, the ar coefficients were measured for
Cr3*:MgWOy, by a dilatometric method (at 283-923 K) as aa = 10.5, ap = 15.7 and ac = 10.8
[107¢ K] [13], hence the ap value of Ho**:MgWOu is considerably smaller.

For a monoclinic crystal, the linear thermal expansion is described by a tensor «i; which has
a diagonal form a'mn = diag(a'11, a'22, a'33) in the eigen-frame of the three orthogonal principal
axes X'k (k=1, 2, 3) [22]. Only one of these axes (X'2) coincides with the two-fold (C2) symmetry
axis (b-axis, in our case). The remaining two axes (X'1 and X’3) are located in the mirror plane
(the a-c plane). The ajj tensor in the crystallographic frame {a, b, c*}, where c* =a x b, can be
written as:

a, 0 a,.
=0 a 0] 1)
a 0 o,

where, ac~ = 8.65 [10°® K1] is the thermal expansion along the c*-axis, determined as
AC*/(c*AT), where c* = c-cos(f5 - 90°) [23], and aac+ are the non-diagonal elements. They can be
calculated from the measured thermal expansion coefficients using the formula am = mimjaij,
where m is the vector of direction cosines [22]. The diagonalization of the thermal expansion
tensor by solving the equation det(aij - Adi;) = 0 leads to the following eigen-values: a'11 = 14.80,
a'22 = ap = 8.09 and o's3 = 5.07 [10°® K] which determine the volumetric thermal expansion
avol = a'11 + o'z + a'z3 = 27.96 [107° K™Y]. The orientation of the X'k axes is given in Fig. 3. The



X'1 axis is counter-clockwise rotated at an angle 8 of 37.35° from the a-axis in the a-c plane (if
the b-axis is pointing towards the observer).

The anisotropy of the thermal expansion for Ho**:MgWO4 is moderate, o'11:a's3 = 2.9 and
a'22:0'33 = 1.6. This rather low anisotropy is favorable for power scaling of Ho*:MgWOj lasers,
because it will reduce the probability of thermally induced cracking. It is also favorable for the
crystal growth. For monoclinic Ho**:KY(WO4)2, this anisotropy is much stronger, a'ss : o'z =
6.6 and o'11 : a'22 = 3.1 [23]. The anisotropy of the thermal expansion, the relatively high at
values along certain directions, as well as the negative thermo-optic coefficients (dn/dT) of
MgWOy4 [15] should determine the existence of athermal directions allowing for microchip laser
operation.

5. Optical spectroscopy

5.1 Refractive index

MgWOys is an optically biaxial crystal. Its optical properties are thus described in the frame of
three mutually orthogonal optical indicatrix axes {Np, Nm, Ng} with the corresponding principal
refractive indices np < nm < ng. One of the optical indicatrix axes (Nm) coincides with the
“special” axis of this monoclinic crystal (the C2 symmetry axis) and the remaining two (Np and
Ng) are located in the orthogonal plane [24]. For MgWOu, the C-axis is parallel to the
crystallographic b-axis and the orthogonal plane is then a-c. The angles ¢ = a"Ng = 36.4° and v
=Cc"Np =37.1°

The information about the refractive index of MgWOys is scarce. Recently, we have quantified
the refractive index anisotropy of MgWO34 at ~1.2 um as np = 1.97, nm = 2.03 and ng = 2.13+0.02
(the mean value: (n)exp = 2.04) using transmission measurements [15]. Independently, Bhuyan
et al. analyzed the dispersion of the refractive index of MgWO4 theoretically using the density
functional theory within the random phase approximation [25]. The results of this theoretical
work ({n)cac = 2.04) agrees well with our estimation. Thus, we fitted the data from [25] using a
two-pole Sellmeier equation:

BA? DA?

ZZ_Cc A_E @
where, A-E are the Sellmeier coefficients and 4 is the light wavelength in um. The best-fit A-E
values are listed in Table 1. The dispersion of the mean refractive index of MgWOQ4 is shown in
Fig. 4. In particular, at ~2 pum, (N)caic = 1.99.

<n>2 =A+

5.2 Optical absorption

Due to the available crystal dimensions, we cut a rectangular sample oriented in the
crystallographic frame {a, b, c*}, where ¢* 1 a. For Ho**:MgWO4, the monoclinic angle 5 (ac)
is close to 90 ° (B = 90.744°) so the three polarizations available with this sample can be indicated
as E || a, b, c for simplicity (in other words, c* = c). The sample dimensions were 2.76(a) %
3.01(b) x 2.54(c*) mmd. All six faces were polished to laser quality.

The RT absorption spectra of Ho**:MgWO, are shown in Fig. 5 for light polarizations E || a,
b, c. The spectra are strongly polarized in agreement with the low symmetry (C.) of the Ho**
site; the maximum absorption corresponds to E || b. In the spectra, the bands are due to the



transitions from the ground-state (°ls) to the excited-states (from °l7 to (°G,*H)s+3Hs). The
assignment of the latter is according to Ref. [26]. The transitions to the °Is and °1 excited-states,
expected at ~0.90 and 0.75 pum, respectively, are too weak and cannot be clearly resolved.

In the visible, a broad and weak absorption at 0.4-0.6 um underlying the Ho®* bands is due to
the color centers related to cationic vacancies. A combination of the color center absorption and
the Ho®* absorption determines the weak yellow-brown crystal coloration. The UV absorption
edge is at ~340 nm (experimental bandgap: Eq = 3.6 eV). In [25], an indirect bandgap of 3.39 eV
was determined from the first principles band calculation based on density functional theory and
the experimental value for an undoped polycrystalline material was 4.17 eV.

5.3 Judd-Ofelt analysis

The transition intensities of Ho®* ions in MgWO, were analyzed within the standard Judd-
Ofelt (J-O) theory [27,28] and its modification (mJ-O) [29,30]. For the standard J-O theory, the
electric dipole (ED) line strengths of the J — J' transitions are calculated as:

(Sen3) =Y ubg,. (32)
k=2,4,6
U® = ((af")SLJ U || (4f")S'L' 392, (3b)

Here, U®, are the reduced squared matrix elements and Qy are the intensity (J-O) parameters
(for both, k = 2, 4, 6). The mJ-O theory includes the effect of configuration interaction. If only
the excited configuration with opposite parity 4f"'5d* contributes to configuration interaction,
the intensity parameters are the linear functions of the energies of the two multiplets (E; and Ey)
according to [29]:

Qy = [1+2a(E, + E; - 2E{)]. 4)
Here, Ef° is the mean energy of the 4f" configuration and a = 1/(2A), where A has the meaning
of the energy of the excited configuration 4f"15d-.

This formalism was applied to the ED contributions of the f-f transition intensities of Ho**
ions. The contribution of magnetic-dipole (MD) transitions with AJ =J —J' = 0, £1 [31] was
calculated separately within the Russell-Saunders approximation on wave functions of Ho®* ion
under the assumption of a free-ion.

First, we determined the experimental oscillator strengths «=exp> for transitions in absorption,
®lg — 25*1L;. Here, the brackets indicate averaging over the three studied light polarizations, i.e.,
<> = 1/3(f(a) + f(b) + f(c)). The set of *exp> was analyzed within both the J-O and mJ-O theories
to determine the intensity parameters, {Q«} and {Qx, a}, respectively, where k = 2, 4, 6. Both
the experimental «exp> and the calculated «f*caic> absorption oscillator strengths are listed in
Table 2. Here, the superscript X indicates that the f values include both the ED and MD
contributions. The refractive index for each barycenter of the absorption band <4> was calculated
from the dispersion curve, Eq. (2). Accounting for the dispersion of the refractive index of the
host matrix is important for adequate application of the J-O theory [32]. The reduced squared
matrix elements U®, k = 2, 4, 6 are according to Ref. [1].

The determined intensity parameters for both J-O and mJ-O theories are listed in Table 3. In
the former case, Q2 = 17.57, Q4 = 3.90 and Q6 = 1.69 [10%° cm?]. These values are close to those



for monoclinic Ho**:KGd(WO4)2 crystal, Q2 = 15.35, Q4 = 3.79 and Q¢ = 1.69 [10%° cm?] [33].
The root mean square (rms) deviation between the «*exp> and «f*caic> values is much lower for the
modified J-O theory (0.187) as compared to the standard one (0.534). Because of this, we selected
the mJ-O theory for further description of radiative spontaneous transitions.

Using the determined intensity parameters {Qx, a} within the mJ-O theory, we calculated the
probabilities of radiative spontaneous transition A*c.c(JJ') (here, the superscript T indicates the
sum of both the ED and MD contributions), the luminescence branching ratios B(JJ") and the
radiative lifetimes of the excited states 714, Table 4. The refractive index for each mean emission
wavelength <1> was calculated from the dispersion curve, Eq. (2). The radiative lifetime of the
upper laser level (°17) is 6.18 ms.

5.4 Luminescence

Polarized luminescence spectra of the Ho**:MgWO4 crystal are shown in Fig. 6. In the near-
IR, Fig. 6(a), a broad emission band spanning from 1.85 to 2.12 um was observed and assigned
to the 317 — 5lg transition.

In the visible, Fig. 6(b), several emissions in the green (at 0.54-0.56 um, °S;+°F4 — Slg
transition) and red spectral ranges (at 0.64-0.67 pm, °Fs — °lg transition and at 0.74-0.77 pm,
%S,+°F4 — 517 transition) were observed.

5.5 Stark splitting

By using low-temperature (6 K) absorption and the luminescence studies for the °lg < °I7
transition (Fig. 7), we determined the Stark splitting of the ground-state (°Is) and the upper laser
level (°17) of the Ho®" ion, Fig. 8.

For the C2 symmetry site and integer J, each 2>*!L; multiplet has 2J+1 Stark components. All
of them were resolved. The total Stark splitting of the ground-state AC°lg) is 380 cm™. This
splitting is much larger than in monoclinic Ho**:KY(WQ4), for which A(%lg) is 281 cm™ [23].
The zero-phonon-line (ZPL), i.e., the transition between the lowest Stark sub-levels of both
multiplets, is observed at Ezp. = 5143 cm? (1944 nm). It is blue-shifted with respect to
Ho®*:KY(WOu4)2 (Eze. = 5100 cm™) [23]. The longest wavelength of the purely electronic
transition is 2100 nm (larger than in Ho**:KY (WQ4)2: 2075 nm).

The increased Stark splitting for Ho** in monoclinic MgWO4 as compared to KY(WO4)2
indicates a stronger crystal-field of the former material, promoted by the substantial difference
between the ionic radii of Ho®*, Na" and Mg?*. Note that the Ho®* site symmetry for both crystals
is the same (C>).

5.6 Transition cross-sections

The absorption cross-sections were determined from the measured absorption spectra, oans =
aaps/NHo, Fig. 9(a). For the °ls — °l7 transition used for in-band pumping of Ho®" ions, the
maximum caps is 0.96x102° cm? at 1944.5 nm for light polarization E || b. The full width at half
maximum (FWHM) of this peak is 18.2 nm. For E || a and E || c, the peak oaps is about 1.3 times
lower while the FWHM is similar, ~19 nm. For the same transition of Ho** in monoclinic



KY(WO4)2, the maximum oass is higher, 1.60x10%° cm? at 1961.0 nm while the corresponding
FWHM is smaller, only 12.1 nm (for E || Nm) [23].

The stimulated-emission (SE) cross-sections of Ho**:MgWO, ose, were determined with the
reciprocity method (RM) [34]:

0te(2) = 0l (1) Zrexp(- LA Ee, (52)
2
Z.,=> 90 exp(—E. /KT). (5b)
k

Here, oabs IS the absorption cross-section, i indicates the polarization state, h is the Planck constant,
c is the speed of light, k is the Boltzmann constant, T is the crystal temperature (RT), Ezp_ is the
energy difference between the lowest Stark sub-levels of the two multiplets (zero phonon line
(ZPL), 5143 cm™, Fig. 8), and Zm are the partition functions of the lower (m = 1) and the upper (m
=2) manifolds. g™« (assumed to be 1) is the degeneracy of the sub-level with the number k and
energy E™« measured from the lowest sub-level of the multiplet. Using Eq. 5(b) and the determined
Stark splitting, Fig. 8, we calculated the partition functions Z1 =9.80 and Z» = 8.87, so that Z1/Z>
=111

The results on ose are shown in Fig. 9(b). The maximum ose is 1.82x10%° cm? at 2083.3 nm
for E || b. For the other two polarizations, the SE cross-sections are lower, namely 1.66x102° cm?
at 2068.4 nm (for E || a) and 0.60x10° cm? at 2069.5 nm (for E || ¢). Such a strong anisotropy
will promote the natural selection of a linearly polarized radiation in Ho**:MgWOj4 lasers. For
Ho%*":KY(WOa4), the maximum ose is higher, 2.65x102° cm? at 2056.3 nm for E || Nm [23].

Thus, the study of the absorption and SE cross-section spectra of Ho**:MgWO, indicates a
broadening of the spectral bands with respect to Ho**:KY(WO4), while the peak cross-sections
are still rather high for certain light polarizations.

The Ho®" ions represent a quasi-three-level laser scheme and the gain cross-sections, ogain =
Bose — (1 - B)oas, are determined to predict the possible laser wavelengths. Here, = N2(%17)/No
is the inversion ratio. The results for light polarizations E || a and E || b are shown in Fig. 10. For
small g < 0.15 the gain spectrum of E || b is smooth and it spans from 2.10 to 2.14 um. For higher
inversion, a broad local peak centered at ~2085 nm dominates in the spectra. The gain bandwidth
(FWHM) Alq is ~27 nm for £ = 0.20. For E || a, with the increase of the inversion ratio, several
local peaks at ~2110, 2096 and 2070 nm are observed.

The gain bandwidth is as broad as ~55 nm. For Ho®**:KY(WO4)2, Alq is about 26 nm for E ||
Nm [23]. The broad emission bands of Ho®*" in MgWO4 are promising for mode-locked lasers.

5.7 Luminescence decay

The luminescence decay curve of Ho**:MgWOy is shown in Fig. 11. The decay is single-
exponential, which agrees with a single type of sites for Ho** ions in MgWO4. The corresponding
luminescence decay time zwym is 4.40 ms. It is slightly shorter than that for 3 at.%
Ho®*":KY(WOa4), (4.8 ms). The luminescence quantum yield:

Tum
My =—" (6)

Trad



For Ho**:MgWO4, 774 = 71%. Note that the maximum phonon frequency of MgWOu is relatively
high, Avpr = 916 cm™ [7], compared to the energy gap between the °17 and °ls states (4763 cm™).

5.8 Towards Tm**,Ho** codoping

Tm3*, Ho* codoping is a well-known scheme of sensitization of Ho** ions leading to low-
threshold laser operation [35]. Tm** ions have a strong absorption at around ~0.8 pm (*He —
3H, transition) and they provide an energy transfer (ET) of electronic excitation to the Ho®" ions,
3F4(Tm®") — °17(Ho*") [36]. Efficient Tm®*, Ho** codoped MDT lasers were realized [37]. The
ET process in Tm**:MgWO is promoted by the fact that the barycenter of the F4 state (5844
cm® for [15]) is higher than that of the °I7 state (5269 cm™).

For Tm®", Ho®+ codoped materials, the ratio of parameters of the Ho** — Tm>* back ET to
the Tm®** — Ho®" ET is called the equilibrium constant . It is concentration-independent and it
can be deduced from the Stark splitting of the Tm** and Ho®" ions, namely [38]:

_ ZCR)-Z(1) exp£_<E;;:1 ~E J @)
Z(*Hg)-Z("1,) KT
where k is the Boltzmann constant, T is the crystal temperature. For Tm** Ho*:MgWO,, ©® =
0.110 which is close to the value for Tm**,Ho®*":KY(WO4). (® = 0.07) [39] and for such well-
known hosts for Tm®**,Ho®* codoping as Y3AlsO12 (@ =0.12) and LiYF4 (® = 0.12) [38].

Besides the low-threshold lasing expected for Tm**,Ho®*:MgWO4, this material is interesting
for its spectrally broad gain bandwidth at >2 um, e.g., for applications in mode-locked and in
particular femtosecond lasers [40,41].

6. Laser operation

6.1 Laser set-up

The laser experiments were performed with the same Ho**:MgWO, sample which was used
in the spectroscopic studies. It was oriented for light propagation along the a-axis (thickness t =
2.76 mm). The 3.01(b) x 2.54(c*) mm? aperture faces were polished to laser quality and remained
uncoated. The laser crystal was mounted on an Al holder with a thermal contact from one lateral
side. The Al holder was passively-cooled. A plano-plano (microchip-type) laser cavity was used.
It consisted of a flat dichroic pump mirror (PM) coated for high transmission (HT, T > 86%) at
1.9-2.0 um and for high reflection (HR, R > 98.5%) at 2.02-2.5 um and a flat output coupler
(OC) with the actual transmission at the laser wavelength Toc of 0.5% or 2.4%. The transmission
spectra of the cavity mirrors were measured using the spectrophotometer. Both cavity mirrors
were placed as close as possible to the laser crystal minimizing the air gaps. The total geometrical
cavity length was thus close to the crystal thickness.

As a pump source, we used a diode-pumped Tm:KLu(WOa4)2 microchip laser emitting up to
1.8 W of CW output at 1946 nm (TEMoo mode, M? < 1.1, linear polarization). More details about
the design of the Tm laser can be found elsewhere [18]. Its output was collimated and focused
into the Ho**:MgWO4 crystal by a pair of plano-concave lenses with the focal lengths of 150 and
60 mm, respectively. The polarization of the pump corresponded to E || b in the crystal. The
radius of the pump beam in the focus wp was 100+10 pm. Due to the back reflection of the OC



at the pump wavelength (R > 98%), the crystal was pumped in a double-pass. The single-pass
pump absorption was measured at the threshold pump power under non-lasing conditions to be
N1-pass = 9£1%. From this value, the double-pass absorption was calculated accounting for the
Fresnel losses at the uncoated crystal surfaces, #2-pass = 15+2%. The small-signal absorption at
the pump wavelength, 71-passo = 1 — exp(—c absNHot) = 26% which is higher than the experimental
value due to the bleaching of the ground-state.

6.2 Laser performance

The input-output dependences and typical emission spectra of the Ho**:MgWO, laser are
shown in Fig. 12. For Toc = 0.5%, the output power reached 52 mW at ~2104 nm with a slope
efficiency » of 72% (with respect to the absorbed pump power Pas), see Fig. 12(a). The laser
threshold was at Pass = 0.16 W. For higher output coupling of 2.4%, the laser operated at shorter
wavelength (~2091 nm) and the slope efficiency decreased to 49%. The deterioration of the laser
performance for higher output coupling was also observed in in-band-pumped Ho®**:MDT lasers
and assigned to increased upconversion losses related to higher inversion [18,19]. The power
scaling was limited by the low available pump power and the low absorption of the Ho**:MgWO,
crystal. The output dependences were linear and no crystal fracture was observed.

The output polarization of the Ho**:MgWOu4 laser was linear (E || b), i.e., parallel to one of
the optical indicatrix axes (Nm); it was naturally selected by the anisotropy of the gain. The laser
emission spectra, Fig. 12(b), are in agreement with the gain spectra, Fig. 10(b). The multi-peak
spectral behavior was due to the etalon effects at the crystal-mirror interfaces.

7. Conclusion

MgWOy is a promising host material for Ho®*" doping. Due to the difference in ionic radii of
the substituted (Mg?*) and dopant (Ho®*) ions, a significant broadening of the spectral bands is
observed. The low site symmetry determines the strong polarization-anisotropy of the transition
cross-sections. As a result, Ho**:MgWO features a large Stark splitting of the ground-state (for
an anisotropic crystal), ACCls) = 380 cm?, relatively high stimulated-emission cross-section of
1.82x102° cm? at 2083.3 nm for a particular light polarization, E || Nm (b), high luminescence
quantum yield (>70%) and a broad gain bandwidth reaching ~55 nm for E || a. All these features
together with the high thermal conductivity of MgWO4 make Ho**:MgWO, attractive for
efficient CW and ML bulk and thin-disk lasers at ~2.1 pm.

In the present work, we demonstrated the first laser operation of Ho**:MgWOj4 using in-band
pumping at 1946 nm by a Tm-laser. A slope efficiency up to 72% was achieved and the laser
operated at 2104 nm. Further power scaling is possible with (i) an increase of the Ho®'
concentration and (ii) the use of powerful pump sources, e.g., Tm fiber lasers or GaSb diodes.
Further optimization of the growth and annealing conditions will allow one to improve the optical
quality of Ho*:MgWO, crystals (i.e., reduce the effect of color centers). The growth of
Tm3* Ho* codoped MgWO4 crystals is also promising.
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Table 1. Sellmeier coefficients* for the mean refractive index (n) of MgWOu.

Coefficient Value
A 1.520

B, um™ 2.503
C, um? 0.068
D, um™ 0.648
E, um? 32.0

*A-E — Sellmeier coefficients, according to Eq. (2).

Table 2. Measured and calculated absorption oscillator strengths of Ho** in MgWOa.

Transition >, (F)'l 2 4 6 Foo a1l
lp?i,  pm omom U US o UB s o
x10
5, 1944.0 86.5 0.0249 0.1344 15216 2.14 2.09%P+ 1.77%0+
0.56MP  0.56MP
Sg 1168.3 16.7 0.0084 0.0386 0.6921 1.14 1.41%° 127FP
5Fs 648.4 17.9 0 0.4250 05687 4.00 4.5880  422FD
SE445S, 541.6 17.6 0 0.2392 0.9339 563 5.29%° 532FP
5F3 489.6 3.58 0 0 0.3464 1.41 1.3650  1.49FP
5F, 4740 1.90 0 0 0.2041 0.79 0.83tP  0.94FP
5Ge+F1 448.0 156.0 1.5409 0.8744 0.2946 72.74 73.02E° 72.74FP
(°G,%G)s 420.7 10.0 0 0.5338 0.0002 5.31 547fP  527FP
3K7+°Gy 386.2 1.87 0.0058 0.0361 0.0697 1.17 1.04%P+ 1.11%P+

0.005MP  0.005MP
*He+(°G,*H)s 3615 295 0.2155 0.1969 0.1679 21.12 19.95°° 21.23FP

r.m.s. dev. 0.534 0.187

> - “center of gravity” of the absorption band, «/» — integrated absorption coefficient, UX —
squared reduced matrix elements, <f>exp> and «f*cac> — experimental and calculated absorption
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oscillator strengths, respectively, ED and MD stand for the electric-dipole and magnetic-dipole
contributions, respectively.

Table 3. Parameters of the “standard” and modified Judd-Ofelt
theories applied for Ho®* ions in monoclinic MgWOa.

Parameter Theory

J-O mJ-O
Q,x10%°, cm?  17.57 21.09
Q4x10%°, cm?  3.90 4.42
Q6x10%°, cm?  1.69 2.28
ax10% cm - 0.053

Table 4. Calculated probabilities of the spontaneous radiative transitions of Ho®*" in MgWO..

W, B(JJ), A, Trad,

iti 2 4 6 z !
Transition o u®@ u® u® Arcac(3J), s % o s
%l7—°lg 1944 0.0249 0.1344 15217 122.88P+39.1MP 100 1619 6.18
®le—°l7 2927 0.0319 0.1336 0.9308 34.85°+19.0MP 160 336.1 2.98
®lg—°lg 1168 0.0083 0.0383 0.6918 282.3%P 84.0
®l5—°lg 3790 0.0438 0.1705 0.5729 15.85°+8.gMP 92 268.6 3.72
®l5—°l7 1652 0.0027 0.0226 0.8887 141.8FP 52.8
%l5—°lg 893 0 0.0099 0.0936 102.2FP 38.0
%l4—°ls 4911 0.0312 0.1237 0.9099 12.1EP+39MP 93 172.2 581
%4 —°lg 2139 0.0022 0.0281 0.6640 66.65° 38.7
¥l4—°l7 1236 0 0.0033 0.1568 74.5° 43.2
%14,—°lg 7556 0 0 0.0077 15.1FP 8.8
SF5—°ly 4521 0.0001 0.0059 0.0040 0.25P+0.03MP  <0.1 4857 0.21
SF5—°l5 2367 0.0068 0.0271 0.1649 18.35°+0.8M°P 04
SF5—°lg 1457 0.0102 0.1213 0.4995 212.7%P+2.6MP 4.4
SF5—°ly 972.9 0.0177 0.3298 0.4340 1024FP 21.0
SF5—°lg 648.4 0 0.4277 0.5686 3598FP 74.1
°S,+°F4—°Fs 3588 0 0.0256 0.2783 66.1F°+6.3M° 0.6 13131 0.08
5S,+%F4—°14 2009 O 0.0212 0.3693 139.25°+0.1MP 10
5S,+%F4—°ls 1425 0.0001 0.0459 0.1558 388.65P+0.2MP 3.0
5S,+°F4—°lg 1036 0.0002 0.0179 0.1445 1001.1F° 7.6
°S,+°F4—°l7  765.1 0.0012 0.0274 0.2773 2584FP 19.7
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5S,+°F4—°lg  549.0 0.0207 0.0197 0.0041 8946°P 68.1

*¢J> - mean wavelength of the emission band, A*caic(JJ") — probability of radiative spontaneous
transition, B(JJ") — luminescence branching ratio, Awt and zrag — total probability of radiative
spontaneous transitions and the radiative lifetime of the excited state, respectively, U® —
squared reduced matrix elements, ED and MD stand for the electric-dipole and magnetic-

dipole contributions, respectively.
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Fig. 1. (a) Photograph of the as-grown 0.86 at.% Ho**:MgWO4 crystal (growth direction -
along the [010] axis, the [100] axis is pointing towards the observer); (b) room-temperature X-
ray powder diffraction (XRD) pattern of Ho**:MgWOj (in red) and a reference pattern of
MgWOys (in black, ICDD card #27-0789), numbers denote the Miller’s indices, (hkl).
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Fig. 2. (a-f) Dependence of lattice constants a, b, ¢ and $, volume of the unit-cell V
and calculated density pcaic of 0.86 at.% Ho**:MgWO, crystal on temperature:
symbols — experimental data extracted from the XRD patterns, lines in (a-c) — their
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Fig. 3. Mutual orientation of the crystallographic axes (a, b, ¢ and ¢* = a x b) and
principal axes of the thermal expansion tensor X'k (k = 1, 2, 3) for the Ho**:MgWO,

crystal.
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Fig. 4. Refractive index of MgWOu: red curve — calculated dispersion of the mean
refractive index (n) from Ref. [25], fitted using the two-pole Sellmeier equation,

Eqg. (2), circles — experimental data from Ref. [15].
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Fig. 5. Room-temperature absorption spectra of 0.86 at.% Ho®*:MgWO, for light
polarizations E || a, b, c.
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Fig. 7. Low-temperature (6 K) absorption (a) and luminescence (b) spectra of the °Ig

« 517 transition of Ho®" in MgWOu4. + indicates the peaks identified as Stark-to-

Stark transitions. The light polarizations are E | a, E || b (@) and E || b, E || ¢ (b). In
(@), the red curves are after Fourier transform noise filtering. In (b), Aexc = 1926 nm.
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Fig. 8. Stark splitting of the ground-state (°ls) and the upper laser level (°I7) of
Ho®*" in MgWO.4. Numbers denote the energies of Stark sub-levels in cm™. Z1() are
the calculated partition functions, arrows indicate the ZPL transition and the
transition corresponding to the longest emission wavelength.
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Fig. 9. (a) Room-temperature absorption, oabs, and (b) stimulated-emission, osg,

cross-sections for the °Ig « °17 transition of Ho®*" in MgWO4. Light polarizations are
E ||l a, b, c. ose values are calculated with the RM.
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Fig. 10. Room-temperature gain cross-sections, ogain = fose — (1 — f)aas, for the °17
— Slg transition of Ho®" in MgWO4 for various inversion ratios f = N2(°17)/No.
Light polarizations are E || a (a) and E || b (b).
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Fig. 11. Room-temperature luminescence decay curve for the 0.86 at.%
Ho%*:MgWO; crystal, circles — experimental data, line — single-exponential fit, Jexc
=1926 nm, Awm = 2060 nm.
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Fig. 12. In-band pumped a-cut Ho*:MgWO4 laser: (a) input-output dependences, #

— slope efficiency; (b) typical laser emission spectra measured at Paps = 240 mW.
The laser polarization is E || Nm (b).
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