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Abstract. Absorption and emission properties of Er®* ions in a cubic elpasolite crys-
tal, Cs2NaYFs, are modeled within the Judd-Ofelt (J-O) theory. The J-O intensity pa-
rameters have been determined: Q2 = 0.665, Q4 = 0.217 and Qs = 0.029 x102° cm?2.
The elpasolite structure of Cs2NaYFs containing isolated [YFs] polyhedra allows high
Erd* doping levels up to 100 at.% without considerable concentration quenching of
luminescence and exceptionally long lifetimes of the excited states (in particular, the
radiative lifetimes of the #1322 and #l11.2 states are as long as 36.7 ms and 113.4 ms,
respectively). It also shows weak non-radiative relaxation. Stimulated-emission
cross-sections have been determined for the Er®* transitions in Cs2NaYFe at ~2.7

and ~1.5 ym as well as in the visible spectral range.
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1. Introduction

During the past decade, fluoride crystals doped with rare-earth ions (RE®**) have at-
tracted a considerable attention for the development of solid-state lasers [1]. First, the fluo-
rides possess low phonon energies (hvmax ~350-500 cm™) [2]. This leads to weak non-
radiative (NR) relaxation from the excited-states of the RE®* ions [3] and, hence, long life-
times 1, which is a key condition for low-threshold continuous-wave and high-pulse-energy
Q-switched lasers [4]. Second, they possess large bandgap energies, Eq ~7-12 eV [5],
which defines their excellent transparency in the UV and IR, as well as reduce the probabil-
ity of multi-phonon absorption. Third, they show relatively low refractive index, n ~1.5 [6],
and negative thermo-optic coefficients, dn/dT [7]. The latter compensates the effect of ther-
mal expansion leading to weak thermal lensing [8]. Finally, the fluorides have typically high
thermal conductivity [9].

Recently, crystals of cubic CaF2, SrF2, KY3F1o, tetragonal LiLnF4 (Ln =Y, Gd, Lu) and
monoclinic BaY2Fs fluorides have been studied as laser hosts for doping with lanthanide
ions such as Nd3*, Yb3*, Tm3* or Ho®* that emit at ~1 ym and at ~2 um [1,4]. Particularly, for
fluoride crystals, long upper laser level lifetimes result in the generation of high pulse ener-
gies in Q-switched lasers [10].

Trivalent erbium (Er®*) ions possess an electronic configuration [Xe]4f!! leading to a
rich energy level structure of the 4f electrons. Within such a structure, a plurality of electronic
transitions is detected and the transitions “l132 — “4l1s2 and *l112 — 4132 at ~1.5 and ~2.7
pm, respectively, are frequently used for laser generation [11, 12]. On the other hand, such
a structure supports various energy-transfer (ET) processes leading to upconversion and
energy loss due to non-radiative transitions between the levels [13] by taking into account
that the effect of upconversion is especially pronounced in fluoride materials [14]. One of the
ways to eliminate such effects is to use a direct excitation to the upper laser level, the so-
called in-band pumping scheme [15,16]. It should also be noted that a green laser due to
upconversion in Er**-doped fluorides (the *Sa2 — “l152 transition, ~0.55 um) has been de-
veloped [17]. The applicability of fluorides as hosts for various laser schemes is determined
by the concentration of Er®* ions because the probability of the ET processes is greatly de-
pendent on the ion concentration [18].

The development of fluoride hosts is of interest for lasers because they may, simulta-
neously, allow for high RE3* doping levels and show weak concentration quenching of the
luminescence. The latter is caused by the low probability for ET between the optically active
ions due to the structure features. Obviously such hosts should contain rare-earth ion poly-
hedra isolated from each other or isolated polyhedra groups. In particular, we studied previ-
ously [19] the spectroscopy of the orthorhombic fluoride Er¥*:K2YFs having a chain struc-
ture.

In the present work, we focus on another complex fluoride, Er*:Cs2NaYFs [20], be-
longing to the large family of cubic elpasolites, A2BMXs, where A and B are monovalent al-
kali cations, M is a trivalent metal ion and X is a halide anion [21]. In the elpasolite structure,
the [MXs] polyhedra are perfect octahedra (On) and they don’'t share halogen ions [22].
Such a structure of Cs2NaYFs with the isolated [YFs] octahedral units may provide small NR
relaxation rates from excited states, very long lifetimes 1 of these states [23,24] and the
highest possible RE?* (in particular Er®*) doping levels up to the stoichiometric composition
Cs2NaErFs without considerable concentration quenching [20]. Thus, we provide here the
results on Judd-Ofelt (J-O) analysis for the transition probabilities of Er®* ions and a quantifi-
cation for the NR relaxation in Cs2NaYFs, for the first time, to the best of our knowledge. To
date, the crystal-field analysis of Er®* in Cs2NaYFe has been reported [25] and the decay
time of the ~2.7 um emission from Er®* ions has been studied [24]. Recently, the data for
optical absorption and the Stokes and anti-Stokes luminescence of Er** ions in Cs2NaYFs



have been presented [20]. It should be noted that there exist data for the spectral lumines-
cence characteristics of Er®* in chloroelpasolite Cs2NaYCle [26].

2. Crystal growth

Crystals of Cs2NaYFs doped with Er3* were grown under hydrothermal conditions. For
the crystal growth, copper-insert lined autoclaves with a volume of ~40 cm? were utilized,
and the inserts were separated by perforated diaphragms into synthesis and crystallization
zones. The crystals were synthesized by a direct temperature-gradient method as a result
of a reaction of aqueous solutions containing 3540 mol% CsF and 8-10 mol% NaF with
oxide mixtures (1-x)Y203— xEr203 (purity: 99.99%) where x = 0.003, 0.03, 0.1 and 1 at a
temperature of ~750 K in the synthesis zone, temperature gradient along the reactor body
of up to 3K/cm, and pressure of ~100 MPa. Spontaneously nucleated crystals of up to 0.5
cm? were grown in the upper crystallization zone of the autoclave for 200 h. The crystals
were transparent and had slight rose coloration due to the Er** dopant. No annealing treat-
ment of the as-grown crystals was performed.

The structure and the phase purity of the grown crystals have been studied by X-ray
powder diffraction analysis (XRD). The Cs2NaYFs crystal synthesized under hydrothermal
conditions crystallizes in the cubic system, sp. gr. Fm3m, a = 9.057 A, Z = 4, density p =
4.42 glcm?3. Therefore, in the Cs2NaYFs elpasolite structure there is one crystallographic site
for Y3* ions which is VI-fold coordinated by the F- ions forming the perfect octahedron and
its structure is shown in Fig. 1. The shortest Y3*-Y®* distance along the c-axis is 9.0496 A
and in the a-b plane, it is 6.3990 A. It should be noted that fluoroelpasolite Cs2NaErFs has
almost the same lattice parameters, which allow obtaining Csz2NaYFs crystals where the
Er®* concentrations correspond to those of the starting oxide mixtures (1-x)Y203 — xEr203
(Table 1).

3. Experimental

The spectral properties of Er®*:Cs2NaYFs crystals were studied with unpolarized light
at room-temperature (RT, 293 K) by taking into account that the cubic fluoroelpasolite crys-
tals are optically isotropic. Also they possess a wide band-gap (Eg ~6.9 eV) [27].

The absorption spectra were measured for a 10 at.% Er®*:Cs2NaYFs crystal, 1 mm-
thick polished plate by using a Varian CARY-5000 spectrophotometer with a spectral
bandwidth (SBW) of 0.02 nm. The absorption cross-sections, Oabs, were derived as of/Ner,
where a was the absorption coefficient and Ner = 5.38x10%° at/cm? was the Er®* concentra-
tion.

The emission spectra were measured for a 10 at.% Er:Cs2NaYFs crystal under CW
excitation by a 960 nm InGaAs laser diode directly to the “l112 state. For the registration of
the green and the ~1.5 um luminescence, a lock-in amplifier (Stanford Research Systems,
model SR810), a grating monochromator MDR-23 (SBW = 0.1 nm) and a G5851 Hama-
matsu InGaAs PIN photodiode (for near-IR) or an APD module C5460-01 (for visible) were
used. The luminescence was collected with a wide-aperture lens. For the ~2.7 ym lumines-
cence, a compact Fourier transform infrared spectrometer, model FT-IR Rocket from Ar-
coptix, was used. It was equipped with an optical fiber for luminescence collection.

The luminescence decay was studied under quasi-CW excitation at 960 nm in the
same set-up. The diode output was mechanically chopped (cut-off time: 5 us) at a frequen-
cy of ~16 Hz by using a 500 MHz Textronix TDS-3052B digital oscilloscope monitoring the
luminescence decay curves at 0.55 um (from the 4Sae state), at 0.66 um (*For state), at
0.82 um (*lor2 state), at 1.0 ym (*l112 state) and at 1.55 um (*l132 state). For the last two
wavelengths, the samples of Cs2NaYFe containing 0.3, 3, 10 and 100 at.% Er®* were stud-
ied and for the visible emissions, only a 0.3 at.% Er** doped Cs2NaYFewas investigated. To



avoid radiation trapping effects, the samples were powdered and immersed in glycerin (5-
10 wt.% of powder). The decay curves were fitted according to a single-exponential law, /(f)
= Ioexp(—t/ Texp).

4. Results and discussion

3.1 Optical absorption

The absorption spectrum of a 10 at.% Er:Cs2NaYFs crystal within the 0.35-1.65 um
spectral range at RT is shown in Fig. 2. The absorption bands are related to the transitions
from the “l152 ground-state to the excited states indicated in Fig. 3, showing the scheme of
energy-levels for Er** in Cs2NaYFe, according to [25]. For the 4l1s2 — 41132 transition, the
maximum Oabs is 4.6x10%! at 1532 nm (case of in-band pumping) and for the *l1s2 — #1112
one, the maximum gabs is considerably lower being 0.07x10%" at 963 nm.

The absorption spectrum is analyzed within the standard Judd-Ofelt (J-O) theory [28,
29]. In this case the absorption oscillator strengths fexo have been determined from the
measured absorption spectra as:

exp n_ meC2 v 1
£29(2 )_—”eZNEM>2 (33", (1)
where me and e are the electron mass and its charge, respectively, c is the speed of light,
(JJ") is the integrated absorption coefficient within the absorption band and <A is the “cen-
ter of gravity” of the absorption band.

It should be noted that the J-O theory describes electric-dipole (ED) transitions. The
contribution of magnetic-dipole (MD) transitions corresponding to J-J’' = 0, +1 (fup) can be
found in research publications, for example in [30]. Based on the experimental ED absorp-
tion oscillator strengths, the line strengths have been derived:

~ 3h(2J'+1)(1 9n ,
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Here, h is the Planck constant and n is the refractive index of the crystal. The set of experi-
mental ED line strengths is fitted as:
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Here, U are the squared reduced matrix elements [31] and Qk, k = 2, 4, 6, are the J-O in-
tensity parameters. Accordingly, the absorption oscillator strengths are:
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The results on b, T, foxp and feac for 10 at.% Er**:CsoNaYFs are summarized in Ta-
ble 2. The root-mean-square (RMS) deviation between the experimental and calculated ab-
sorption oscillator strengths is 0.208. The determined J-O parameters are: Q2 = 0.665, Q4 =
0.217 and Qs = 0.029 x10%° cm?. In addition, the Q«x parameters for Er**:Cs2NaYFs in com-
parison with those for various Er**-doped fluoride crystals, oxyfluoride glass and ensuing
glass-ceramics (GC) [3,32-38] are presented in Table 3. As one can see, the J-O parame-
ters for Er**:Cs2NaYFe are lower than those for the previously studied fluoride hosts. This is
because of a relatively small transition probability between the Er®* levels in this structure,

caused by the highly symmetrical octahedral environment.

3.2 Emission and radiative lifetimes



The determined J-O parameters have been used to calculate the emission probabili-
ties of the Er®* ions in Cs2NaYFs. The probabilities of spontaneous radiative transitions are
calculated as:

3hI+)° | 3
Here, the first term accounts for ED transitions and it is related to the line strength of the J
— J’ transition determined by Eq. (3a), whereas the set of squared reduced matrix ele-
ments UX for emission transitions can be found elsewhere [31], and the second term ac-
counts for MD transitions [30].

Using the probabilities of the spontaneous radiative transitions for separate emission
channels J—J’, we have calculated the total probabilities Awt, the corresponding radiative
lifetimes of the excited-states mad and the luminescence branching ratios for the emission
channels B(JJ’):
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The results are summarized in Table 4 for the excited states with levels from #l132 to 4G112.
However, it should be noted that only the transitions corresponding to branching ratios
B(JJ’) > 0.01 (1%) are listed. Based on the multiplet barycenters [25], we have determined
the average emission wavelengths for each transition <. The radiative lifetimes of the #1132
and “l112 states of Er®* ions in Cs2NaYFs are as long as 36.7 ms and 113.4 ms, respective-
ly, which are outstanding compared with the known Er®*-doped oxide and fluoride laser
crystals, oxyfluoride glass and GC, Table 5. The Td values for Er¥*:Cs2NaYFs are even
longer than those for the previously studied Er®*:K2YFs crystal in which the [(Y/Er)F7] poly-
hedra form isolated chains and the intrachain Y3*-Y3* distances are about ~3.7 A [32].

3.3 Luminescence decay measurements

To confirm the exceptionally long lifetimes of Er** ions in Cs2NaYFs, we have studied
the luminescence decay from the #l132 and *l11.2 states for various Er®* doping levels ranging
from 0.3 at.% to 100 at.% i.e. for a stoichiometric Cs2NaErFe crystal. The results are shown
in Fig. 4 where the decay curves are plotted in a semi-log scale. The decay curves are sin-
gle-exponential. This agrees well with the existence of a single site for Er®* ions in the
elpasolite structure. For a 0.3 at.% Er®*:Cs2NaYFs crystal in which the effect of concentra-
tion-quenching is almost negligible, the measured lifetime Tex, of the *l132 state is 34.5 ms
and Texp(*1112) is 14.1 ms. The experimental lifetime of the “l13 state is very close to the ra-
diative one determined from the J-O calculations, so the luminescence quantum efficiency
(Texp/Trad) Ngq is equal to 94%. Such a value indicates weak NR relaxation from this state,
caused, on the one hand, by the large energy-gap between this state and the ground-state
(AE = 6506 cm™) compared to hvmax = 468 cm™' [42] and, on the other hand, by the high
optical quality of the crystal and high crystallinity of its structure. The experimental lifetime of
the 41112 state is shorter than the radiative one, which is typical for Er** ions and is attributed
to much stronger NR relaxation from this state to the lower-lying #1322 one due to the smaller
energy-gap (AE = 3889 cm™', see details below). The concentration-quenching of lumines-
cence for 10 at.% Er®* doped crystal is very modest, as Texp(*l132) = 27.6 ms and Texp(*l112) =
11.9 ms. For the stoichiometric Cs2NaErFs crystal, this effect is more pronounced but the
lifetimes still remain within the ms-range, 10.5 ms and 2.72 ms, respectively.



The observed behavior of 7exp versus Ner indicates extremely weak energy excitation
transfer between Er** ions in the Cs2NaYFs lattice. The concentration quenching of the lu-
minescence from the 4l132 level is attributed to the energy-migration (donor-donor energy
transfer) among the Er®* ions by taking into account that the probability of this process is
concentration-dependent [43]. The shortening of the 112 lifetime is due to several energy-
transfer upconversion (ETU) processes, namely donor-acceptor interactions, some of which
are phonon-assisted, leading to the depopulation of this state [44]. The probabilities of ETU
processes are also concentration-dependent.

It should be emphasized that only the experimental lifetimes for the #l112 state of Er3*
in Cs2NaYFs have been reported [24], namely ~12+2 ms for 1 at.% Er®* doping and ~0.7+2
ms for Cs2NaErFs, which agree well with our data.

3.4 Stimulated-emission cross-sections
The determined radiative lifetimes rad of the excited states allow one to calculate the
stimulated-emission (SE) cross-sections, osk, for the transitions of interest for laser applica-
tions, Fig. 3, namely #l132 — *l152 (emission at ~1.5 pm), 4l112 — *h3e (at ~2.7 um) and *Sae
— 4152 (at ~0.55 um). For all these transitions, we have used the Fiichtbauer—Ladenburg
(F-L) equation [45]:
2 W(A)B@I)
87 rraqC [AW(2)d2

Here, W(A) is the measured luminescence spectrum for the considered J—J’ transition, cor-
rected for the response of the photodetector. For the #l132 — “l1512 transition, due to the over-
lap of the absorption and emission bands, the measured W(A) is strongly affected by reab-
sorption. Thus, one may use the reciprocity method [46] as an alternative approach:

ose(4)= (7)
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where oabs(A) is the absorption cross-section spectrum for the corresponding J'—J transi-
tion, k is the Boltzmann constant, T is the crystal temperature (RT), Zm are the partition func-
tions the lower (m = 1) and upper (m =2) multiplets, {E™«} is the set of energies of the Stark
sub-levels of the two multiplets measured from the lower sublevel of the multiplet, g™« is the
degeneration of the sub-level with the number k and energy E™k, and Ez. is the energy dif-
ference between the lowest Stark sub-levels of the two multiplets (zero-phonon line). The
energies of the Stark sub-levels for Er®* in the elpasolite structure can be found elsewhere
[25].

The results on the SE cross-sections for Er**:Cs2NaYFs are shown in Fig. 5. For the
132 — 4152 transition, the maximum ose is 3.78x102" cm? at 1535.3 nm. More details
about this transition, in particular the gain spectra, can be found in [20]. An additional com-
parison can be made with corresponding reported values for the 2.7 ym emission in Er3*-
doped oxyfluoride glass and ensuing GC [47]. For the *l112 — *l132 transition, the emission
in the 2.67—2.9 um spectral range is shown in Fig. 5(b). This agrees with the range ex-
pected from the Stark structure of the involved multiplets, 3430-3744 cm-'. The emission
band contains two intense peaks at 2705.0 nm (ose = 2.60x102" cm?) and at 2855.2 nm
(ose = 2.97x102" cm?). Such a spectral behavior is explained by the large splitting of the
4112 multiplet (72 cm™) containing 4 Stark sub-levels, two of which are closely located [25].
The first peak is attributed to the 6 + al's — [6 transition from the lower-lying Stark sub-
levels, and the second one to the 7 + bl's — I's transition from the upper-lying sub-levels.
The results for the 4Ss2 — “l1s2 transition are presented in Fig. 5(c). The corresponding



emission band contains some local peaks at 548.3 nm, 554.7 nm and 563.6 nm and the
maximum ose is 1.18x10%? cm? corresponding to the last local peak. The determined ose
values are much lower than those for the previously studied Er**:K2YFs [32] due to much
longer radiative lifetimes.

3.5 Non-radiative relaxation

The quantification of NR relaxation in laser materials is important for the prediction of
the experimental lifetimes for the excited states of the RE®* ions [3]. In this context, a 0.3
at.% Er** doped Cs2NaYFs crystal has been selected to determine the NR relaxation rates
Anr. As for such a low concentration, the effect of various ET processes on the shortening
of the experimental lifetime is negligible [43]. In this case the values of 7exp have been
measured for the excited-states *l132, 41112, 4lar2, “Far2 and #S3p2, see Table 6. Accordingly, the
ANR is estimated from 7exp and the total rate of spontaneous radiative transitions is estimated
from the excited state, derived from J-O modeling (cf. Table 4) [40]:

AR (307) = (U 7g,p) - AZC (D). 9)
Theoretically, Anr is represented as [3]:
cale(39)=Ce EMY), (10)

Here, C and a are the constants defined at a certain temperature which are characteristic
for a specific material and AE is the energy-gap to the lowest excited-state. C has the
meaning of the non-radiative relaxation rate in the limit of the zero energy gap and a = -
In(¢)/hvpoh where ¢ is the ratio between probabilities of m-phonon and m-1-phonon relaxation
and hvph is the phonon energy. The results of the calculations for Anxr are presented in Ta-
ble 6 and the experimental data on Anr as well as their fit with Eq. (10) yielding C and «a
constants are shown in Fig. 6. The fit yields C = 2.78x10” s and a = 1.31x10 cm which
are relatively low values taking into account the data in Table 7 showing the values of C, a
and hvmax for various fluoride crystals.

4. Conclusion

We report on the Judd-Ofelt modeling of the absorption and emission properties for
Er®* ions in a cubic elpasolite Cs2NaYFs crystal. The specific structure of this optical material
containing isolated [(Y/Er)Fs] polyhedra and providing large Y3*-Y3* distances (6.4 — 9.05
A), as well as a relatively small maximum phonon energy, 468 cm™, results in exceptionally
long lifetimes of the excited-states and weak concentration quenching of the luminescence.
The stimulated-emission cross-sections for the different transitions of Er** ions in the visible
(green) and near-IR (at ~1.5 ym and at ~2.7 um) ranges are evaluated giving rise to the ob-
tained ose values ranging from 1.18x10%2 cm? at 563.6 nm to 3.78x10' cm? at 1535.3 nm,
2.60x102' cm? at 2705.0 nm and 2.97x10%2" cm? at 2855.2 nm. The non-radiative relaxation
from the excited-states of Er®* ions is quantified.

Rare-earth doped, in particular, Er**-doped, cubic elpasolite Cs2NaYFs crystals are
promising optical materials for applications in up- and down-conversion materials [20]. The
results of the present study indicate that Cs2NaYFs crystals containing Er** may be consid-
ered for producing low-threshold eye-safe lasers emitting at ~1.7 um and 2.7 ym. For this
purpose, the growth technology of large crystals should be developed. On the other hand,
further spectroscopic research on this material should focus on the optimization of the Er3*
concentration in CszNaYFs by basing on the quantification of the ETU micro-parameters.
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Figure captions

Figure 1. Unit-cell structure of Er:Cs2NaYFe crystal, green polyhedra
show the [(Y/Er)Fe]> groups.

Figure 2. Absorption cross-section, Oabs, spectrum of a 10 at.%
Er®*:Cs2NaYFs crystal.
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Figure 3. Energy level scheme of Er®* ions in Cs2NaYFe, according
to [25], arrows indicate relevant processes.
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Figure 4. Luminescence decay curves from the *l132 (a) and *l112 (b)
excited states of Er®* ions in Cs2NaYFs for various doping levels; Aexc
=970 nm, Aum = 1540 nm (a) or 1000 nm (b).
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Figure 5 Stimulated-emission cross-section, ose, spectra for the
4132 — H1s22 (@), 4112 — 413z (b) and 4Szz — “l1s2 () transitions of
Er®* ions in a Cs2NaYFe crystal, as calculated with the reciprocity
and Fuchtbauer—Ladenburg (F-L) methods.
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Figure 6 Energy-gap dependence of the nonradiative decay-rate
constants Anr in a 0.3 at.% Er**:Cs2NaYFs crystal: circles are the
values determined from the measured luminescence lifetimes and
the calculated radiative decay rate constants, line is the fit of these
data with Eq. (10).
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Table 1. Lattice parameter (a), unit cell volume (V), calculated density (o)
and absolute concentration of Er®* ions (Ner) for cubic elpasolites (space
group: Fm3m, Z = 4).

Crystal a, A Vv, A3 p,glcm®  Ner, at/cm®
Cs2NaYFs 9.0496 74112 4405 -
Cs2NaYoge7rErooosFe  9.0496 74112 4405 1.62x10"9
Cs2NaYogrEroosFs 9.0492 741.02 4427 1.62x10%
Cs2NaYogEro.1Fe 9.0485 74085 4.481 5.40x10%°
Cs2NaErFe 9.0411 739.03 5122 5.41x10%"

Table 2. Experimental fexp and calculated fcaic absorption oscillator
strengths for a 10 at.% Er**:Cs2NaYFe crystal.

Transition, «\, r, fexp, falc,
15— nm nmxcm! 107 107

H13p 1537.0 51.19 4550 0.421ED+4.134MD
1 962.7 1.18 0.267 0.261EP
o 791.9 1.55 0.519 0.401EP
“Fop 6509 3.22 1595 1.674FP
4Sap 5466 0.22 0.156  0.099EP
Hi12 5169 106 8.369  8.146FP
F71 484.5 1.05 0.943 0.869P
Hop 407.3 0.39 0.505 0.486EP
Grip 376.4 10.9 16.284 16.487EP
4G 3634 0.81 1288 1.304FP
RMS dev. 0.131

<\ - “center of gravity” of the absorption band, I - integrated absorption
coefficient, ED and MD stand for electric and magnetic dipole contribu-
tions, respectively (all values without superscript correspond to ED),
RMS - root-mean-square deviation.

Table 3. Judd-Ofelt parameters Q« (k = 2, 4, 6) for Er®*-
doped fluoride crystals, oxyfluoride glass and GC.

Material 0, 1020 cm? Ref.

(07 Qs Qs
Cs2NaYFs  0.665 0.217 0.029 This work
K2YFs 1.216 0.647 0.459 [32]
NaYF4 1.65 0.56 1.01 [33]

LiGdF4 0905 247 492 [34]
BaY2Fs 139 054 142 [35]
Er:BaF2 1.048 1478 1009  [36]

CaF2 1.043 0866 1725 [37]
LaFs 127 028 063  [3]
glass 434 116 116 [38]
GC 168 770 134  [38]
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Table 4. Emission probabilities for a 10 at.% Er**:Cs2NaYFe crystal.

Transition N, A, By, A, Trad,
nm s % s ms
13— Y152 1537 2.46EP+24 g2MD 1000 27.3 36.7
N1p— Y152 962.7 4.13FD 46.9 88 1134
Y13 2576 0.42EP+4 26MD 53.1
on— hsp  792.0 9.46FP 694 136 733
Y132 1634 3.48EP 255
Y111 4467 0.028P+0.67MDP 51
Fop— Y152 651.0 58.91EP 860 685 146
Y3z 1129 3.58D 51
Y112 2010 1.06EP+3.49MD 6.6
Y92 3656 0.18ED+1.34MD 2.2
4S30— Y152 546.6 4.93FP 64.8 76 1316
Y132 848.2 2.02EP 26.6
Y112 1265 0.18FP 23
Y92 1764 0.48EP 6.3
°Hi1p—  “ls2 5169 518.02EP 874 593 1.7
Y3 778.8 7.91ED+4943MD 9.7
Y112 1116 4.73EP+5 58MD 1.7
Y92 1488 5.52ED+(.49MD 1.0
Frp— Y152 4845 55.6FP 51.7 107.6 9.3
Y3 707.6 25.81FD 24
Y112 9755 8.43FP 7.8
Yoo 1248 2.66EP+7.80MD 9.7
For 1895 0.24EP+7.03MD 6.8
Fspap— 42 449.3 0.82FP 206 410 244
Y132 634.8 7.74FP 49.7
Y11 8425 21.45FD 11.9
Yoo 1038 4.68FP 7.3
“Fop 1450 2.09EP 49
4Sap 2524 2.02EP 5.2
2Hopp—> Y152 407.3 19.99FD 119 204 491
Y132 554.1 65.25FP 38.9
Y1 7059 17.61EP+27.62MD 27.0
Yoo 838.3 2.36EP+0.55MP 1.7
“Fop 1088 1.08EP+31.12MD 19.2
Grip— 42 3764 1737FP 53.8 167.7 5.9
Y132 498.5 135.22ED+37 75MD 54
‘Fop 892.6 50.3ED+2.17MD 1.6
Gop— Y152 363.4 148.63FP 46 1737 0.31
Y13p 4759 942.84EP 29.2
Y112 583.7 58.85FD 1.8
“Fon 822.6 50FP 15

<N - mean emission wavelength, Ayy - probability of spontaneous transition (ED
and MD stand for electric and magnetic dipole contributions, respectively; all val-
ues without superscript correspond to ED), B,y - luminescence branching ratio
(only the transitions with By > 1% are listed), At - total probability of spontaneous

transitions from the excited-state, 1.4 - radiative lifetime of excited-state.
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Table 5 Radiative lifetimes Twad of the 4132 and 4112
excited-states for Er®* ions in various crystals, ox-
yfluoride glass and GC (calculated with the J-O
theory).

Crystal Trad(*1132), Trad(*1112), Ref.
ms ms

Cs2NaYFs 36.7 1134 This work
K2YFs 1489 1739  [32]
YAG 7.3 8.8 39]
YSGG 7.73 9.75 [40]
LaFs 10.9 116 3]
NaYF; 16.2 118 3]
BaY2Fs 10.1 7.2 35]
LiYFs4 10.0 6.7 [41]
glass 5.76 4.6 [38]
GC 5.40 46 38]

Table 6 Evaluation of the non-radiative decay rates Anr for
a 0.3 at.% Er**:Cs2NaYFe crystal.

State AEmin, Trad, Texp, AnrR=1/ Texp—1 / Trad,
cm’ ms ms s

41512

132 6506 36.7 345 1.3

112 3889 1134 141 62.1

Yo 2231 73.3 0.030 33319.7

‘Fon 2734 14.6 0.165 5992.1

4Ssp 2955 1316 0.120 8325.7
AEqi - energy-gap to the next lower-lying state (calculated be-
tween the state barycenters), 14 - radiative lifetime of the excit-
ed-state (calculated with the J-O theory), Tex - €xperimental life-
time.

Table 7 Constants describing the non-radiative relaxation, C
and a, for fluoride crystals.

Crystal a, C, Vimax, Ref.
108%cm 107 s cm?

CsoNaYFs 2.78 1.31 450-500 This work
KoYFs 2.77 0.85 418 [32]

LaFs 536.0 314-355 350 [3]

LiYF4 3.6-3.8 3567 560-580 [47]

MnF2 4.5 187 350 [49]

SrF2 4.5 31 360 [50]
BaY2Fs 4.1 4.5 390 [51]
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