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Abstract: Ho:Y20s and Ho:Y3AlsO12 transparent ceramics are fabricated by
vacuum sintering at 1780 °C for 20 h from laser-ablated nanopowders (Ho:Y203
and Ho:Y203 + AlO3) using ZrO2 and TEOS as sintering aids, respectively. The
sesquioxide ceramic exhibits smaller grain size (~5.4 ym), smaller content of
pores (down to 6 ppm) and higher optical transmission (up to 82.2% at ~1 um)
than the garnet one. A detailed comparative spectroscopic study of the two
ceramics is performed. For the 57 — °lg Ho®" transition, the maximum
stimulated-emission cross-sections and the luminescence lifetimes are ose =
0.57x102° cm? at 2087.1 nm and mum = 10.92 ms (for the Ho:Y203 ceramic) and
ose = 1.70x102° cm? at 2090.8 nm and 7wm = 7.04 ms (for the Ho:Y3AlsO12 one)
The rates of multiphonon relaxation are determined for both ceramics. For the
Ho:Y20s3 ceramic, they do not exceed those for single-crystals. The crystal-field
splitting of Ho®* multiplets (°l7 and ls) is determined at 12 K and analyzed using
the barycenter plot. Due to its broadband emission properties, the Ho:Y203

ceramic is suitable for mode-locked lasers emitting above 2 um.

Keywords: transparent ceramic; sesquioxide; garnet; microstructure; holmium

ion; luminescence.
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1. Introduction

Transparent ceramics are polycrystalline optical materials composed of closely
packed single-crystalline grains of random orientation providing weak light scattering at the
grain boundaries which is ensured by low density of pores and a lack of secondary phases.
They can serve as laser host materials for doping with rare-earth ions (RE®') [1]. The
research and technological development of transparent laser ceramics have progressed
significantly since lkesue et al. fabricated in 1995 a high quality Nd**-doped Y3AlsO12
ceramic by a solid-state reaction method [2] leading to efficient laser action at ~1 um [3]. It
has been shown that ceramic laser materials provide several advantages as compared to
the single-crystal counterparts, namely (i) lower fabrication temperatures which is of
particular interest for high melting point materials [4], (i) easier and more controllable doping
by RE?®* ions reaching higher concentrations [5], (iii) the possibility to fabricate “mixed” [6]
and composite [7] media, and (iv) mass production. The ceramics may maintain the
desirable spectroscopic and thermal properties of the single crystals [8,9].

Typically, cubic materials are selected for the development of transparent laser
ceramics, allowing to avoid additional scattering losses related to birefringence. Among the
oxide materials, cubic garnets such as RE3AlsO12 (RE = Lu, Y) [3,10] and sesquioxides
A203 (A = Lu, Y, Sc or their mixture) [4,11,12] are mainly employed in the laser ceramic
technology because of their good mechanical and thermo-optical properties.

During the past decades, transparent garnet and sesquioxide ceramics doped with
Nd** and Yb®* ions were studied for the development of lasers emitting at ~1 ym. Recently,
the interest shifted towards coherent light sources emitting in the eye-safe spectral range of
~2 um. They are attractive for a broad range of applications [13]: welding and engraving of
plastics, remote sensing of the atmosphere and wind mapping, medical treatment, as well
as frequency conversion into the mid-IR [14] and supercontinuum generation. Laser
emission at ~2 um is typically achieved using Tm3* or Ho®** ions. Among them, holmium
ions (Ho*') provide laser emission slightly above 2 ym [15,16] thus avoiding the structured
water vapor absorption in the atmosphere and better addressing the desired applications.

For Ho* doping, materials containing yttrium (Y3*) ions as host-forming cations are
desirable, e.g., yttrium aluminum garnet (Y3AlsO12) or yttrium oxide (Y20s). This is because
of the exceptional closeness of the ionic radii of Y3* and Ho** (0.900 A and 0.901 A for VI-
fold oxygen coordination, respectively [17]) leading to a minimum structure distortion upon
doping and expected weak concentration dependence of the thermal conductivity.

Ho:Y3AIsO12 ceramics with laser quality have been previously fabricated by solid-state
reactive sintering at 1760-1780 °C using a-Al203, Y203 and Ho20s powders (commercial or
co-precipitated) and tetraethyl orthosilicate (TEOS) as a sintering aid [18-20]. Regarding
Ho:Y203 ceramics, hot isostatic pressing (HIPing) at relatively low temperatures (down to
1450-1600 °C) was employed to avoid enhanced grain growth leading to entrapment of
isolated pores within grains so that full densification and high optical quality can be achieved
[21,22].

Commercial and/or co-precipitated powders have been mainly used for fabricating the
Ho:Y3AIs012 and Ho:Y203 ceramics. Typically, the fabrication process of Y3AlsO12 ceramics
includes planetary ball milling stage to crush hard agglomerates and to achieve the required
dispersity and homogeneous mixing of raw oxide powders. This may cause measurable
contamination of the mixture by alumina from the milling media and milling jars. Thus, it may
be difficult to maintain a strict proportion of (RE + Y) / Al = 3/ 5 which is rather important as
even small deviations from the stoichiometry may lead to an incomplete solid-state reaction
and formation of secondary phases acting as scattering centers. Regarding Y203 ceramics,
the main drawback of the existing fabrication methods consists of the use of the expensive



HIPing technique. Moreover, encapsulation of the pre-sintered ceramic with platinum is
needed to prevent penetration of the pressurizing medium (Ar gas) inside the sample.

Ultrafine particles exhibiting high sintering activity can be used to overcome the
above-mentioned difficulties. For example, nanopowders produced by laser ablation are
beneficial for the fabrication of sesquioxide laser ceramics [23-26] because in this case, it is
possible to achieve homogeneous mixing of the required components (the activator, the
host material and the sintering additive) at the atomic scale. This enables the fabrication of
ceramic samples with laser quality by vacuum sintering. As for laser ceramics with a garnet
structure, a soft mixing procedure can be used instead of the planetary ball milling as
nanoparticles are weakly agglomerated. This approach allowed to precisely control the
stoichiometry leading to good optical quality [27,28].

The aim of the present work was to fabricate two Ho3*-doped ceramics containing
yttrium host-forming cations (Y3AlsO12 and Y20s3) using laser-ablated nanoparticles, and to
perform a comparative study of their structure and spectroscopic properties, with the goal of
developing ceramic gain materials for ~2 um lasers. Recently, preliminary laser results with
a similar Ho:Y3AlsO12 ceramic were reported without describing the material properties [29].

2. Fabrication of ceramic samples

2.1. Ho:Y3Als0O12 ceramic

The ceramic samples have been fabricated at the Institute of Electrophysics UrB RAS
(Ekaterinburg, Russia) using nano-sized particles synthesized by laser ablation [30]. The
solid targets for ablation were prepared from commercial Ho203 and Y203 oxide powders
mixed in the proportion of (Hoo.01Y099)203 and commercial Al2Os powder. To prepare the
Ho:Y3Als012 ceramics, the nanopowders of Ho:Y203 and Alz03 were weighed according to
the stoichiometric formula (H00.01Y0.99)3AlsO12 and then mixed in a rotary mixer with an
inclined rotation axis with an addition of 0.5 wt% of tetraethyl orthosilicate (TEOS) as a
sintering aid. The slurry was dried using a vacuum rotary evaporator and subsequently
annealed at 600 °C for 3 h to remove the organic components. To prepare a powder
sample containing a certain amount of cubic garnet phase, the powder mixture was
compacted into a pellet with a relative density of 20% and calcined at 1200 °C for 3 h in air.
Since the laser-ablated nanopatrticles are fine and have high reactivity, the formation of the
garnet phase starts well before completing the active shrinkage that causes significant
changes in density of the powder compact. Thus, the pre-calcining step was found to be
important for achieving a partial phase transformation to the stable garnet structure
beneficial for the subsequent homogeneous densification [29]. After pre-calcining, the pellet
was ball-milled in ethyl alcohol with yttrium stabilized zirconia (YSZ) balls for 48 h, dried and
annealed at 600 °C for 3 h. The obtained powder was uniaxially dry-pressed at a pressure
of 200 MPa to achieve a 15 mm-diameter disk with a thickness of about 3 mm. After the
organic components were removed by annealing at 800 °C, the powder compact was
vacuum sintered at 1780 °C for 20 h in a furnace with graphite heaters at a pressure of 10°
mbar. Subsequently, the sintered sample was annealed at 1300 °C for 5 h in air and mirror-
quality polished on both surfaces.

2.2. Ho:Y203 ceramic

For the fabrication of the Ho:Y203 ceramics, the solid target for laser ablation was
prepared from Ho203 and Y203 powders dry-mixed in the proportion (Hoo.01Y0.99)203 with a
small addition of zirconium dioxide (ZrO2) as grain growth inhibitor. The synthesized
Ho:Y203 nanopowder was annealed at 1100 °C for 3 h to transform the metastable
monoclinic phase into the main cubic one (C-type). Then it was uniaxially dry-pressed at
300 MPa to achieve a 15 mm-diameter cylindrical pellet. After removing the organic



components by calcining at 800 °C for 3 h, the green pellet was vacuum sintered at 1780
°C for 20 h at a pressure of 10~ mbar. The ceramic sample was annealed at 1400 °C for 2
h to eliminate the oxygen vacancies and mirror-quality polished on both surfaces.

A photograph of the annealed and double-side polished ceramic disks is shown in
Fig. 1. The ceramics were transparent and, depending on the illumination, presented slight
yellow (or rose) coloration determined by the Ho®* doping.

3. Experimental

The content of Ho®" ions in the as-synthesized Ho:Y203 nanopowder was determined
by inductively coupled plasma mass spectrometry (ICP-MS) using an Optima 2100 DV
spectrometer (PerkinElmer).

The X-ray powder diffraction (XRD) patterns of the ceramic samples were measured
with a Shimadzu XRD-6000 diffractometer, Cu Ka radiation and a Ni filter. The
microstructure of the fractured surface of the ceramics was characterized by scanning
electron microscopy (SEM) using a MERLIN SEM microscope (Carl Zeiss). The grain size
distribution was obtained by direct counting method (for >100 grains) using the ImageJ
software. The shape factor of 1.2 was applied. The distribution of scattering centers
throughout the depth of the ceramic disks was analyzed using an Olympus BX51TRF
optical microscope.

The RT Raman spectra were measured using a confocal Raman microscope
(Renishaw inVia) with a x50 objective (Leica) and an edge filter. The excitation source was
an Ar* ion laser (514 nm).

The transmission spectra of the ceramics in the visible and near-IR were measured
using a spectrophotometer (Lambda 1050, Perkin Elmer and Shimadzu UV-PC 3101) while
in the mid-IR — using a FTIR spectrometer Bruker Tensor 27. The luminescence spectra of
the Ho®* ions were measured using an optical spectrum analyzer (AQ6375B, Yokogawa) and
a home-made Tm-laser (A = 2010 nm) as excitation source. For low-temperature (LT, 12 K)
studies, the sample was mounted on an APD DE-202 closed-cycle cryo-cooler equipped
with an APD HC 2 Helium vacuum cryo-compressor and a Laceshore 330 temperature
controller. The Ho®* luminescence at LT was excited by a 532 nm laser (Verdi G series,
Coherent).

The luminescence decay curves were measured using a ns optical parametric oscillator
(OPO, Horizon, Continuum), a 1/4 m monochomator (Oriel 77200), a photomultiplier (PMT)
tube, an InGaAs detector and an 8 GHz digital oscilloscope (DSA70804B, Tektronix).

4. Characterization of ceramics

4.1. Structural study

According to the ICP-MS analysis, the actual concentration of Ho* ions in the
Ho:Y203 laser-ablated nanopowder was 0.94+0.09 at.% (with respect to Y3* ions). It
determined the doping level for both ceramics. The Ho®* ions density was calculated to be
NHo = 2.51%10%° cm (Ho:Y203) and 1.30x10%° cm (Ho:Y3Als0O12) assuming a density o of
5.01 g/cm?® and 4.56 g/cm?, respectively.

The impurity (transition-metal and rare-earth elements) composition of Al203, Ho:Y203
and Ho,Zr:Y203 nanopowders obtained by laser ablation and further used for the fabrication
of ceramics obtained by the ICP-MS method is presented in Table 1.

The phase purity and the structure of the ceramics were confirmed by powder XRD,
Fig. 2. Both ceramics are of single-phase nature. The Ho:Y203 ceramic has a cubic
(bixbyite or C-type) structure with space group 1a3 - T’h, No. 206 and a lattice constant a =
10.605 A (for undoped Y203, a = 10.602 A). The relative intensities and positions of the
diffraction peaks for the ceramic well correspond to those for Y203 (ICSD card #86-1326)



[31]. In the bixbyite structure, two types of sites for rare-earth ions exist having C2 and Csi
symmetry with VI-fold oxygen coordination. In the unit-cell, there are a total of 32 cationic
positions: 24 (3/4) correspond to the C2 sites and 8 (1/4) - to the Csi ones. As Ho** ions are
replacing the Y3* ions, they are expected to follow approximately this distribution.

The Ho:Y3AlsO12 ceramic has also cubic structure (sp. gr. 1a3 d — O'%, No. 230) and
its lattice constant a = 12.010 A (for undoped Y3AlsO12, a = 12.010 A). The measured XRD
pattern matches well with the ICSD card # 79-1892 for Y3AlsO12 [32]. There exists one rare-
earth site with D2 symmetry and VIllI-fold oxygen coordination (the Ho®* ions are replacing
for the Y3* ones). Note that for both ceramics, almost no variation of the lattice constant with
the Ho®* doping was observed due to the closeness of ionic radii of Ho** and Y** (e.g.,
1.015 A and 1.019 for VllI-fold oxygen coordination, respectively [17]). The stoichiometric
compounds Ho203 and HoszAlsO12 exist [33,34].

The microstructure of the fractured surface of the ceramics was studied by SEM,
Fig. 3. The ceramics exhibit a close-packed microstructure and a relatively narrow grain
size distribution. For the Ho:Y203 ceramic, the mean grain Size Dgrin iS 5.4 pm and the
intragranular fracture mechanism is observed. For the Ho:Y3AlsO12 one, larger grains are
observed, Dgrain = 35.6 um, and the intergranular fracture mechanism dominates. The mean
grain size of the Ho:Y203 ceramic is smaller than that of the Ho:Y3AlsO12 one because
different sintering additives corresponding to opposite densification mechanisms were
employed: TEOS used for the fabrication of the Ho:Y3AlsO12 ceramic promotes densification
and grain growth due to formation of liquid phase while ZrO2 suppresses the grain
boundary mobility owing to formation of solid solution in the grain boundary regions of the
Ho:Y203 ceramic.

The distribution of scattering centers in the ceramic samples throughout their depth is
shown in Fig. 4. The average volume fraction of the scattering centers was 6 ppm and 25.7
ppm for the best Ho:Y203 and Ho:Y3AlsO12 samples, respectively. The difference can be
attributed to overheating of the Ho:Y3AlsO12 ceramic that led to an enhanced grain growth
and entrapment of larger amount of pores within the grains.

The vibronic properties of the ceramics were studied by Raman spectroscopy. The
RT Raman spectrum of the Ho:Y203 ceramic is shown in Fig. 5. The structure of cubic Y203
is body-centered and the unit-cell contains the primitive cell twice (the number of the
formula units per unit cell Z = 16). Thus, only 8 formula units are used to determine the
number of vibrations. At the center of the Brillouin zone, the set of irreducible
representations for optical modes is as follows: I = 4Ag + 4Eg + 14Fg + 5A2u + S5Eu + 16Fy,
among which all the even (gerade) modes Ag, Eg, and Fg are Raman active (22 in total), Fu
is IR active and A2u and Eu are silent [35,36]. The number of the observed modes is less
than the theoretical one. The spectrum is dominated by an intense band at 376 cm™
assigned to a combination of an Ag and a Fg mode and related to stretching vibrations. In
the range of small frequencies, there are three well resolved lines characteristic of the C-
type structure, centered at 192, 159 and 128 cm™ and related to Eg + Fg, Ag + Fg and Fg
modes, respectively. The maximum phonon frequency is ~592 cm™.

For the Ho:Y3AlsO12 ceramic, the Raman spectrum was strongly overlapping with the
Ho®*" luminescence.

4.2. Optical transmission and absorption

Typical overview transmission spectra of the ceramics in the visible and IR are shown
in Fig. 6. For the Ho:Y203 ceramic, the transparency range is broad, 0.24 — 9.4 ym, and for
the Ho:Y3AIsO12, it is narrower, 0.26 — 6.4 um. The structured absorption bands are due to
the intra 4f-shell electronic transitions of the dopant Ho* ions (electronic configuration:
[Xe]af10).



For the best-transmitting samples, the in-line transmission at ~1 ym (out of the Ho®*
absorption range) was as follows: for the Ho:Y203 ceramic disk (thickness, t = 1.3 mm), it
amounted to T = 82.2% being close to the theoretical limit set by Fresnel losses, To = 2n/(n?
+ 1), accounting for the multiple light reflections (To = 82.7%, for n = 1.8903 [37]) and for the
Ho:Y3AIs012 ceramic disk (t = 1.8 mm), the transmission was lower, T = 81.2%, compared
with the theoretical one, To = 84.5% assuming n = 1.816 [38], due to the presence of larger
amount of residual pores as shown above.

The absorption spectra of Ho*" ions in both ceramics were measured in detail and
plotted in Fig. 7 in terms of the absorption coefficient, aans = -In(T/To)/t. The assignment of
the excited multiplets follows the one by Carnall et al. [39]. The absorption bands are due to
transitions of Ho** ions from the ground-state, °ls, to the excited-states from I (at ~2 um)
up to 3Mio + 3Ls + (°G, °D, 3G)s + (°F, 3G)s (at ~0.29 um). The assignment of transitions
deeper in the UV is complicated because they spectrally overlap with each other and
simultaneously are superimposed on the UV absorption edge. The wave functions in the
intermediate coupling scheme corresponding to states (energy levels) of rare-earth ions are
linear combinations of wave functions in the Russell-Saunders approximation (the L-S
coupling scheme). Typically, the energy levels are designated by indicating one or more L-S
wave functions which contribute mainly to this linear combination. For designating high-lying
excited-states of Ho®* ions (see Fig. 7), we used this system.

Among the Ho®* transitions, one should highlight the 5Is — 3Ks + °Gs + 5F1 one around
~0.46 pm. Due to the proximity of these multiplets, it is difficult to separate the
corresponding absorption bands. The intensity of this Ho®* transition is significantly higher
for the Y203 ceramic as compared to the Y3AlsO12 one. It is known as a “hypersensitive”
one, i.e., its intensity depends significantly on both the structural characteristics and the type
of ligands [40]. The two conditions for observing a “hypersensitive” transition are (i) the
selection rules AJ < 2, AL < 2 and (ii) the relations between the corresponding reduced
squared matrix elements, U@ # 0 and U@ >> U®, U®. According to these criteria, the
“hypersensitive” behavior originates from the 3Ks + 5Ge states. By inspecting the absorption
spectra, another “hypersensitive” transition at ~0.36 um is observed (°ls — (°G,3H)s + 3Hs +
(CF°F,5G)2).

For the ®ls — °l7 Ho®* transition at ~2 ym which is of interest for laser applications (for
in-band or resonant excitation of ions directly to the upper laser level), the absorption cross-
section spectra were calculated, 0aps = aans/NHo. Note that for sesquioxides, for rare-earth
ions located in Csi sites, the electric dipole (ED) transitions are forbidden due to the
presence of a center of inversion and only magnetic dipole (MD) transitions following the
selection rules AJ = 0, £1, except of 0 < 0" are allowed. Thus, some authors evaluate the
cross-sections by considering only the RE®* ions in C2 sites (about 3/4 of the total ion
density). There are two arguments against this in our case. First, the 5l — °I7 Ho®* transition
is MD allowed and it can have a contribution from ions in Csi sites. Second, the actual
distribution of rare-earth dopants in sesquioxide ceramics may vary from the one for ideal
single-crystals. Thus, for Ho:Y203, we consider oabs as an “effective” value.

For the Ho:Y3AlsO12 ceramic, the maximum gaps = 1.28x102° cm? at 1907.2 nm and
the corresponding absorption bandwidth (full width at half maximum, FWHM) is 4.7 nm. For
the Ho:Y203 ceramic, it is lower, gws = 0.80x102° cm? at 1935.6 nm, while the
corresponding absorption bandwidth is much broader, FWHM = 16.6 nm, Fig. 8.

4.3. Emission (spectra and lifetime)

The near-IR emission spectra of the studied ceramics were measured under direct
excitation by a Tm-laser. The ceramics exhibited intense and broadband luminescence
spanning from 1.82 to 2.2 um, related to the %7 — 5Ig Ho®* transition.



The corresponding stimulated-emission (SE) cross-sections, ose, were derived by two
methods. First is the Fuchtbauer—Ladenburg (F-L) equation [41]:

oss(h) = ”“ uas
87(n) tac [WR)AA

@)
where, A is the light wavelength, <n> is the refractive index corresponding to the average
emission wavelength <Aum>, Tad is the radiative lifetime of the emitting state (°l7 state of
Ho®"), c is the speed of light and W'(A) is the luminescence spectrum calibrated for the
apparatus function of the set-up. For transitions with reabsorption, the measured
luminescence spectrum can be affected especially at shorter wavelengths.

The reciprocity method (RM, also called the McCumber relation) is the second method

used [42): )
Z _( h"—kf;zw_
Ose(4) = Gaps(4) Ze ’ (2)

where, h is the Planck constant, v is the light frequency, k is the Boltzmann constant, T is the
temperature (RT), EzrL is the energy of the zero-phonon-line (ZPL) transition between the
lowest Stark sub-levels of the two multiplets (°I7 and 5Is states of Ho%*), Zie) are the partition
functions of the lower and upper manifolds, respectlvely

Z = Z gm kT (3)
where each Stark sub-level has a number k, an energy E™ measured from the lowest sub-
level of each multiplet and a degeneracy g™k. For the calculations, we used the data on the
crystal-field splitting of the °I7 and ®°ls Ho®*" multiplets achieved in the present work (Section
4.4). Due to the exponential term in Eg. (2), a significant error from the RM calculations
raises for light wavelengths well above the ZPL transition.

The results on ose calculated by the two methods are shown in Fig. 8. The derivation
of the radiative lifetime Trd iS Not a straightforward task. Theoretically, it can be calculated by
means of the Judd-Ofelt theory based on the absorption spectra, e.g., the calculated rad(®l7)
is 13.19 ms for Ho:Y203 [43] and 7.82 ms for Ho:Y3AlsO12 [44]. On the other hand, the
simultaneous use of the F-L and RM approaches allows for the estimation of rad from the
comparison of the ose spectra. In the present work, the following values are achieved:
Trad(°l7) = 13.5+0.4 ms for Ho:Y203 and 7.6+0.2 ms for Ho:Y3AlsO12 which reasonably agree
with the results from the Judd-Ofelt analysis [43,44].

The %17 — 5Ig Ho®* transition represents a quasi-three-level scheme with reabsorption.
Thus, the actual laser wavelength will be typically longer than the ZPL. In this spectral
range, the maximum SE cross-sections ose amount to 0.57x10%° cm? at 2087.1 nm for the
Ho:Y203 ceramic (F-L method) and 1.70x10%° cm? at 2090.8 nm for the Ho:Y3AlsO12 one
(RM). The lower ose value for the former material is due to two reasons: (i) broader
emission spectra and (ii) much longer radiative lifetime of the emitting state.

The Ho* ions are also known for their visible emission falling in the green spectral
range. The corresponding luminescence spectra are shown in Fig. 9. The emission spans
from 0.53 to 0.56 ym being related to transitions from the closely located (thermally
coupled) °F4 and °S: excited-states to the °ls ground-state. The emission maxima are at
551.3 nm for Ho:Y203 and 541.5 nm for Ho:Y3AlsO12.

The luminescence decay curves from the °l7, %ls, °Fs and °F4 + °S: excited states were
measured at RT under pulsed excitation, Fig. 10. The luminescence decay from the °Is and
%12 multiplets was faster than ~0.5 us. To avoid the possible effect of reabsorption (radiation
trapping) on the measured decay curves, the ceramic samples were finely powdered and a
very thin powder layer (<50 um) on a transparent substrate was formed.




For laser applications of the ceramics, the Ho®* multiplet of main interest is the °l7. The
decay curves plotted in a semi-log scale reveal a single-exponential decay for both
ceramics, Fig. 10(a). The luminescence lifetime num was determined using the formula IpL(t)
= loxexp(-t/num), where t is time. It amounted to 10.92 ms for the Ho:Y20s3 ceramic and 7.04
ms for the Ho:Y3AlsO12 one.

The measured luminescence lifetime of the °Iz Ho®* multiplet can be shortened with
respect to the radiative one 1ad owing to the multiphonon non-radiative (NR) relaxation:

I _1 + W,
Tlum Trad (4)

where Whr is the multiphonon rate expressed in [s?]. Using Eq. (4), we estimate the values
of Wnr for the °l7 — °lg Ho®* transition as 15.7 s for the Ho:Y203 ceramic and 14.2 s for
the Ho:Y3AlsO12 one.

The luminescence quantum yield from the Iz Ho®* state can be estimated as:

_ Tlum

1 Trad (5)
This equation gives nq = 82.8% and 90.0% for the Ho:Y203 and Ho:Y3AlsO12 ceramics,
respectively (the rad values from [43,44] obtained by the Judd-Ofelt theory were used).
Lower ngq value for the former ceramic is partially referred to the higher Ho®* ion density in
sesquioxides as compared to garnets (under the same doping level in at.%).

Note that for higher-lying excited-states of Ho%* ions in the Ho:Y3AlsO12 ceramic, the
luminescence lifetimes are significantly shorter than for the Ho:Y20s3 one, e.g., for the green-
emitting levels Sz + 5F4, num is 3.47 ps and 103.7 s, respectively. To understand better this
difference, the rates of the multiphonon relaxation for the Iz, 5ls and Sz + 5F4 states were
plotted as a function of the energy-gap to the lower-lying multiplet AE using a semi-log
scale, as shown in Fig. 11. The °Fs state was excluded from the analysis due to its too
short, measured lifetime which can be affected by the response of the detector. The
evaluation of Wnr values is presented in Table 2.

The dependence of Wnr on AE at a fixed temperature (RT) is expressed by the
following equation [45]:

W (JT) = Ce—aAE(IJ'), (6)
where C and a are the constants which are determined by the host matrix: C has the
meaning of the multiphonon rate at the limit of zero energy gap and a:

a = —ln(e)/huph, (7)

where ¢ is the ratio between the probabilities of m-phonon and (m-1)-phonon relaxation,
and hvph is the maximum phonon energy of the host matrix mainly contributing to the NR
relaxation. Thus, for materials with smaller phonon energies, weaker multiphonon rates are
expected. This agrees well with our observations for Y203 and Y3AlsO12 ceramics having
different vibronic properties (the maximum phonon energy hvphmax for the latter material is
~780 cm?).

The fit of the experimental points in Fig. 11 using Eq. (6) yields the following
parameters: C = 2,95+0.1x10” s and a = 3.1+0.15%10-3 cm for the Ho:Y20s ceramic and C
= 4.0+0.2x10'* st and a = 5.1£0.3x103 cm for the Ho:Y3AlsO12 one. The ratio of a
parameters for these two materials (Y3AlsO12 / Y203) is ~1.6 which allows us to identify the
Raman modes contributing to multi-phonon processes in Ho:Y203 ceramic, ~470-480 cm?,
which are easily found in the measured Raman spectrum, cf. Fig. 5.

It is known that the multiphonon processes are weak if the energy-gap to the lower-
lying multiplet well exceeds the phonon energy of the host [46]:

Esy- 5,
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https://www.sciencedirect.com/topics/physics-and-astronomy/phonons

which is the so-called “energy gap” law. It is thus not surprising that for the °l7 Ho®* multiplet
in both ceramics, the multiphonon rates are weak and even comparable despite the
difference in the phonon energies of the host matrices. The corresponding AE = 4698 cm'*
(Ho:Y203) and 4685 cm* (Ho:Y3AlsO12), so that the condition in Eqg. (8) is well satisfied.

In general, the parameters of the multiphonon relaxation should weakly depend on
the rare-earth ion. In the literature, there is no information about Wnr for Y203 single crystals
doped with Ho®*" while there exist studies for other ions, e.g., Er** [47]. The data for
crystalline Er:Y203 are also shown in Fig. 11. The conclusion is that the developed ceramic
shows a very similar multiphonon relaxation as compared to the corresponding single-
crystal.

4.4, Low-temperature spectroscopy

LT (12 K) absorption and emission spectroscopy was used to determine the crystal-
field spliting of the ®ls and %Iz Ho®" multiplets which are relevant for laser applications,
Fig. 12. The LT absorption spectra were plotted vs. the light wavenumber revealing the
excited-state splitting. The LT emission spectra were plotted vs. (Eze. — wavenumber)
revealing the splitting of the ground-state.

For both the C2 and Dz sites, each 25*1L; multiplet with an integer J is split into 2J + 1
sub-levels (17 for ®s and 15 for °I7). Following the previous studies, all of them were
identified (knowing that for the °I multiplet, several Stark sub-levels practically coincide)
[44,48]. The resulting crystal-field splitting for the ®ls and °Iz Ho*" multiplets in Y203 ceramic
(C2 sites) and Y3AlsO12 ceramic (D2 sites) is shown in Fig. 13. The partition functions were
then calculated using Eg. (3), namely Z1 = 7.342, Z> = 8.269 and Zi/Z> = 0.888 for the
Ho:Y203 ceramic and Z1 = 7.260, Z2 = 9.460 and Z1/Z> = 0.767 for the Ho:Y3AlsO12 one.
The ZPL energies for these two ceramics Ezp. are 5158 cm? (the corresponding
wavelength is 1938.7 nm) and 5229 cm™ (1912.4 nm), respectively.

Gruber et al. calculated the crystal-field splitting for the ground-state (°ls) of Ho®* ions
in Cs;i sites in crystalline Y203 [49]. However, we are unable to unambiguously identify the
peaks assigned to Cs; sites in the measured LT emission spectrum, which can be due to the
line broadening in ceramics or simply because of the predominant excitation of the ions in
C2 sites. In the LT absorption spectrum of this ceramic, several extra peaks are found (at
5146, 5169, 5209, 5222 cm™, etc.) which are probably due to the Cs sites.

For trivalent rare-earth ions, the barycenter energy of any 25*1L; multiplet belonging to
the 4f" shell should show a linear variation with the barycenter energy of any other isolated
2S5+ 'y 4" multiplet. This dependence is represented by the so-called barycenter plot [50];
the concept developed by Antic-Fidancev. It is well known for Yb3* [50] and recently, it was
also proposed for Tm3* [51]. In the present work, we present such an analysis for the °ls and
5 multiplets of Ho®* ions. In Fig. 14, the barycenter energy of the first excited-state,
<E>(®1), is plotted vs. that of the ground-state, <E>(°ls). Neglecting the J-mixing, the energy
separation between the two barycenters should be constant and equal to that for the free
Ho** ion (~5030 cm™") [39]. Together with Y203 and Y3AlsO12 studied in the present work,
the data on multiple Ho®**-doped crystals were added to the graph; the corresponding Stark
splittings can be found elsewhere. The linear fit of the data in Fig. 14 yields a formula
<E>(%l7) = 5052 + 0.95x<E>(%ls) [cm™"] in good agreement with the above considerations.
The barycenter energies for Ho®* ions in Y203 and Y3AlsO12 ceramics agree well with the
general trend confirming the correctness of the assignment of the Stark sub-levels.

5. Conclusions
To conclude, yttrium-based sesquioxide and garnet ceramics (Y203 and Y3AlsO12)
obtained by vacuum sintering from laser-ablated nanopowders are suitable host materials
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for doping with holmium ions. In terms of the microstructure and optical properties, the
Ho:Y203 ceramic offers smaller mean grain size (5.4 ym) and smaller content of um-sized
pores (about 6 ppm), as well as higher transmission at ~1 ym (T = 82.2%) close to the
theoretical one and broader transparency range (0.24 — 9.4 um), as compared to the garnet
one.

Regarding the absorption and emission at ~2 ym (the °ls < °l7 Ho®* transition which is
of interest for laser applications), the garnet ceramics ensures higher transition cross-
sections at the expense of narrower bandwidths. The radiative lifetimes of the °l7 Ho** state
are 13.5+£0.4 ms and 7.6+0.2 ms for the Ho:Y203 and Ho:Y3AlsO12 ceramics, respectively.
The multiphonon relaxation rates are determined based on the lifetime measurements. We
show that multiphonon relaxation in the Ho:Y203 ceramic is at least not faster than that in
the corresponding single-crystals highlighting the good optical quality of the former material.
The analysis based on the barycenter law is successfully applied to the °ls and ®7 Ho**
multiplets in various crystalline materials confirming the correctness of the determined
crystal-field splitting in the studied ceramics.

The developed ceramics are promising for in-band pumped Ho lasers emitting above
2 ym (including thin-disk ones).
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Fig. 1. Photograph of annealed and polished Ho:Y>O; and Ho:Y3AlO12
transparent ceramic disks.

Table 1. Impurity composition of laser-ablated Al,Os,
Ho:Y.Os; and Ho,Zr:Y-Os3 nanopowders used for the
fabrication of ceramics.

Content, ppm Powder

A|203 Ho:Y203 HO,ZI’ZYzOs

Na 160 42 26
Mg <1 1.9 <1
Ti 3 3 <1
V <1 <1 <1
Cr <1 49 1.7
Mn <1 <1 <1
Fe 270 <1 <1
Co <1 <1 <1
Ni <1 <1 <1
Cu 4.2 1.9 <1
Zn <1 26 4
La 1.3 <1 <1
Ce <1 <1 <1
Pr <1 <1 <1
Nd 3 2 <1
Sm <1 <1 <1
Eu <1 <1 <1
Gd <1 <1 <1
Th <1 <1 <1
Dy <1 <1 <1
Er <1 1 <1
Tm <1 <1 <1
Yb <1 3.4 <1
Lu <1 <1 <1
Hf <1 <1 310
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Fig. 9. Spectra of visible (green) luminescence of Ho*" ions in Y203 and Y3Als012
ceramics at RT, Aexc =488 nm.

560 570

18



T T
)
Iz
2 Ho:Y,0.
g r,um=210?‘92ms
e
ioj 3 Ho:Y3Al5045
2 Tiym=7-04ms
0]
c
[}
IS
- Exc. 1875nm
Lum. 2080nm
D'01(.'! 10 20 30 40 50
Time (ms)
1 T T T T T
\ )
i HoY,O. ‘6
) 0:
T qum:zgz%us
S
8
801k E
= Ho:Y3Al5042
2 Tum=44.9ps
[}
£
- Exc. 644nm
t ‘ l Cum. 1020nm
0 W APNTE Ihl.n. LU l.l“\ [
00 01 02 03 04 05 06 07 08 09 10
Time (ms)
1 T T
()
5F5
)
E
=
g
©01F X 4
"; Ho,Y_ZOg
= Tium=0.92us
7}
=
)
£
Exc. 625nm
Lum. 670nm
0'01 1 1 n 1
3 4 5 6
Time (us)
1 T T T T T T T
(d)
%849,

Intensity (arb.units)
o
T

Ho:Y,04

Tlum=103.THs

: Ho:Y3Al5044
[ Tum=3.4THs
Exc. 465nm
0.01 L | | L L L L Lur‘n. 555nm
o 50 100 150 200 250 300 350 400
Time (us)

Fig. 10. RT luminescence decay curves for Ho%* ions in Y>Os; and Y3AlsO12
ceramics: decay from the (a) °I; state, (b) ls state, (c) °Fs state and (d) °S; + 5F4
thermally coupled states, black curves — experimental data, red lines — single-
exponential fits, um — luminescence decay time.
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Fig. 11. Multi-phonon non-radiative relaxation rates Wyr as a function of the
energy-gap to the lower-lying multiplet for Ho® ions in Y03 and Y3AlsO12
ceramics: symbols — data deduced from the experimental lifetimes, lines — their
fits using Eq. (), blue squares — data from [47] for Er®* ions in crystalline Y2Os.

Table 2. Evaluation of multi-phonon relaxation rates Wyr for
Ho®* ions in Y203 and Y3AlsO1, ceramics, Tg — radiative
lifetime (after [43,44]), Tum — luminescence lifetime.

Ceramic State Trag, MS  Tum, MS  Wig, ST
Y203 5, 13.185 10.92 15.7
S 6.842 0.928 0.93x103
53, 1.378 0.104 0.89x10*
Y3AlsO1 5, 7.82 7.04 14.2
Sl 348 0.045 0.22x10°
53, 0.27 0.004 0.28x106
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Fig. 12. LT (12 K) (a) absorption and (b) luminescence spectra for the 5l < 5I;
transition of Ho®" ions in Y203 and Y3AlsO12 ceramics: “+” indicate peak assigned
to electronic transitions of Ho®* ions in C; sites (Y20s3) and D sites (Y3Als012). In
(b), Aexc =532 nm.
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Fig. 14. Barycenter plot for 55 and °; Ho®* multiplets in various crystalline
materials, squares — data on the crystal-field splitting from the literature and from
this work (for Y203 and Y3AlsO12 ceramics), line — linear fit of the data.
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