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Abstract: We report on a comparative spectroscopic study of Ho>*-doped fluorite-type crystals
MF, (where M stands for Ca, Sr, and Ba), regarding their applications in lasers emitting at 2
to 3 um. The transition intensities of Ho>* ions are determined within a modified Judd-Ofelt
analysis accounting for configuration interaction. The stimulated-emission cross-sections for the
317 — Ig (at 2.1 um) and °Tg — 37 (at 2.9 um) are determined and compared with the reference
Ho:LiYF, crystal. Effects related to electron-phonon interaction are studied: i) the multiphonon
sidebands responsible for long-wave emission far beyond 2 um are observed; ii) the rates of
multiphonon non-radiative relaxation from the Is, I and °I; Ho>* manifolds are computed
and linked to the phonon spectra of MF; crystals, and iii) the parameters of phonon-assisted
energy-transfer upconversion from the 3I; level are quantified using the Burshtein model. Owing
to their low phonon energy behavior and inhomogeneously broadened spectral bands, Ho:MF,
crystals are promising for broadly tunable and mode-locked lasers.
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1. Introduction

Currently, there is a growing interest in laser sources directly emitting coherent radiation in the
mid-infrared spectral range, in the so called molecular fingerprint region as it contains multiple
characteristic vibrational absorption lines of atmospheric and bio molecules [1]. The use of
broadly emitting laser materials is desired as they could support a broadband tuning of the laser
emission and ultrashort pulse generation [2,3]. Mid-infrared lasers are relevant for applications
both in industry and fundamental research, including remote sensing, molecular spectroscopy
using frequency combs, supercontinuum generation, laser surgery and biomedicine.

Rare-earth ion doped crystals and glasses can serve as a versatile tool for addressing specific
spectral ranges in the mid-infrared [4,5]. When laser action at long wavelength is targeted, one
of the main considerations for the choice of the host material concerns its phonon spectrum
[6,7]. This is determined by the energy gap law stating that the rate of multiphonon non-radiative
(NR) relaxation becomes almost negligible as compared to the rate of radiative transitions if the
energy gap to the lower-lying state AE is sufficiently large as compared to the maximum phonon
energy hvp, involving both Raman and infrared active phonons (AE/hvy, >> 6-7) [8,9]. The
phonon energy decreases in the series oxides — fluorides — selenides — chlorides — bromides,
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and so does the complexity of their synthesis with the goal of obtaining laser-quality elements.
Moreover, the latter materials are often hygroscopic.

Fluoride crystals and glasses are well-known laser host matrices for rare-earth doping [10,11].
They exhibit relatively low phonon energies (570 cm™~! for ZBLAN glass) allowing for laser
operation up to ~4 pm [12]. This is coupled with a number of advantageous properties, such as i)
broad range of transparency, ii) good thermal properties, iii) high solubility of rare-earth ions, iv)
weak crystal-fields leading to long luminescence lifetimes and v) low synthesis temperatures.
However, their elaboration requires a precise control of the synthesis atmosphere to avoid any
oxygen contamination.

Among the rare-earth ions exhibiting emission in the short-wave infrared, Holmium ions
(Ho*) possessing an electronic configuration of [Xe]4f!® (with >Ig being the ground state, see
Fig. 1) attract attention due to several cascade laser transitions at 2.1 pm Cl; - 3Ig) [13],2.9 pum
(Ig — °17) [14] and 3.9 um (°Is — 3I4) [15], with the latter two being relatively poorly explored.
Recently, due to a significant progress in the technology of fluoride fibers, Ho:ZrF, and Ho:InF;
fiber lasers enabled the generation of high-power, wavelength tunable output in the mid-infrared
[16,17]. Very recently, Boilard et al. reported on a Ho:InFj; fiber laser delivering 1.7 W at 3920
nm with a slope efficiency of 9.2% versus the absorbed pump power at 888 nm [16]. Jackson
developed a Ho** Pr3*:ZrF, fiber laser generating 2.5 W at 2860 nm with a slope efficiency of
29% versus the launched pump power at 1100 nm [17].
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Fig. 1. A partial energy-level scheme of Ho?* ions showing laser transitions in the near and
mid-infrared, GSA and ESA — ground- and excited-state absorption, respectively, ETU —
energy-transfer upconversion.

Ho**-doped fluoride single-crystals, such as Ho:LiYFy [18], Ho:CaF, [19] or Ho:BaY,Fg
[20], appear as excellent candidates for the development of mid-infrared lasers, as they bring the
advantage of high thermal conductivity potentially enabling power scaling. Ye et al. reported
on a cascade Ho:LiYF, laser pumped at 1150 nm delivering 0.78 W at 2953 nm with a slope
efficiency of 36.1% [21]. Tabirian et al. demonstrated room temperature pulsed laser operation
of a Ho:BaY,Fg laser at 3.9 um with a slope efficiency of 14.5% pumping at 890 nm [22].

Among the crystalline fluoride materials, the family of divalent-metal bifluorides MF,, where
M stands for Ca, Sr, Ba, Cd, Pb or their mixture [10,23], attracts a lot of attention for rare-earth
doping [24-26]. The main feature of these materials is a multi-site behavior: at low doping
levels (<0.1 at.%), several rare-earth sites with different symmetries coexist, namely, tetragonal
(C4 v) and trigonal (C3 v) ones, with local charge compensation by interstitial F;~ anions, and
simple cubic (Oj,) ones, with non-local charge compensation, and at moderately to high doping
levels (> 0.5 at.%), the majority of the dopant ions form clusters of increasing complexity
(from dimers towards agglomerates of RE** - F;~ pairs) [27]. The latter leads to a significant
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inhomogeneous spectral line broadening which results in a “glassy-like” spectroscopic behavior,
i.e., the absorption and emission spectra of rare-earth ions in MF; crystals resemble those in
fluoride glasses. Direct imaging of simple rare earth clusters in Yb3*:CaF, was reported [28].
Kazanski ef al. suggested the existence of hexameric LngF37 clusters with an inner Fy; 4
cuboctahedron, which replaces the structural unit CagF3, with an inner Fg cube in the fluorite
crystal lattice [29]. The broad and structureless gain profiles of rare-earth ions in MF, crystals,
coupled with very high thermal conductivity of the latter (x = 11.7 Wm™'K~! for undoped CaF,),
determine their relevance for ultrashort pulse generation and amplification in high-power/energy
systems, as demonstrated around 1 um [24]. In addition, the growth of MF, crystals is well
developed, as they serve as mid-infrared optical windows and substrates.

So far, Ho**-doped CaF; crystals have been mostly studied for lasers emitting at 2 um [30-32].
Very recently, Wang et al. reported on a Ho,Pr:CaF; laser pumped at 1150 nm generating 0.15
W at 2860 nm with a slope efficiency of 5% [33]. Much less attention has been paid to its Sr and
Ba counterparts even though they exhibit lower phonon energies [32] consequently potentially
unlocking even lasing at 3.9 um.

In the present work, we report on a comprehensive spectroscopic study of three Ho:MF,
crystals (with M = Ca, Sr, and Ba), regarding their stimulated-emission properties at 2 pm and 3
pum, emission lifetimes and energy-transfer upconversion.

2. Crystal growth

The Ho*-doped fluorite-type crystals, MF, (M = Ca, Sr and Ba), were grown by the Bridgman-
Stockbarger method. The starting powders were divalent-metal fluorides CaF,, SrF, and BaF,
(purity: 4N, Sigma-Aldrich) and holmium fluoride, HoF3, obtained by fluorination of holmium
oxide Ho,O3 (purity: 4N, Alfa Aesar) using an excess of ammonium hydrogen bifluoride
(NH4HF,) solution at 250 °C. The staring Ho** doping level was 0.5 at.% with respect to M>*
cations. The growth was performed using graphite crucibles (diameter: ¥8 mm, height: 40 mm).
To avoid any oxygen contamination, the growth chamber was first sealed to vacuum (<10~ mbar)
and refilled with a mixture of Ar+ CF4 gases. The precursors were well mixed and placed in
the crucible which was then heated at a temperature slightly above the melting point for 2 h to
homogenize the melt. The CaF,, SrF;, and BaF, compounds melt congruently at 1418 °C, 1477
°C, and 1386 °C, respectively. The crystal growth was enabled by a vertical translation of the
crucible through the hot zone with a temperature gradient of 30-40 °C/cm at a rate of 1-3 mm/h.
Once the growth was completed, the crystals were gradually cooled to room temperature within
72 h. No post-growth annealing was applied.

The as-grown crystals had a cylindrical shape (#7-8 mm, length: 35 - 40 mm) and they were
transparent with a slight rose coloration associated with Ho>* absorption. The crystals were free
of defects and inclusions. For spectroscopic studies, we cut cylindrical samples from the central
part of the boules, Fig. 2.

For comparison, 1 at.% Ho:LiYF, crystal was also grown by the Czochralski method and
oriented along its a-axis giving access to  and o polarizations.

The structure of the grown crystals was confirmed by X-ray powder diffraction using a Rigaku
diffractometer (step size: 0.01°, step time: 0.06 s). All three crystals crystallize in the cubic
class (space group Fm3m — O, No. 225) having a lattice constant a of 5.4565 A,5.7827 A, and
6.1711 A for M = Ca, Sr and Ba, respectively. In the fluorite-type structure, the divalent-metal
cations M?* are bonded in a face-centered cubic geometry to eight equivalent F~ anions.

The primitive cell of MF, crystals contains three nonequivalent atoms giving rise to nine
phonon modes, with three of them being the acoustic ones. At the center of the Brillouin zone
I (k=0), the group theory analysis predicts three distinct optical phonon modes, namely a
doubly degenerate infrared-active TO T, a triply degenerate Raman-active mode 7> g, and an
infrared-active nondegenerate LO T, (listed in the order of increasing phonon energy) [34]. The



Research Article Vol. 33, No. 12/16 Jun 2025/ Optics Express 24306 |

Optics EXPRESS :

Fig. 2. A photograph of laser-grade polished samples cut from the as-grown Ho>*:MF,
crystals.

Raman spectra of Ho>*:MF, crystals were measured using a confocal microscope (InVia Qontor,
Renishaw) with a x 50 Leica objective and an Ar* ion laser (514 nm). In the Raman spectra,
see Fig. 3(b), only one intense band is observed centered at 239.4 cm~! (Ho:BaF»), 282.3cm™!
(Ho:SrF,) and 320.1 cm™! (Ho:CaF,) with a T, g symmetry. The full width at half maximum
(FWHM) of this band is 10.31cm™!, 9.21 cm™! and 10.69 cm™!, respectively. The LO phonon
energy for CaF,, SrF, and BaF, is 466cm™!, 366 cm™!, and 319 cm™!, respectively [35].
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Fig. 3. Characterization of the as-grown H03+:MF2 crystals (M =Ca, Sr, Ba): (a) X-ray
powder diffraction (XRD) patterns, vertical bars — theoretical reflections for undoped BaF5,
(hkl) — Miller’s indices; (b) Raman spectra, A.x. = 514 nm, numbers — peak frequencies and
Raman peak widths (FWHM); (c) Infrared transmission spectra.

The infrared transmission spectra were measured using a Shimadzu Nicolet Apex FTIR
spectrometer, Fig. 3(b). The IR absorption edge for the studied crystals is 14.17 um (Ho:BaF,),
12.66 um (Ho:SrF;) and 10.92 um (Ho:CaF,) being close to that for undoped materials.

3. Optical spectroscopy
3.1. Optical absorption

The absorption spectra of Ho>* ions in MF, crystals were measured using a spectrophotometer
(Varian CARY 5000) with a spectral resolution of 0.4 nm to 1.5 nm, depending on the spectral
range. The absorption bands in the transparency range are related to 4f — 4f electronic transitions
of Ho** ion from its ground state, °Ig. The UV absorption edge for the studied crystals is found at
<200 nm (Ho:CaF,), 210 nm (Ho:SrF;) and 214 nm (Ho:BaF;). The MF; crystals exhibit a very
broad bandgap E in the range of 11-12 eV [36]. For each crystal, the absorption cross-sections,
O abs = Xabs/Np,, were calculated from the absorption coefficient s and ion density Ng,. The
latter was estimated using the segregation coefficients of Ho** ions, Ky, = 1 (CaF>), 0.98 (SrF;)
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and 0.89 (BaF,), yielding Ny, of 1.218 x 10%° at/cm?, 1.009 x 10?° at/cm? and 0.732 x 10?°
at/cm?, respectively.

The o 4 spectra are plotted in Fig. 4(a-f). The 4f — 4f electronic transitions of Ho>* ions
were assigned according to the energy-levels of the free ion reported by Carnall et al. [37]. The
absorption bands are broad and almost structureless due to the inhomogeneous spectral line
broadening.
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Fig. 4. (a-f) Absorption spectra of Ho3+:MF2 crystals (M = Ca, Sr, and Ba). The assignment
of electronic transitions is according to Carnall ez al. [37]; (g) the energy-level scheme of
Ho?* ions showing all the transitions assigned in the spectra.

The °Ig — 31, absorption band is used for resonant (also referred to as in-band) pumping of
2.1-um Ho lasers enabled, e.g., by Tm-fiber lasers or GaSb semiconductor laser diodes emitting
at 1.94 um [38]. For the Ho:CaF, crystal, the maximum o, is 3.83 x 107! cm? at 1944.8
nm and the FWHM of the corresponding peak is ~38 nm relaxing the requirements for the
choice of the pump wavelength / control of the temperature drift of the diode wavelength. The
excitation of 2.9-um Ho lasers is enabled by pumping into the >Ig — T4 absorption band, e.g., by
Raman-shifted Yb-fiber lasers operating at 1.15 um [19]. For Ho:CaF;, the peak o 4 for this
transition is 3.41 x 107! cm? at 1153.7 nm and the absorption bandwidth is ~16 nm.

In the M =Ca — Sr — Ba series, the absorption cross-sections tend to decrease due to a
variation of the crystal-field strength. The spectra also become more structured. Normani et al.
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Table 1. Absorption Oscillator Strengths? for Ho®* lons in MF, (M = Ca, Sr, and Ba)

Crystals
Transition Ho3*:CaF, Ho3*:SrF, Ho’*:BaF,
518 d fexp, feale, mJ-O fexp, Seale, mJ-O fexp, Seale, mJ-O
2 +11, 1076 1076 1076 1076 1076 1076
5, 1.382 1.040EP +  1.359 0.962EP 1.107 0.873ED
0.429MD +0.437MD +0.436MD
s 0.847 0.836EP 0.702 0.742ED 0.491 0.646EP
S5 0.207 0.164EP 0.232 0.144ED 0.108 0.120EP
5Fs 3.030 2.502ED 2.683 2.341ED 1.944 1.839ED
58, +9F, 4.103 3.760EP 3.423 3.138ED 2.648 2.491ED
SF3 43D, +3Kg +°Gg 6.991 6.904FD 6.679 6.722FD 5.480 5.373ED
+0.092MD +0.094MP +0.094MP
5Gs 2.482 2.552ED 2.541 2.644ED 1.834 1.867EP
5G4 +3K5 0.536 0.524ED 0.606 0.448ED 0.390 0.323ED
+0.004MD +0.004MD +0.004MD
5Gs +3Hg 2.408 2.335ED 2333 2.181ED 1.596 1.606EP
5G3 +3Lg 0.769 1.058EDP 0.470 0.815EP 0.328 0.586EP
+0.002MD +0.002MD +0.002MD
3F4 +3Kg 0.613 0.893ED 0.522 0.889ED 0.411 0.598ED
rm.s. dev. 0.211 0.192 0.126

“fexp and fac - experimental and calculated absorption oscillator strengths, respectively, ED — electric
dipole, MD — magnetic dipole.

suggested that this effect can be explained by the decreasing variety of rare-earth clusters in BaF;
as compared to SrF; and CaF, [10].

3.2. Judd-Ofelt analysis

The measured absorption spectra of Ho>* ions in the MF, crystals were analyzed using the
modified Judd-Ofelt (mJ-O) theory accounting for weak configuration interaction [39]. Within
this parametrization scheme, the electric dipole (ED) line strengths for 4f — 4f transitions are
given by [39,40]:

SEP(JT') = Z UnQy,, (1a)
k=2,4,6
Qk = Qk[l + 2Q(EJ - EJ' - 2E)9)], (lb)

where the intensity parameters Q. are the linear functions of energies (Ey and Ey) of the two
multiplets participating in the optical transition J — J’, E? is the mean energy of the 4f* ground
configuration and a = 1/(24), where 4 is the average energy difference between the ground 4"
and excited 4/"~'5d" configurations. The set of reduced squared matrix elements U® (k=2,
4, 6) for transitions in absorption and emission was calculated using the free-ion parameters
reported by Carnall et al. [37]. The line strengths of magnetic dipole (MD) transitions (with
AJ=J—-J =0, + 1) were calculated separately within the Russell-Saunders approximation using
Ho3* wave functions under the free-ion assumption. The refractive indices of MF, crystals were
determined from the dispersion formulas [41].

The experimental, fexp, and calculated, fcaic, oscillator strengths for transitions of Ho?* ions in
absorption for the studied MF, crystals are listed in Table 1. The ED and MD contributions are
shown. The use of the mJ-O theory allows to reduce the root mean square deviation between the
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fexp and feqc values (e.g., it amounts to 0.291 and 0.211 for the standard J-O theory and the mJ-O
one for Ho:CaF;). The obtained intensity parameters Q;, Q4, Q¢ and « are listed in Table 2. In
the M = Ca — Sr — Ba series, Q, increases, Q4 and ¢ decrease and « decreases (or, in other
words, the energy gap 4 to the excited configuration of the opposite parity progressively increases).
According to Jorgensen and Reisfeld [42], the magnitude of Q; reflects the information about
short range coordination effects (i.e., the covalency of bonds between the rare-earth dopant ion
and the ligand, as well as the point symmetry of the rare-earth site), while Q4 and Qg parameters
are affected by long-range effects (in particular, Qg is related to the rigidity of the medium in
which the ions are accommodated).

Table 2. Intensity Parameters of Ho3* lons in MF, Crystals

Host crystal €, 10720 cm? Qq, 10720 cm? Qg, 10720 cm? a, 1074 cm A, 10%*cm

Ho’*:CaF, 0.260 3.717 3.584 0.062 8.1
Ho**:StF, 0.333 3.341 2.407 0.048 10.4
Ho**:BaF, 0.388 1.917 1.451 0.018 27.8

Using the intensity parameters derived from the absorption spectra, we calculated the
probabilities of spontaneous radiative transitions of Ho>* ions. For the sake of brevity, in Table 3,
we list only the parameters relevant for laser operation in the near- and mid-infrared, namely, the
radiative lifetimes 7,44 of the °I; to ° I states, and the luminescence branching ratios Byy for the
5I¢ — 317 and °Is — 3¢ transitions. In the M = Ca — Sr — Ba series, the radiative lifetimes
for all the three considered excited states increase, namely, from 16.89 ms to 18.39 ms (517)
and from 7.74 ms to 9.25 ms (°Is). This agrees well with the gradual drop of the absorption
oscillator strengths for transitions to these excited states. The luminescence branching ratios for
the transitions giving rise to mid-infrared emission at 2.9 um and 3.9 um also gradually increase.

Table 3. Selected Probabilities? of Spontaneous Radiative Transitions of Ho%" in
MF; crystals

Host crystal 71aCl7), ms 71aq(Clg), ms 7rq(Cls), ms By Cls — °Ip), % By (*1s — 5Te), %

Ho3*:CaF, 16.89 7.74 8.42 15.7 7.5
Ho’*:SrF, 17.14 8.13 9.16 17.1 8.3
Ho3*:BaF, 18.39 9.25 11.55 17.8 8.4

“Taq — radiative lifetime, By — luminescence branching ratio.

3.3. Stimulated-emission cross-sections

The luminescence of Ho’* ions at 2 pum (the 3I; — I transition) and 3 um (the 3 — O
transition) was excited by a Ti:Sapphire laser (Spectra Physics, Model 3900S) tuned to 890 nm
and collected using an uncoated CaF, lens, a ZrF, fiber (Thorlabs) and detected with an optical
spectrum analyzer (OSA, Yokogawa AQ6376) with a resolution of 2 nm. The OSA was purged
with N, gas to eliminate the structured absorption of water vapor in the atmosphere. The set-up
was calibrated using a 20 W quartz iodine lamp. For polarized measurements, a metal grid
polarizer (Thorlabs) was employed.

The stimulated-emission (SE) cross-sections, osg, were calculated using the Fiichtbauer-
Ladenburg formula [43]:

A Birl(A) M

8mn21rqc [ AU()dA’
where A is the wavelength of light, 7 is the refractive index, c is the speed of light, 7,44 is the
radiative lifetime of the emitting state (L or °Ig), Biy is the luminescence branching ratio, being

osg(d) =
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determined via the Judd-Ofelt theory, and /(1) is the measured luminescence spectral profile for
the considered transition calibrated for the apparatus function.

The o sg spectra of Ho?* ions in MF, and LiYF, crystals around 2 um and 3 pm are shown
in Fig. 5. The spectra of fluorite-type crystals present a significant broadening due to the ion
clustering, spanning from 1.85 to 2.2 um and 2.7 to 3.1 um, respectively. In the M =Ca — Sr —
Ba, the emission bands become narrower due to the change in the crystal field strength [10]. For
the °I; — 31g transition of Ho>* ions in CaF,, the maximum o gg reaches 0.54 x 10720 cm? at
2024.8 nm, while o5z amounts to 0.22 x 1072 ¢cm? at 2084nm which lies in the expected laser
spectral range because of the quasi-3-level nature of the laser transition. In the M =Ca — Sr —
Ba series, the SE cross-sections decrease mainly because of the longer radiative lifetime of the
3I; manifold. For the °I¢ — 315 transition for Ho:CaF,, o-gg reaches 0.89 x 10720 cm? at 2847.2
nm and the emission bandwidth (FWHM) is as broad as ~73 nm.
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Fig. 5. (a-d) Stimulated-emission (SE) cross-section, o-gg, spectra of Ho3* ions in fluoride
crystals: (a,c) the 5I; — g transition at ~2 um; (b,d) the 3Ig — 17 transition at ~2.9 um.
(a,b) MF, (M =Ca, Sr, and Ba) crystals; (c,d) LiYF4 crystal, m and o light polarizations.

Table 4 summarizes the data on the absorption and stimulated-emission cross-sections of Ho>*
ions in MF; crystals for the relevant pump and laser wavelengths.

For the reference ordered Ho:LiYF;, crystal, the peak SE cross-sections are higher measuring
1.30x 10729 cm? at 2050.7 nm (°1; — °Ig) and 1.91 x 1072° ¢cm? at 2952.3 nm (°Is — >17) for
m-polarized light at the expense of much narrower emission bandwidths (~25 nm and ~13 nm,
respectively).

2-um Ho lasers operate on a quasi-3-level scheme due to the inherent laser reabsorption from
the ground-state. Thus, gain cross-sections, 0 guin = 0sgX8 — 0 aps X (1 — ), are calculated to
investigate the gain bandwidth and the expected laser wavelength, where 8 = N>(C17)/Np, is the
population inversion ratio. The spectral gain profiles for Ho:CaF, at 2 um are shown in Fig. 6(a).
On increasing 8 from 0.2 to 0.4, the spectral gain maximum experiences a blue shift from 2110
nm to 2033nm. The gain bandwidth (FWHM) for an intermediate S of 0.35 reaches 95 nm. This
value is superior to those for Ho:SrF; (72 nm) and Ho:BaF, (64 nm), Fig. 6(b).
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Table 4. Absorption and Emission Characteristics? of Ho®*:MF, Crystals

Parameter / Crystal Ho:CaF, Ho:SrF, Ho:BaF,

5Ty — 517 SIg — 31 Ols — 17 Sl — 3l s — 17 Sl — Olg
Aaps, NM 1944.8 11537 1947.6 11556 19504  1157.0
Oaps, 1072 ecm?  3.83 3.41 402 245 3.14 1.29

51 =31 Ty — 5T S — STg Sl — 3 3 — 31 Sl — L
Aem» M 2024.8 28472 20255 28425 2019.6  2843.8
ose, 1072 em? 543 8.94 5.08 11.52 3.99 9.53
Adem, nm 12141 7278 134.64  55.93 134.04  59.27
<Tpgm>, MS 15.21 3.41 16.91 5.03 18.05 5.53

“ A4ps — peak absorption wavelength, o, — absorption cross-section, 41,5 — absorption
bandwidth; Aem — peak emission wavelengths, o-sg — stimulated emission cross-sections,
<Tym > — average luminescence lifetime.
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Fig. 6. (a) Gain cross-section spectra, 0 gy = 0 sgXfSB — T gps X (1 — B8), of Ho3* ions in
CaF, crystal around 2 um plotted for different population inversion ratios (3); (b) comparison
of gain profiles of Ho:MF, crystals (M = Ca, Sr and Ba) for a fixed 5 =0.35.

The broadband gain properties of Ho:MF, crystals around 2 pm and 3 pum suggest their
suitability for generation and amplification of femtosecond pulses at these wavelengths.

The operation of 3-um Ho lasers is affected by the resonant excited-state absorption (ESA)
from the long-living terminal laser level, 51; — 1. Its cross-section, o gs4, can be calculated
using the reciprocity method (McCumber relation) [20]:

@)

(he/ ) - EZPL]
kT

Z,
ogsa(d) = o, SE(/U;L;CXP [

where 4 is the Planck constant, k is the Boltzmann constant, T is temperature, Ezp; is the
zero-phonon line (ZPL) energy measured between the two lower-lying Stark sub-levels of the two
involved multiplets, and Z, and Z; are the partition functions for the upper and lower manifolds,
respectively. As the crystal-field splitting cannot be easily determined for ion clusters in fluorite
type crystals, we used the data previously reported for C4 v symmetry sites in Ho:CaF, [44].
In this way, we obtain Z, =9.26, Z; =11.24, and Ezp; = 3494 cm~! (2862 nm). For Ho:LiYF,
[45], a similar calculation yields Z, = 10.78, Z;=11.46 and Ezp;, =3516 cm~! (2843 nm). The
o gsa spectra are shown in Fig. 7. ESA from the metastable 51, state will force the Ho lasers
to operate at the long-wavelength part of the emission spectrum, similarly to the quasi-3-level
behavior. Indeed, in previous works on 3-um laser operation of Ho**-doped fluorides, the laser
wavelengths were 2860 nm and 2885 nm (for Ho:CaF, [33]) and 2953 nm (for Ho:LiYF, [21]),
aligning well with the emission spectra reported in this work.
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3.4. Phonon sidebands and energy-transfer upconversion

In this Section, we quantify energy-transfer upconversion (ETU) in Ho**-doped MF; crystals,
3I; +°I; — 3l + °Ig. Since this energy transfer depopulates the °17 emitting laser level, it has a
negative impact on the performance of 2-um Ho lasers leading to an increased laser threshold and
stronger heat loading [46,47]. At the same time, this ETU could play a positive role in preventing
the bottleneck effect for 3-um Ho lasers. Thus, it is important to quantify ETU in Ho*-doped
laser materials.
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Fig. 7. Excited-state absorption (ESA) cross-section, o gs4, spectra of Ho?3* ions in fluoride
crystals at ~3 um. (a) MF, (M =Ca, Sr, and Ba) crystals; (b) LiYF, crystal, = and o light
polarizations, vertical lines correspond to zero-phonon line energy.

This ETU mechanism is a phonon-assisted process. Consequently, we first focus our attention
on the description of the phonon sidebands of optical transitions of Ho>* ions. Figure 8 presents
the SE cross-section spectra for the 17 — Ig transition of Ho>* in MF, crystals plotted in a
semi-log scale over the spectral range of 20752400 nm. The crystal-field splitting for Ho3*
ions forming clusters cannot be easily derived, still, we unambiguously assign the sharp peaks at
2113 nm (Ho:CaF,), 2096nm (Ho:SrF,) and 2086nm (Ho:BaF,) to electronic transitions. The
emission at longer wavelengths represents the phonon sideband (Stokes processes with generation
of phonons). It is well described by the exponential law [32,33,48,49]:

os = ogpexp(—asAE) (3a)

oas = 0oexp(—aasAE) (3b)

where AE is the energy mismatch between the vibronic and the purely electronic transition, o is
the transition cross-section at the photon energy of the electronic transition and the Stokes, a,
and anti-Stokes, @45, material-dependent factors are given by [32]:

as = (hvpn) ™ {In[(N) /(So ((n) + D] = 1} (4a)

aps = as + l/(kT) (4b)

where, hvpy, is the maximum phonon energy, <N > is the average number of phonons involved in
the transition, Sy is the Pekar-Huang-Rhys coupling constant and <n > is the phonon occupation
number.

Figure 8 presents the fits of the exponential phonon sidebands of Ho’* ions with Eq. (3a)
yielding the following material constants: ag=7.0x 107> cm (CaF;), 7.2 x 1073 ¢cm (SrF,), and
7.9 1073 cm (BaF,). The increase of the g constant is in line with the decreasing phonon
energy in the M =Ca — Sr — Ba series.
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Fig. 8. Long-wave multi-phonon sidebands from the >I; — 1g transition of Ho>* ions in
MF, M =Ca, Sr, and Ba) crystals.

The ETU rate was evaluated using the hopping (Burshtein) model of migration assisted energy
transfer [50]. The macroscopic ETU rate was calculated as [51,52]:

2 \52 )
Wery = ﬂ(?) CppCpaNp, 5)

where Ny, is the Ho** ion density, D and A indicate the donor and the acceptor, respectively,
Cpp is the microparameter associated with the energy transfer among donors, the D-D process
responsible for energy migration (EM), and Cp, is that of the D-A process, responsible for the
phonon-assisted “direct” ETU, Fig. 9(a). The microparameters Cpp and Cp4 are calculated from
the overlap integrals between the cross-section spectra of the involved processes: stimulated-
emission (SE), °I; — 13, ground-state absorption (GSA), °Is — 17, and excited-state absorption
(ESA), °1; — 3¢ [51,52]:

3¢
Cpp = z—— J ose(Dogsa(1)da (6a)
8n*n

3¢
Cpa = g [ oesa(Dose(A)da (6b)
8n*n

where, ¢ the speed of light, n the refractive index, and A is the light wavelength. In this calculation,
we accounted for the Stokes multi-phonon sidebands of the SE and ESA spectra, as shown in
Fig. 9(b) in the case of Ho:CaF,.

For the latter material, our calculation gives Cpp = 3.89 X 1073 cm®s~! and Cpy =3.40 x 10743
cm®s~!. Their ratio, Cpy << Cpp, justifies the use of the Burshtein model as the “direct” ETU
(a phonon-assisted process) is much less probable than the energy migration. The concentration
dependence of the macroscopic ETU rate on the rare-earth ion density could be expressed as [53]:

Weru = KetuNbo = CeruNg,,» @)

where Kgry and Cgry are the concentration-dependent and independent ETU parameters,
respectively.
The comparison between Eqgs. (6) and (7) shows that:

52
2r
Cery = ﬂ(—) VCppCpa, (®)

3

Using the Cpp and Cpy values found earlier, we calculated Cery = 9.68 x 10740 cm®s~! (for
Ho:CaF,).
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Fig. 9. (a) Illustration of the ETU mechanism: energy migration (EM) and “direct” ETU;
(b) ESA (°I; — 31g), GSA (°Ig — °I7) and SE (°I; — Ig) cross-section spectra with the
multi-phonon sidebands plotted in the semi-log scale for Ho:CaF,.

Table 5 summarizes the ETU parameters found in the different studied crystals. In the series
M =Ca — Sr — Ba, the ETU rate Wgry gradually decreases due to i) the weakening of the
crystal-field strength and ii) the decrease of the maximum phonon energy reflected in the ag
constants.

Table 5. ETU Parameters for 0.5 at.% Ho3*-doped Fluorite-Type Crystals

Crystal Ntio» Cpa, 107 Cpp, 107 Cpry, 10740 Kgry, 10720 Wepy, 57!
1020 ¢m—3 cm®s~! cms~! cmbs~! cmds~!

Ho’*:CaF, 1218 6.10 3.89 9.68 11.79 14.36

Ho?*:SrF,  1.009 2.26 4.11 6.08 6.13 6.19

Ho3*:BaF, 0.732 1.94 2.90 4.73 3.46 2.54

Ho**:LiYE, 1.380 116.89 17.17 89.34 123.29 170.43

3.5. Luminescence lifetimes and non-radiative relaxation

For the luminescence decay studies, we employed a setup consisting of a ns optical parametric
oscillator (Horizon, Continuum), a 1/4 m monochromator (Oriel 77200), an InGaAs detector
coupled to a preamplifier (bandwidth: 1.8 MHz, DHPCA-100, FEMTO) and an 8 GHz digital
oscilloscope (DSA70804B, Tektronix). To avoid the effect of reabsorption (radiation trapping),
the crystal samples were ground to fine powders.

The measured luminescence decay curves from the 3s, °I¢ and °1; manifolds of Ho3* ions
in 0.5 at.% Ho:MF; crystals are plotted in Fig. 10(a-c) in a semi-log scale. The excitation and
detection wavelength are also given on each graph. In Fig. 10(b,c), we also show the decay
curves for the 1 at.% Ho:LiYF, crystal studied for comparison. The obtained luminescence
lifetimes 7y, are summarized in Table 6. In the same table, we also list the corresponding
radiative lifetimes 7,,4 obtained by the Judd-Ofelt theory, the luminescence quantum efficiency
Mg = Tlum!Traa, and the ratio AE/hv,;,, where AE is the energy-gap to the lower-lying manifold,
and hvpy is the maximum phonon energy of the host (determined by the IR phonons for MF,
crystals). Furthermore, for each excited state and crystal host, we calculate the rate of multiphonon
non-radiative (NR) relaxation Wyg:

()]
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Fig. 11. The relationship between the non-radiative relaxation rate Wyg from the 34
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Table 6. Evaluation of Multiphonon Non-Radiative Relaxation Rates for Ho3* in
Fluoride Crystals?

Crystal State AE/hvpp Trad, MS Tlum, MS 1q WnR, s~}
Ho:CaF, S5 5.5 8.42 5.1x1073 <0.001 1.96x 10°

SIg 7.5 7.74 341 0.44 164

51 10.8 16.89 1521 0.90 6.5
Ho:SrF, Ss 7.0 9.16 8.0x1073 <0.001 1.25%10°

51e 9.6 8.13 5.03 0.62 75.8

51 13.7 17.14 16.91 0.99 0.8
Ho:BaF, 315 8.0 11.55 17.1x1073  0.002 0.58 x 10°

51 11.0 9.25 5.53 0.60 72.7

Q0] 15.8 18.39 18.05 0.98 1.0
HoLiYEy Ol 7.8 10.57 2.00 0.19 405.4

S, 112 17.50 16.61 0.95 3.1

441 aq — radiative lifetime, 71, — luminescence lifetime, Wnr — probability of non-radiative
relaxation.

For the °I; state, according to the energy-gap law, the NR relaxation is expected to be weak (as
AE/hvy, > 10 for all three crystals) which is clearly confirmed in our case for all three studied
MF,-type crystals. The luminescence decay is near single exponential, and the 7y, values
are relatively long. They tend to increase in the M =Ca — Sr — Ba series, from 15.21 ms
to 18.05 ms. This effect is mainly related to the change of the crystal-field strength with the
host-forming cations and only to a small extent with the variation of the Wiy, rate, as expressed
by the luminescence quantum efficiencies approaching unity. The long luminescence lifetime of
the °I; level is beneficial for low-threshold laser operation at ~2 wm. Furthermore, it highlights
the suitability of Ho:MF, crystals for obtaining high pulse energies from Q-switched lasers.

Owing to the small phonon energies of MF, crystals, the > excited state of Ho>* ions is also
weakly affected by the NR relaxation, as AE/hvpy, > 7. As aresult, one still observes luminescence
lifetimes in the ms-range for this manifold. They also tend to increase in the M =Ca — Sr —
Ba series, from 3.41 ms to 5.53 ms, and this variation is now determined by both the change
in the radiative transition intensities and the NR relaxation. Indeed, the luminescence quantum
efficiency drops to about 1/2. The relatively long lifetime of the °I state indicates the suitability
of Ho:MF, crystals for 3-um lasers. The bottleneck effect, T1umCle) < TrmCly), is expected to
be overcome by optimizing the rate of ETU from the terminal laser level so as to recycle the
electronic population in favor of the >I¢ upper laser manifold.

Finally, for the 515 Ho3* level (AE/hvy, > 5), the effect of NR relaxation on the compositional
dependence of the luminescence lifetime becomes dominant, and the measured luminescence
lifetimes are in the range of a few us. We thus conclude that Ho:MF, crystals are not suitable for
3.9-um lasers (at room temperature). Further suppression of the NR relaxation from the 315 state
is expected to be achieved at cryogenic temperatures.

For the Ho:LiYF; crystal studied for comparison, the rates of NR relation are higher due to the
higher phonon energy, hv,;, =446 cm™!. The lifetime of the >I5 state is less than 1 us and could
not be measured in the present work.

Let us further discuss the effect of the host-dependent phonon properties on the rate of
non-radiative relaxation from the 516 Ho3* manifold. In Fig. 11, we plot the Wy rate for a
number of fluoride and oxide laser host crystals commonly used for Ho doping. The rate of
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multi-phonon non-radiative relaxation is given by [54,55]:

In(e)-AE
Wg = Ce " (10)

where C is a constant corresponding to the rate of NR relaxation in the limit of zero energy-gap
(AE — 0), and ¢ is the ratio between the probabilities of m-phonon and m—1-phonon relaxation.
By assuming a constant energy-gap AE of 3500 cm™!, and neglecting the host dependence of C
and € material constants, we fitted the available experimental data on Wy with Eq. (8) yielding
C=1.0+0.6x10" s7! and £ =4.1 +0.7. The model explains well the observed evolution of the
non-radiative relaxation rate with the maximum phonon energy of the host matrix.

3.6. Error analysis: Ho** doping inhomogeneity

The error in determining the concentration of active ions (Ho3+, in our case), affects the values
of their spectroscopic parameters: i) it directly affects the absorption cross-sections, o s, ii) it
influences the calculation of radiative transition probabilities via the Judd-Ofelt theory based
on the measured absorption spectra (the intrinsic error of this theory is about 20%), and iii) it
affects the stimulated-emission cross-sections, o sg, calculated either by the reciprocity method
(based on o s spectra) or the F-L formula (via calculated radiative lifetimes and luminescence
branching ratios).

In the present work, we used a two-step procedure to control the doping level in the studied
samples: first, the segregation coefficient of Ho** ions, Ky, = Cerystat! Cpeir, Was determined by
the Inductively Coupled Plasma Mass Spectrometry (ICP MS) in “reference” Ho:MF, crystals,
yielding Ky, ~ 1, 0.98 and 0.89 (+£0.05) for M = Ca, Sr, and Ba, respectively, for relatively low
doping levels about a few at.%. This variation agrees with the ionic radii of VIII-fold fluorine
coordinated Ca?* (1.26 A), Sr** (1.39 A), and Ba?* (1.56 A) compared to that of Ho** (1.16
A). Then, the actual doping level in the crystal slices used for spectroscopic measurements was
controlled by optical absorption measurements. The relevance of the latter step is dictated by
a non-negligible rare-earth dopant distribution across the MF; boules grown by the Bridgman
technique [56]. The more Ky, differs from unity, the larger is the non-uniform distribution of the
ions in the grown crystals.

4. Conclusions

To conclude, fluorite-type crystals MF, (M = Ca, Sr, and Ba) doped with Ho>* ions are appealing
for lasers and amplifiers operating in the short-wave infrared, at 2 to 3 pm:

i) For the most exploited Ho" laser transition around 2 um (°I; — 31g), all three crystals
benefit from inhomogeneously broadened spectral gain profiles extending far beyond 2 pm
thus avoiding the structured water vapor absorption in the air. This is of key importance
for broadband tuning of laser emission, and generation and amplification of femtosecond
pulses. Ho:CaF, provides the largest gain bandwidth of 95 nm potentially supporting
sub-100 fs pulses. For mode-locked lasers, the use of Ho:SrF, and Ho:BaF, could be
justified due to their higher nonlinear refractive indices and a stronger Kerr nonlinearity;

ii) We present the first evidence of long-wave multiphonon sidebands of Ho** ions in MF,
crystals extending up to at least 2.4 um which could further contribute to the pulse shortening
in mode-locked 2 um lasers, and enable vibronic lasing at such long wavelengths;

iii) The quantification of electron-phonon interaction allowed us to determine the parameters of
energy-transfer upconversion from the >I; Ho>* manifold, which is found to be by an order
of magnitude weaker than that in the reference Ho:LiYF, fluoride crystal. This is explained
by the lower phonon energies of MF, crystals, and weaker transition cross-sections (weaker
crystal-field strength);
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iv) Ho:MF; crystals also appear promising for 3-um lasers (the I — 317 transition). Due to the
decreasing phonon energy in the series M = Ca — Sr — Ba, the Ho:BaF; crystals exhibit
the longest luminescence lifetime of the 5I¢ manifold. On the other hand, Ho:CaF, presents
stronger spectral line broadening. The demonstration of lasing at 3 um would require
codoping of MF; crystals with (Ho>*, Pr**) for quenching the °I; terminal laser level and
avoiding the bottleneck effect or (Yb>*, Ho**) for sensibilization of Ho** luminescence;

v) Finally, for the 3.9-um laser transition of Ho>* (°Is — I¢), only Ho:BaF, seems potentially
suitable (room-temperature 15 lifetime: 18 ps) due to a strong non-radiative relaxation for
its Ca and Sr counterparts. Still, cooling to cryogenic temperatures would be required to
reduce the NR path. Heavily Ho**-doping of BaF, crystals would potentially prevent the
bottleneck effect for this laser transition.
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