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Abstract We report on a detailed spectroscopic study of Eans in the
monoclinic KYb(WQ), crystal. The polarized room and low-temperature
absorption spectra are measured. The maxiagoorresponding to thé, —

°D; transition is 1.32xI& cnf at 534.2 nm with a bandwidth of 0.7 nm (&
Nm). The Stark sub-levels of the excited mulitplets determined. A Judd-Ofelt
analysis is applied to the EuKYb(WO,), crystal to determine the probability of
spontaneous transitions, radiative lifetimes amdidescence branching ratios.
Within the strong configuration interaction (SCppaoximation, the intensity
parameters ar@, = 4.757,Q, = 2.295,Q¢ = 1.644 [1G° cnf] and A; = 50160
cmi . The radiative lifetime of th#D, state is 351 ps. The maximum stimulated-
emission cross-section corresponding to ‘fhe— °D; transition is 1.44x16}
cn? at 703.2 nm (foE ||Nm). Under UV excitation, the Bli KYb(WO,), crystal
provides intense red photoluminescence with ClEdioates, x = 0.675, y =
0.325.
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1. Introduction

During the last decade, the interest to rare-dagbrs emitting in the visible has
gradually increased. A clear example are thosedbasePraseodymium (B) which can
generate multi-color output in the green, yellovd aed spectral regions [1,2] due to the
multiple transitions from the metastafi state. Such lasers are wavelength-tunable [3] and
power scalable [4]. Laser operation of Terbium®{jtSamarium (S and Dysprosium
(Dy*" [5,6] in the visible has been recently reportésible lasers have potential applications
in color displays, data storage, holography, spsctpy and medicine. To a great extent, the
success in the development of novel visible lasesdue to the search of appropriate hosts
for the active ions.

Trivalent Europium (EY) is another ion that is very suitable for obtainwisible
emissions (red and deep-red). Such multiple tiansi@re from the metastabg, state to
lower-lying 'F; (J = 0...6) multiplets. Spectrally, they cover #%90 to 800 nm range. The
typical lifetime of the’Dy state of Etf is ~0.1-1 ms and the luminescence quantum eftigien
from this state approaches unity (separated byaryg gap of ~12000 chrfrom the lower
lying state). Red phosphors based ofi' Eans like the commercial yttrium oxide, Eut¥%

[7], are used in tricolor lamps, field emissionpthys, cathode-ray tubes and solid-state
lighting. EU* ions are also suitable for laser operation orflge— ‘F» (at ~610 nm) [8,9]
and°Dy — 'F4 (at ~702 nm) [10] transitions.

Recently, monoclinic double tungstate (DT) crystikh a general chemical formula
KRE(WQy), or shortly KREW where RE = Gd, Y, Lu, Yb, etc. wdound to be very
suitable for E& doping and room-temperature laser operation a2 0 in the deep-red
spectral region was demonstrated [11]. DT are kvedivn materials for rare-earth doping
[12] and efficient lasers were previously realizeith Yb* [13], Tn?* [14] and HGS" [15]
ions. As for EG', DTs offer large polarized transition cross-sextjopossibility of high
doping levels (up to 25 at.% with some hosts) apaomed with a weak luminescence
quenching and no Bl— EW* reduction [16,17]. Laser operation of Eu in KGdv8][and
KYW [19] has been reported. The spectroscopy oKREW crystals with RE = Gd [11], Y
[17] and Lu [16,20,21] is also known. Nanocrystaliphosphors based on Eu:DTs have
shown intense red photoluminescence [22-26].

There is a fourth representative of the DT famihg potassium ytterbium double
tungstate or KYbW. This crystal can be grown witlpoad optical quality [27] and it is also
suitable for EE doping. Indeed, the ionic radii of the VllI-foldardinated YB" and Ed" are
0.985 A and 1.066 A, respectively, which is everset than for the ¥ (0.977 A) and EU
ions in Eu:KLUW. In the present paper, we performetailed study of the spectroscopic
properties of the Eu:KYbW crystal from the pointvigw of its potential laser applications.
Such a characterization involves the Judd-Ofeltetnag), the refinement of the Stark splitting
and the calculation of the transition cross-sestigh previous study of bulk Eu:KYbW
focused mainly on cooperative emissions [28,29]jlewthe study of nanocrystalline
Eu:KYbW [24] evaluated its potential as red phospho

2. Crystal growth



A monoclinic (space group®g — C2/c) E**:KYb(WO,), (Eu:KYbW) single crystal
was grown by the Top Seeded Solution Growth (TSSGB-Cooling method using
potassium ditungstate ¥,0;, as a solvent. The solution mixture (11.5 mol% M¥bs a
solute — 88.5 mol% KV,0; as a solvent), 50 g in weight was introduced anteertical
tubular furnace using a 25 &monical platinum crucible. The starting materiésCOs,
Yb,0s, EbO3 and WQ were from Aldrich and Fluka (>99.9% purity). Thencentration of
Eu in the solution was 1 at.%. The solution was ¢@genized at 50 K above the saturation
temperature for ~6 h. The saturation temperaturthetabove mentioned particular so-
lute/solvent ratio was 1170-1175 K. The thermatiigra in the solution corresponding to the
axial direction was ~1 K/cm; the bottom being hatiten the surface of the solution. A seed
from an undoped KYW was oriented with its crystgdéphicb-axis perpendicular to the
solution surface. The solution temperature wasedsed by ~20 K at a rate of 0.1 K/h. The
seed was rotated at 40 rpm (without pulling). A8ef0 days of crystal growth, the crystal
was slowly removed from the solution at a rate ohrh per 10 min and after the grown
crystal lost contact with the solution, the furna@es cooled down to room temperature at 25
K/hto Bweidskgronal shacksand inclusion-free crystal wiakigh optical quality and had a
slight rose coloration due to the Eu, Fig. 1. Thea EJ* ion density in the grown crystal
N =0.64x10° cm® was measured using Electron Probe Micro AnalyERBMA). The
segregation coefficient for Blions was close to unity. The stoichiometric cystenposi-
tion was KYR o=y 01(WOy),.

3. Experimental

Eu:KYbW is a biaxial crystal [12]. Its optical preyies are described within the frame
of the optical indicatrix with the principal axis, Nm andNy. TheNy-axis is parallel to the
crystallographic axis and the two remaining onesl@rated in the-c plane,N*a = 59.7°
andNg*c = 19° [27]. For the spectroscopic studies, theptarwas cut from the as-grown
bulk in the optical indicatrix frame having the dinsions ~3{)x3(m)x3(g) mnT and it was
polished from all sides.

The room-temperature (RT, 293 K) absorption spetll Eu:KYbW was measured
with a Varian CARY-5000 spectrophotometer. In thgble (300...650 nm), the spectral
bandwidth (SBW) was 0.01 nm and in the near-IR.(2.8 um), the SBW = 0.1 nm. The
absorption cross-section was calculated from teerghbon coefficientgaps= a/Ng. For low-
temperature (LT) measurements at 6 K, we used &rdinstruments Ltd. cryostat (SU 12
model) with helium-gas close-cycle flow.

The photoluminescence (PL) of Eu:KYbW was excitedl@ nm by a blue GaN
diode. The spectrum was measured with a lock-inlis@pa monochromator MDR-23
(SBW <0.1 nm) and a sensitive Hamamatsu C5460-0fogétector. A Glan-Taylor prism
was used for the emission to separaté\thél,, andNy polarizations. The spectral sensitivity
of the set-up was determined with a halogen lantip avcalibrated spectral power density.

For the luminescence decay studies, a nanosecshaytical parametric oscillator
Lotis Tl LT-2214 tuned to 534 nm was used as akoi source. The decay curves were
detected with a monochromator MDR-12 (SBW ~1 nm)fast Hamamatsu C5460



photodetector (response time, 40 ns) and a 500 Nieironix TDS-3052B digital
oscilloscope. The decay from tPB, state was monitored at 610 nm and 702 nm, and the
characteristic decay timavas determined according to a single-exponeaimllb_ = lgexp(-
t/).

The Raman spectra were measured with polarizedUgihg a Renishaw inVia Raman
microscope with a x50 objective and the spectsalingion was ~0.1 cih The excitation was
by a He-Ne laser at 632.8 nm.

4. Resultsand Discusson

4.1 Optical Absorption

The optical absorption spectrum of the Eu:KYbW t&lys shown in Fig. 2 (for light
polarizationE || Nm, at RT). The feature of Eliis a small energy gap between the ground
state (Fp) and the lower-lying excited stafé{), ~300 cnit. The latter manifold is efficiently
thermally populated at RT (the fractional populasidor ‘R, ‘F, and'F, states estimated
from a Boltzmann distribution are ~0.65, 0.33 an@RQrespectively). In the absorption
spectrum of Eu:KYbW, the transitions from thg and’F; states to the higher-lying multi-
plets are detected. In the near-IR, the charatitdsands of Etf related to the transitioriBy 1
— 'Fs (~2600 nm) andFs (~2060 nm) are observed. In the visible, well-re=b absorption
bands are related to the transitions to’Bye(~590 nm) D; (~530 nm)°D, (~465 nm)’Ds
(~410 nm) andLs excited-states (~396 nm). At shorter wavelengih absorption is related
to the transitions t6L7g G, and D4 multiplets for which individual Stark levels can
overlap and making the assignment of the bandscmnplicate. The UV absorption edge
for Eu:KYbW crystal is at ~320 nnieg ~3.9 eV).

The irradiation of Eu:DTs with a high-power UV lag@an lead to the formation of
color centers and crystal darkening that prevdmdaser operation [18]. The excitation of
Eu:KYbW with mJ-level ns pulses at 355 nm resuiited persistent darkening of the crystal.
The inspection of the absorption spectrum reveatesk ¢, < 0.1 cnT) absorption band
spanning from ~400 to 500 nm. Thus, we will disaudy the absorption bands in the visible
that can be used to pump the Eu:KYbW crystal.

The anisotropy of the optical absorption of Eu:KYb#lated to the transitiors ; —
*Lg, 'Fo — D5 (in the blue region) ant, ; —°D; (green region) is analyzed in Fig. 3 for the
principal light polarizations. As previously detemed for other rare-earth-doped DTs,
Eu:KYbW is characterized by a strong anisotropthefabsorption. The strongest absorption
corresponds to light polarizati&||Nm, for E ||N, it takes an intermediate place, wi¢] Ny
Is almost not suitable for pumping.

A very intense band centered at 394.9 mms € 16.1x1G° cnf, full width at half
maximum, FWHM <0.3 nm, fdE ||Ny) is atributed to théF,—°Ls transition. It can be used
for pumping of Eu:KYbW by blue GaN diodes emitting ~400 nm. A second intense
absorption band in the blue contains two very ma{f@VHM <0.15 nm) peaks at 465.2 and
466.6 nm E ||Nm), and one peak at 466.0 nB|[N,). The maximunwapscorresponding t&
|| Nm is 9.2x10° cnf. Eu:KYbW can be pumped into this band by a frequetoubled
optically pumped semiconductror laser (OPSL).



The band related to th&, — °D; transition was previously used for pumping of
Eu:DTs with green frequency-doubled Nd:KGdW la$&8s19]. The details about this band
(position of the local peaks and the correspondipg for Eu:KYbW are summarized in
Table 1. The maximum absorption cross-sectigg, = 1.32x10° cnf at 534.2 nm cor-
responds td || Nm, (with FWHM ~0.7 nm). To show the anisotropy of igsorption in the
Eu:KYbW crystal, we calculate the ratio of the apson cross-sections,
oandM):oapdP):oapdg) at 534.2 nm, that amounts to 5.7:1.6:1. Thuprdeide a high absorp-
tion efficiency, the Eu:KYbW laser element shoutdvide access to the || N,. A much
weaker band related to th& — °D; transition contains two peaks at 526.9 and 529 n
With gaps~0.5x10%° cnf showing small FWHM, <0.1 nm.

The absorption oscillator strengths forEons in KYbW have been determined from

the measured absorption spectrum:

2
fpr(JJ')=IE:E;—C</]>2F(JJ‘) , (1)
Eu

wherem. ande are the electron mass and charge, respectwaythe speed of lighi* g, is
the effective population of the initial staf€(or 'F,) in agreement with the above mentioned
Boltzmann factor['(JJ") is the integrated absorption coefficient wnitthe absorption band
and 4> is the “center of gravity” of the absorption band

r33)=[a(A)dA, (2a)
_ [Aa(ayda | (2b)
j a(A)dA

Here and further in the Judd-Ofelt modeling, wesater all values as averaged over the three
principal light polarizations, e.g>< 1/3, + fm + fg). The obtained results are summarized in
Table 2.

The absorption oscillator strengths can also bermd@ted within the Judd-Ofelt (J-O)
theory from the line strengths:

S 1oL (3a)
DRI+ 9n

2939 =FERII) + fyp (39). (30)

Here,h is the Planck constant ands the refractive index of the crystal. As knothe Judd-
Ofelt theory describes electric-dipole (ED) transs. The contribution of magnetic-dipole
(MD) transitions with J-J' = 0, £1 can be calcudaseparately within the Russell-Saunders
approximation on wave functions of Eion under the assumption of a free-ion. The EB lin
strengths within the conventional J-O theory apressed as [30,31]:

fE33)=

s@Ecan= Yula,, (4a)
k=246
U®=(@tMsLIu||af")SL ). (4b)

Here,U® are the squared reduced matrix elements whictbedound in the literature and
Qp, Q4 andQ)s are the intensity parameters (J-O parameters).



For EG* ions in DT crystals, a much better correspond&eteeen the experimental
and theoretical oscillator strengths is observedafanodification of the J-O theory for the
case of anomalously strong configuration interac@SCI) [17,20]. However, the ASCI
theory contains 9 fitting parameters [32]. This bemis higher than the number of
considered absorption bands for Eu:KYbW= 8, cf. Table 2). Consequently, a simplified
approximation, called strong configuration intei@act(SCI), can be applied [33,34]. The
computational scheme developed by Judd and Ofetspmnds to the second order of the
Perturbation theory in terms of the energies dfi@irtransitions of a 4f electron to the states
with an opposite parity (5d, 6s). Both ASCI and &@idels refine this scheme by incorpo-
rating the third-order perturbative effects. In 8€l model, it is assumed that the excited
configurations have the same average enargyhe corresponding formula for ED line

strengths is [34]: 2
calc(JJ ) z U (k) ( A B A J ] (5)
k 246 A EJ A_ EJ'
The root mean square (RMS) deviation between tiperiemental and calculated
absorption oscillator strengths, which is the gateof the goodness of the modeling,Ns¢

8 is the number of fitted transitions):

ex cal 2
RMS-\/ Z(f I\T :: (6)

The calculated absorption oscillator strength&£toKYbW are summarized in Table 2
for both J-O and SCI theories. The latter provicegh lower RMS deviation of 0.115 (as
compared with the conventional J-O theory with R¥8.879). The best-fit parameters of
both theories are presented in Table 3. In paatictbr the SCI theoryQ, = 4.757,02, =
2.295,05 = 1.644 [10° cnf] andA; = 50160 crit

In order to determine the energy of the Stark subl$ of the multiplets of Etiions in
KYbW, we have performed low-temperature (6 K) apson measurements. Ethas an
even number of active electrons®, 4ind in the KYbW crystal it is located in t site
(when substituting Y ions). The ground-state of Eu°Do, has one Stark level which
corresponds to the irreducible representalipnThus, at low temperature, only transitions
from this level will be observed and the positidpeaks will indicate directly the energies of
the Stark sub-levels of the excited multiplets. Pbtarization-dependent selection rules for
these transitions [35] are shown in Table 4. Asaamesee, thE ||N, andE ||Nm (Ng) polari-
zations are distinct. This difference is charastierof monoclini2/mcrystals because tihg
axis is parallel to the two-fold axS, andNy andNy axes are positioned in the orthogonal
plane.The low-temperature polarized absorptiorttspeorresponding to the transitions to
"Fs, Do, °Dy, °D-, °D3 and’L¢ excited-states are shown in Fig. 4. The determémedgies of
the Stark sub-levels and the total theoretical rermobsub-levelsil'; + ml',, are presented in
Table 5. The metastabiB, state of EEi has only one Stark sub-levé}). The transitiorfF
— Dy (1 — T'1) can be observed only for light polarizatibr| N, which agrees with the
experimental data, see Fig. 4. The energy offhestate is 17198 ¢ The single peak
observed fofFy — °Dy transitions confirms that there is only one @@ for EU* ions in
KYbW. As far as we know, this is the first repanttbe Stark splitting of Efiin KYbW.




4.2 Optical Emission

The probability of spontaneous radiative ED trémsit is calculated from the
corresponding line strengths which are derived fioenJ-O or SCI parameters and squared
reduced matrix element®:

AT ()=

hI+)A | 3
The set ofUY for emission transitions can be found in the ditere. Then, all the
probabilities are determined by adding the MD ¢butions (see [36] for th&y,p values):
AZ (30)= AT (3)+ Aup (33). ®)
On the basis of the probability of spontaneoussitians for separate emission channels
J—J’, we have calculated the total probabifity, the corresponding radiative lifetimes of the
excited-stateg.q and luminescence branching ratios for the emishannel$(JJ’):

2
64]7.4 2 2+2
© n[n J cale(37y). 7)

Ao =2 A7) (93)
.
1
Trad :@’ (9b)
N CN)
B(JJ)=—=z 71 (9c)
> AE()
<

The results are presented in Table 6 for the eksttesDy, °D;, °D, andDs. On the basis
of multiplet energies for the Eufree-ion [37], we have also determined the meaission
wavelengths for each-3J’ transition, x>. In the following we discuss the transitions frtima
metastableD, state. Both ED and MD transitions froi, to 'Ry state are forbidden in
agreement with the Wigner-Eckart theorem (as J=0J: The observation of this transition
may be due to the effect of the J-J-mixing in twall field that can not be taken into account
for the utilized theories. For thBy,—F; transition, the values of the total angular momment
quantum numbers are J = 0 and J' = 1. In agreemtnthe Wigner-Eckart theorem, the
possiblek indices defining the intensity paramet&s satisfy the relation [J—3I'k < J+J'. In
other wordsk = 1, so that the oscillator strength for the Ednsition is defined solely ky;.
This parameter is zero for the J-O theory (as aelthe SCI one). Thus, the value of
Aep(’Do—"F1) is zero (purely MD transition). Similarly, for¢éRDy— ‘F; and°Dy— 'Fs ED
transitionsk = 3 and 5 @5 = 25 = 0), so the correspondifgp are also zero. Finally, the
luminescence branching ratios for the transitioos D, to ‘1, 'F, and’F; states are 3.4%,
86.1% and 10.1%, respectively. The radiative fifetiof the metastabf®, state is 35Ls
(SCI theory) which is close to the value predidigcthe J-O theory, 32@s, Table 7. The
radiative lifetime of theéDy state for Eu:KYbW is shorter than for other moimic| DTS,
Eu:KREW with RE = Gd, Y and Lu (450-518) [11,17,20].

The PL spectrum of the Eu:KYbW crystal under UVitation at ~400 nm (to thé.g
state) is shown in Fig. 5 (with non-polarized ljghithe observed emissions are related to the
°D,—Fy transitions (shortly denoted as»J). The PL that occurs from the metastablg



state dominates in the spectrum; the radiativesitians to’F; (J = 1-6) multiplets are
detected at ~59001"), 612 (6-2', the most intense), 650+3"), 703 (6-4'), 740 (6-5")

and 810 nm (6-6"). Based on the mean emission wavelength and&stence branching
ratios for luminescence from the higher-lyitity, °D, and’D; excited-states, we interpret a
weak Ed* emission that fall into the blue and green spkeigions, Fig. 5. It should be noted
that the spectral position and relative intensitiethese emission are in excellent agreement
with the theoretical prediction, Table 6.

Eu** is known for its hyper-sensitive purely ED trainsitDy—'F» that is the indicator
of the symmetry of the ion site [38]. If the sit@sio inversion center, this transition will be
dominant over théDy—'F; purely MD transition. The ratio of the integralensities of the
corresponding emission bands is called the asymipatameteR:

ReleoDo=F2). (10)

Imp(°Do - F1)

For Eu:KYbW,R = 12.1 which means a strong prevalence of ther&fsition. This agrees
with the assumption that Eions in KYbW are located i, sites without inversion center.
The value ofR for Eu:KYbW is similar to those for Eu:DTR (= 10...13) [11,17,20]. In
general, a largR value indicates an increase of the crystal figlehgth due to an increase in
the covalence or in the distortion of the bondsosunding the active ion. For Eu:DTs, laige
values are related to (i) short average Eu—O dietam the Eu:KREW lattice (e.g., Yb—O
distances are only 2.20-2.71 A for the host ciystd) high distortion of the Eu®
environment4y ~4x10° for YbO; polyhedra).

The CIE 1931 Commission internationale de I'éclairggeolor coordinates for Eu:
KYbW luminescence under UV excitation are 0.675 and/ = 0.325 that fall into the red
region. The dominant wavelength in the PL spectisidl4 nm with 99% purity. These
characteristics are close to those reported rgctmtlbulk Eu:DTs, see Table 8. The CIE
coordinates for the bulk Eu:KYbW agree with theulssfor nanocrystalline Eu:KYbW, x =
0.68 and y = 0.32 [24].

It should be noted that no sign of blue*Eemission (which typically appears as a
broad band centered at ~460 nm) was detected fKiYBW crystals.

The polarized stimulated-emission (SE) cross-sectipectra for Eu:KYbW were
calculated with the Flichtbauer—Ladenburg equaidh [

o A W (1) , 11
Isel) 82T, U3 3 [AW (A)d 4D
Fpmg

Here, W(1) is the measured spectral power density of lurogrese for the principal
polarization state<s ||N,, Nm andNg, 7 ande oscillation states), is the light wavelengtim; is
the refractive index correspondingiithh polarizationzoq is the radiative lifetime of the emit-
ting state Dy level of EGY), cis the speed of light. The results are showngn@for the’'Dy

— 'R, and®Dy — F transitions which are of interest for laser operatThe detailed
analysis of the SE cross-section spectra is shoWalle 9. As théD, state of Eti has only
one Stark sub-level, the high-resolution RT lumieese spectroscopy allowed us to
determine the energy of the Stark sub-level&or'F, and’F; excited states, see Table 5.



The stimulated emission in the deep-red specmidnds determined by tH®—Fs
transition. For light polarizatiorts || N, andE ||Ng, the emission spectra contain two peaks at
703.2 and 706.4 nni’{ — I’). ForE [|N,, an intense peak at 705.0 nm is obserVgd-

I';). The anisotropy of the peak SE cross-sectiaaén): osg(p):osg(g), amounts to 5.5:1.3:1.
The maximunsg at 703.2 nm is 1.44xH cnt (for E || Ny). The SE in the red spectral
region is determined by tH®—'F, transition. FoiE || N andE || Ng, the spectra contain
two peaks at 613.2 and 619.4 nm & I). For E || N,, the spectrum is also different
containing two closely located peaks at 616.0 alid56nm. The anisotropy of the cross-
sectionsosg(M):osg(p):osg(g) for this band is less evident, 2.3:1.6:1. The imar ose at
613.2 nm is 4.21x1 cnf (for E || Ny). Consequently, potential laser elements from
Eu:KYbW should be cut so that they will provide egsto the high-gain polarizati&n| Nm
(i.e.,Ng-cut orNg-cut).

In Table 10, we have compared the SE cross-sedtofa?" ions when doped in the
main representatives of the monoclinic DT famiy\REEW with RE = Gd, Y, Lu or Yb,
showing that Eu:KYbW possesses the larggsior the’Dy—F transition.

Excited-state absorption (ESA) is an importantasimiting the performance of the
rare-earth -based lasers. In the present paparlagated the absorption oscillator strengths
f for the ESA from the metastabl, state of Et, Table 11. The mean wavelengths for
these transitions were estimated from the energjyedfigher-lying excited states of the’Eu
freeion [37]. The strongest ESA processes areetkl the’Dy—"Gg, *Ha, °F» and °F,
transitions. The mean wavelength of ¥g—°F, super-intense ESA channel(«611 nm)
overlaps with an emission band of’Eions in KYbW related to theDy—'F transition. The
prediction of such an overlap for ¥udoped materials was first reported in [40] for
EuAl3(BOs)s. The much weaketDy—"Hg ESA transition (¢ ~701 nm) may partially
overlap with the emission band related to’bg—'F, transition. We expect that ESA limits
the performance of Eu:KYbW red lasers.

4.3 Raman spectroscopy

Polarized Raman spectra of Eu:KYbW crystal fax)p, m(x¥m and g(xxg
geometries are shown in Fig. 7. Here we use timelatd notationsa(bc)d, wherea andd
represent the direction of excitation and regisinatespectivelyb andc are the polarization
state of the excitation and scattered beams, rtasggc

The phonons below 270 &nare attributed to external lattice modes assatiaith
translational motion of the cations of the struet(’, Yb*/EU** and W) and rotational
motion of the W@ groups. The bending modes appear in the 270-460range, and the
stretching modes - in the 400—-1000"crange. The bands in the 430—750"agion which
are not observed for scheelite-like crystals vatiated WQtetrahedra, are related to double
oxygen bridge vibrations. The spectra of Eu:KYbW strongly polarized. The most intense
stretching modes appear at 905.5 crfassigned asv(W-O)A;) and 756.0 cm
(V(WOOW)*v(W—-O)A5"). Here, W—O stands for tungsten-oxygen bonds, WO®Whe
double oxygen bridge and * indicates the couplifidp@ vibrations. The linewidths (FWHM)
of these lines are 10.4 and 15.9'cnespectively.



4.4 Discussion

In the present paper, we focus on the spectrospopierties of Et ions in KYbW.
The spectroscopy of Ybions for this stoichiometric material was desdilie detail in a
previous work [27]. Here we just mention the masults. The maximum absorption cross
section isoaps= 11.7x16° cnf at 981 nm (zero-line) with a linewidth of ~4 nror(E || Ny).
The maximum SE cross-sectionaigs = 12.5x10° cnf at zero-line and 2.5x8 cn? at
1024 nm (local peak in the gain spectra) for tmeespolarization. The experimental lifetime
of Yb*" in KYbW is ~200us (free-of-reabsorption value, measured with tivedeo method)
and the radiative lifetime is ~278.

Eu:KYbW is distinct from its monoclinic counterpgrEu:KREW with RE = Gd, Y or
Lu, as both Eti and YB* ions are optically active. The processes of engemsfer (ET)
between them are possible which can be detectedriayion of the experimental lifetimes of
the emitting states. The upper laser level of Yy, in KYbW is positioned at 10188
10734 crit (in agreement with the Stark splitting). There rwestates of Ellin this energy
range. However, it is known that for high 3lzoncentrations, two adjacent ¥hons can
form a virtual excited state with energi(Fs). Such processes involving the virtual state
are called cooperative ones [41,42]. For KYbW alyshis virtual state of Y will have an
energy of 20376-21468 émThus, direct or phonon-assisted (for KYbWax = 911 crit
[27]) ET from °D; and’D, states of Ei to the virtual excited state of YbYb** pair is
possible (andice versy The excitation of Eu:KYbW in the visible or UVaylead to the ~1
um emission from Y# ions. This process is known as cooperative dowaersion or
“quantum cutting” [43] and it is especially effioiein stoichiometric materials [44]. The
excitation of YB* ions at ~Ium may potentially lead to the visible (red)*Eamission. This
process is a cooperative up-conversion. Both aetipeocesses were studied for Eu:KYbW
[24,28,29]. We will just discuss their influence thie properties of Eu:KYbW as a potential
laser crystal for Eu-lasers.

Previous measurements of PL decay fronTihestate for Et-doped monoclinic DTs
revealed that the measured decay tigg,is very close to the radiative lifetimey, resulting
in almost unity (>98%) luminescence quantum efficiefrom this state [11,17,20]. This is in
agreement with a very high energy gap s state to the lower lying excited-stdfe,
~12000 crit, as compared with the maximum phonon frequenByT) vinax ~903-907 cr.
Thus, almost zero non-radiative relaxation fronTEngstate is expected.

The PL decay curves for Eu:KYbW are shown in Figui&ler excitation at 534 nm to
the°D; state). The measurement was performed folke>'F, (at ~610 nm) antDy—'Fs
(700 nm) transitions. The decay curves are clesifigle-exponential. The luminescence
decay timere, equals 178+ps. Similar results are obtained under UV excitaéibB855 nm
(18015us). The experimental lifetime of tAB, state for EXi ions in KYbW is shorter than
the radiative one, resulting in a reduced luminaseguantum efficiencyy = tex/tad = 51%.
The reason for this is the above mentioned ET teetwiee E¢ ions and YB™-Yb** ion pairs.
This indicates that KEib;.,WW compounds can be promising as down-conversiosgbloos
(when synthesized, e.g. in the nanocrystalline fofnsecond reason for the shortening of the
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EU** lifetime can be defects and impurities in the ckioimetric crystal which can be
diminished by the growth of large-volume and higinyform crystals similar to [17,20] and
the use of higher purity ¥Bs; reagent. Previous measurementsegf’Do) for Eu:KYbW
resulted in 227 ps for nanopowder [24] and 21%pbdlk crystal [28].

Our studies of the luminescence decay of"Yons in Eu:KYbW (with the powder
method, similarly to [27]) revealed no significahibrtening of the experimental lifetimegy,
= 200+10yus, as compared with that for pure KYbW. This inthisathat the efficiency of
cooperative up-conversion based on the®2¥b EL** ET is very small, estimated to be <2%.
Indeed, the spectrum of up-conversion luminesceh&i:KYbW crystal excited at 960 nm
(to the’Fs, Yb*" state) contained mainly the emission bands frofh &rd Tni* impurity
ions in the green and blue which dominated overréldeEG* emission. Er and Tm are
presented as impurities in the g reagent.

Further work on bulk Eu:KYbW should be focused cowgh of large-volume crystals
with high EG* content (e.g., up to 20 at.%). It is known that ¢bncentration-quenching in
Eu:DTs is extremely weak even for high doping IsVéll]. Thus, such samples can be
suitable for laser operation. The growth of crgstébng the [001] direction can also be useful
for orientation of the laser elements alongNgexis which is beneficial to access the high
absorption and SE cross-sections (see Fig. 3 apdb)rias well as good thermo-optic
properties [14].

5. Concluson

We report on the growth and a detailed spectroscsipidy of monoclinic 1 at.%
Eu:KYbW crystal. The polarized RT absorption smecivere measured revealing the
suitability of pumping the Eu:KYbW crystal into €, — °D; band peaked at 534.2 nm
With gaps= 1.32x10° cnf and bandwidth of 0.7 nm. The polarized low- terapee (6 K)
absorption and RT high-resolution emission studid®ved us to determine the Stark
splitting of the’F;, °D; and°Le multiplets of Ed". It was found that the modification of the
Judd-Ofelt theory for the case of a strong conéiion interaction (SCI) was very suitable for
the description of Etiions in KYbW. With the J-O modeling, the probakitf spontaneous
transitions, radiative lifetimes and luminescencanbhing ratios were determined. For
Eu:KYbW, the maximum stimulated-emission crossiseatorresponding to th&; — °D;
transition was 1.44x18 cn? at 703.2 nm. Eu:KYbW is promising for deep-recetasat
~703 nm and red phosphors (CIE 1931 coordinates0%75, y = 0.325). Laser operation
with Eu:KYbW is expected with large-volume and tygtloped (~20 at.%) crystals.
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Figure captions

Figure 1. Image of the as-grown Eu:KYbW crystal, the [0 as
pointing towards the observer.

Figure2. Measured optical absorption spectrum of Eu:KYbW,(R
light polarizationE || N,).

Figure 3. Polarized RT absorption bands related to’Fye — L
(@), ‘'Fo — °D» (b) and’Fo1 — °D; (c) transitions of Eli ions in
KYbW.

Figure4. Polarized absorption bands of*Eions in KYbW at 6 K,
“+” denotes peaks taken into account for the detetion of the
Stark levels.

Figure5. Photoluminescence (PL) spectrum of Eu:KYbW (at RT
non-polarized emission, the excitation waveleng#05 nm, - J'
notations correspond ¥, — ‘Fy transitions).

Figure6. Polarized stimulated-emission cross-sectigg, spectra
corresponding to th®, — F, (a) and’Dy — "F4 (b) transitions, for
Eu:KYbW (at RT).

Figure7. Polarized Raman spectra of Eu:KYbW for gtedp (a),
m(xX)m (b) andg(xX)g (c) geometries. The excitation wavelength is
632.8 nm.

Figure 8. Decay of the red luminescence of Hons at 610 nm (a)

and 702 nm (b) for Eu:KYbW. The excitation wavekng 534
nm.
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Figure6
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