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Abstract

Europium-doped monoclinic potassium gadolinium tungstate KGd(WQO4), crystals are grown by
the top-seeded solution growth (TSSG) technique. Their absorption spectra are studied in detail for
principal light polarizations, E || N, Ny and N,. It is accompanied by determination of absorption
oscillator strengths by means of the theory of f—f transition intensities for systems with
anomalously strong configuration interaction. Spectral and temporal characteristics of
luminescence associated with >Dy — "Fj transitions are analyzed, and luminescence branching
ratios and the radiative lifetime of the D state are determined. Stimulated-emission cross-section
spectra are evaluated for Eu:KGd(WO4); crystal. Pulsed Eu:KGd(WOQy), lasers operating at room
temperature at the wavelength of 702.8 nm (°Dg — ’F4 transition) are studied at Eu concentration
of 10/25 at.%. Under laser pumping at 533.6 nm, a maximum output energy of 570 uJ is obtained.
The main limitation for laser operation at Dy — ’F, transition is strong excited-state absorption

via the d Do — SF,4 channel.

(Some figures may appear in colour only in the online journal)

1. Introduction

Trivalent europium ions, Eu3™, are characterized by intense
red luminescence associated with "Dy — ’F, transition
within a 4f% electronic shell (centered at ~612 nm).
Eu’*-doped red phosphors are used in tricolor fluorescent
lamps, field emission displays and solid-state lightning.
Widespread hosts for Eu’t are yttrium oxide Y,O3 (as
nanocrystallites [1] or thin films [2]), and gallium nitride
GaN [3, 4]. Laser action with Eu3T was realized for the first
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time in [5, 6] under cryogenic temperatures; bulk Y,0O3 and
liquid chelate were used as host materials. Room-temperature
(RT) lasing was obtained with Eu:GaN [7] and Eu:polymer [8]
thin films.

Recently, the family of Eu-doped laser-active ma-
terials was extended by potassium gadolinium double
tungstate, namely Eu(25 at.%):KGd(WO4), [9]. Pulsed
lasing was obtained at ~703 nm (due to the °Dy —
"F,4 transition); a frequency-doubled Nd:KGd(WOQy); laser
was used as a pump source. Yb- and Tm-doped dou-
ble tungstates (DTs), KRE(WO4); (RE = Gd, Y, Lu) are
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well-recognized materials for high-efficiency diode-pumped
solid-state lasers [10, 11]. These crystals offer high rare-earth
dopant concentrations and intense and wide bands in
polarized absorption and stimulated-emission spectra. Thus,
further investigation of spectroscopic and laser properties of
Eu:DTs is rather interesting. Spectroscopic characterization of
KLu(WO4), doped with Eu3+(0.5—5 at.%) was recently per-
formed in [12]. Nanocrystalline phosphors Eu:KGd(WOy),,
Eu:KYb(WOy4);, KEu(WOy4); and Eu:KGd(W/MoQy), were
also studied [13-17].

From the point of matching of rare-earth ionic radii,
KGd(WOy); is the best choice for Eu doping among the DT
family. Indeed, ionic radii for eight-fold coordinated Gd>*
and Eu*t are 1.053 and 1.066 A (compare with 0.977 A
for Lut). Thus, in the present paper we perform detailed
spectroscopic investigation of highly doped Eu:KGd(WO4);.
In addition, a comparative study of pulsed Eu(10 at.%): and
Eu(25 at.%):KGd(WQ4), lasers operating at the 5D0 — "Fy
transition is presented.

2. Experimental details

Eu:KGd(WO4)2, Eu:KGdW, crystals were grown by a
top-seeded solution growth method (TSSG) with pulling
(the temperature of polymorphic phase transition to the
monoclinic phase [18] was 1010 °C); potassium ditungstate
K>W>07 was used as a solvent. The growth was performed
under low thermal gradients, <0.1°C cm™! [19]. Seed crys-
tals were oriented along the b, [010], crystallographic axis.
The content of Eu3t ions was 10 at.% or 25 at.% (Ngy = 6.09
or 15.3 x 10729 ¢m?, the crystal density p = 7.049 g cm™3);
and the growth rate was 5-7 and 3 mm d~!, accordingly.
Large-volume crystal boules (~60 mm in length, with a
~20 mm x 20 mm edge) thus obtained were free of cracks
and inclusions. The crystals had weak rose coloration.

For spectroscopic studies, two polished plates with
dimensions 5(Np) x S5(Nm) x 2(Ng) and S(Ng) x 5(Nm)
x 2(Np) mm?> were cut from an Eu(10 at.%):KGdW crystal
boule. Polarized absorption spectra in the UV, visible
(350-640 nm) and near-IR (1.8-2.9 um) were measured with
a Varian CARY 5000 spectrophotometer; spectral bandwidth
(SBW) was 0.15 nm. Luminescence was excited by focused
radiation of 402 nm InGaN laser diode (its cw output power
was 50 mW). It was collected in the direction perpendicular
to the direction of pump light propagation by a wide-aperture
lens. The spectrum was registered by means of a lock-in
amplifier and monochromator MDR-23 (SBW ~ 0.5 nm) with
a Hamamatsu C5460-01 photodetector attached to its output
slit. A Glan—Taylor polarizer was inserted before the input slit
of the monochromator.

For investigation of luminescence decay, focused output
radiation of optical parametric oscillator (OPO) Lotis TII
LT-2214 was used as an excitation source (Aexe = 534 nm).
OPO was pumped by a flashlamp-pumped Q-switched
Nd:YAG laser with third harmonic generation. The duration
of the excitation pulse was ~20 ns. Luminescence was
collected by a wide-aperture lens and re-imaged to the input
slit of monochromator MDR-12; it was then detected with a

Hamamatsu C5460 photodetector (40 ns response time) and a
500 MHz Textronix TDS-3052B digital oscilloscope.

In laser experiments, Eu:KGdW crystals were longitudi-
nally pumped by the second harmonic (SH) of a O-switched
flashlamp-pumped Nd:KGdW laser. The SH pulse energy was
varied in the range of 1-37 mJ by changing the flashlamp
pump energy (the duration of the SH pulse was 45-7 ns,
accordingly). The energy of the output laser pulse was
measured with PE50-DIF and PE9-SH sensors. A BeamON
IR1550 CCD camera was used to capture the spatial profile of
the output beam for Eu:KGdW lasers.

3. Results and discussion
3.1. Optical absorption

The detailed structure of polarized absorption bands of Eu3*
ions in KGdW crystal is presented in figure 1. Spectral bands
in the visible (390-620 nm) are related to transitions from
lower-lying TFy—y states to 5Do_3 and 5L6 excited states.
Clearly resolved transitions from 7F, and 'F, states are
related to their efficient thermal population (corresponding
probabilities are 0.33 and 0.02, compared with 0.65 for "F).
The most intense band corresponds to TFy — "Fg transition
(centered at 394.7 nm, with peak absorption coefficient
~20 cm~! for E | N, and Np,). The attribution of bands in
figure 1 is similar to one presented in [20] for Eu:Y3Ga;01,.
Characteristic bands of Eu?t in the near-IR (related to
transitions between ’F; states) are also detected for Eu:KGdW
(see figure 1). They span the 1.8-2.8 um range, up to the
absorption bands of OH-groups (near 3 ym).

Most interesting from the point of laser pumping is the
band associated with the ’F; — °D; transition. Its detailed
analysis is presented in table 1. Here Apea is the peak
wavelength, and oy is the corresponding peak absorption
cross-section. Like other rare-earth-doped DTs, Eu:KGdW is
characterized by profound anisotropy of optical absorption:
max. oaps corresponds to light polarization E || Ny, oaps for
E || N, takes intermediate place, while E || Ny is almost
not suitable for pumping. Indeed, at Apeaxk = 534.3 nm,
Oabs (M) :04ps (P):0abs(g) = 6.8:1.7:1. The anisotropy appears
not only in the intensity of absorption peaks, but also in their
position. Indeed, the discussed band for E || N, consists of
three peaks (centered at 534.3, 538.6 and 539.5 nm), while
for E || Ny and Ny the second peak is missing.

From figure 1 and table 1, it is clear that laser pumping
should be performed into the 534.3 nm peak for E || Ny, (in
order to get access to high pumping efficiency). The main
problem here is still the moderate peak absorption (oaps =
0.89 x 10720 ¢m?, or 5.45 cm™! for Eu(10 at.%)-doping)
and small full width at half maximum (FWHM) for this peak
(~0.6 nm).

The UV absorption edge for Eu:KGdW crystal is
positioned at 280 £ 5 nm (E; = 4.4 = 0.1 eV), close to the
data for pure KGdW crystal. The UV region of the absorption
spectrum for Eu:KGdW is enriched by peaks that are related
to transitions from 7Fo,1 states to higher-lying excited states,
Ly, 5GJ, Dy (see figure 2 for an overview of the absorption
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Figure 1. Detailed structure of polarized absorption bands for the Eu(10 at.%):KGd(WO4); crystal.
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Figure 2. Absorption spectrum of Eu:KGd(WOy), crystal in the visible for light polarization E || Np,.
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Table 1. Anisotropy of absorption and stimulated-emission
cross-sections for Eut ions in KGd(WOy4)» crystal.

Absorption
Transition® Polarization Apeak (NM)  Tabs (10729 cm?)
F;—3D,; E || Ny 534.3 0.22
538.6 0.23
539.5 0.15
E || Ny 534.3 0.89
539.5 0.31
E | N, 534.3 0.13
539.5 0.04
Stimulated emission
Transition®  Polarization  Apeak (NM)  Oem (10720 cm?)
Dy —>"F, E|N, 617.6 1.35
615.7 1.22
E || Ny 613.6 2.78
618.9 1.59
E | N, 613.6 0.44
618.9 0.29
Do - 'Fs  E | N, 703.5 2.34
E || Ny 702.1 3.02
705.2 1.69
E | N, 702.1 0.38
705.2 0.95

2 Transitions interesting for laser operation are considered.

Table 2. Polarization-averaged absorption oscillator strengths for
Eu’t ions in KGd(WOy), crystal. (Note: {fexp)—as determined
from absorption spectra; (fysci)—as calculated by the theory of f—f
transition intensities for systems with anomalously strong
configuration interaction; all f values were averaged over light
polarizations E || Np, Ny, Ng.)

Transition  (fuei) X 10°  Transition  (fexp) X 10°®  (fiei) x 10°

SDy—°Dy 0.8 "Fo—Fs 1.25 1.13
D, 2.7 "Fi—'Fs 2.14 1.97
SLe 14.8 "F¢ 3.67 0.92
5G, 105 "Fo—°D;  0.05 0.04
Gy 30.1 D, 043 0.62
5Gg 1.8 F,—>5Dy  0.08 0.05
Dy 9.4 Dy 0.81 0.72
SHy 382 D, 0.12 0.04
SHg 5.5 D 0.71 0.52
SF, 44.1 "F,—Dy  1.46 —
SF; 0.04 TFg—Le 224 2.18
SF,  307.8 TFi—3L¢ 1.81 0.42

spectrum in the visible and UV for light polarization
E || Nm).

Absorption oscillator strengths for Eu’® in KGdW
host crystal were determined from the measured absorption
spectrum and modeled with the theory of f-f transition
intensities for systems with anomalously strong configuration
interaction (ASCI) [21]—see (fexp) and (fasi) values in
table 2; the values of f were averaged over three principal
light polarizations, E || Np, N and Ng. The set of modeling
parameters is Ogqy = 2.6, Oygs = 2.3, Oge = 0.76, O =
—0.014, O4 = —0.024, and O = —0.015 [10710 cm],
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Figure 3. Photoluminescence (PL) spectrum of Eu:KGd(WO4),
crystal for light polarization E || Ny, (excitation wavelength is
405 nm).

Ag = 42360, Ay = 18790, Ay = 26590 [cm™']. Here
the parameters Ogx and energy Ag correspond to excited
configuration of opposite parity 4f¥~15d, while parameters
O¢ and energies A, correspond to covalent effects of excited
configurations with charge transfer.

The values of (fysi) were also modeled for excited-state
absorption (ESA) from the Dy state (upper laser level);
see table 2. Most intense ESA processes are related to
5Dy — 3Gy, >Hy, °F, and >F4 transitions; corresponding peak
wavelengths are 1075, 712, 629 and 610 nm.

3.2. Luminescence

An overview of the photoluminescence (PL) spectrum for
Eu’t ions in KGdW crystal is shown in figure 3 (light
polarization is E || Np). The observed PL is related to
radiative transitions from the Dy state to lower-lying TR _4
states. On the basis of measured polarized PL spectra,
stimulated-emission cross-sections oy, were determined. For
this, the Fuchtbauer-Ladenburg equation [22] was utilized.
Polarized stimulated-emission cross-section spectra for Eu3*
ions in KGdW crystal are presented in figure 4; their detailed
characterization can also be found in table 1. The anisotropy
of luminescent properties for Eu:KGdW is rather high. It
appears both in the shape of spectral bands and in their relative
intensity.

Indeed, the band associated with 5D0 —> 7F, transition
consists of two intense peaks centered at 702.1 and 705.2 nm
(for E || Ny, and Ng), while for E || Np it contains one peak
centered at 703.5 nm. This is in agreement with the fact
that the N, axis coincides with the C; symmetry axis of the
DT lattice, while both N, and Ny axes are positioned in the
orthogonal plane [23]. Then, for principal light polarizations
peak stimulated-emission cross-sections take the relation
Oem(M):0em (P):0em(g) = 3.2:2.5:1. From this point, laser
crystal orientation should give access to high-gain E || Ny, and
N, light polarizations. For E || Ny, peak stimulated-emission
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Figure 4. Polarized stimulated-emission cross-section spectra of Eu:KGd(WO4), crystal.

cross-section oep at the wavelength of 702.1 nm is 3.02 x
10720 ¢cm?; the FWHM of this peak is ~1.1 nm.

For Eu:KGdW crystal, the band associated with
>Dy—"F, transition overlaps with the ESA band, Dy—F.
(A similar effect was observed recently for polycrystalline
huntite-like EuAl3(BO3)4 [24]). Indeed, the peak wavelength
for the latter is ~610 nm (compare with figure 4(a)).
Moreover, this ESA channel is the strongest (table 2). This is
the main limitation for obtaining laser operation at ~612 nm
with Eu:KGdW crystal.

The ratio between integral intensities of bands associated
with °Dg — ’F, (electric dipole) and "Dy—’F; (magnetic
dipole) transitions is defined as the asymmetry parameter
R [25]. It is related to the symmetry of the site of Eu’™
ions. An increase of the R value (dominant electric dipole
SDy—"F, transition) indicates increase of the crystal field
strength due to increase in the covalence or in the distortion
of the bonds surrounding the active ion.

According to our data, R = 9.9 for bulk Eu:KGdW.
Previously, R was also determined for nanocrystalline
Eu:KGdW (8.8-10.2 in the dependence of grain size; the
content of Eu was 2 at.%) [13]. Large R values are related
to (i) small average Eu—O distances in the Eu:KGdW lattice
(Gd-O distances are only 2.27-2.65 A for the host crystal);
(ii) high distortion of the EuOg environment (Ag = 3.7 x 1073
for GdOg polyhedra) [23] and (iii) high concentration of Eu?t
(10 at.%) resulting in increased site distortion.

Modeling of spectroscopic properties of Eu’t ion
with ASCI approximation allows us to determine radiative
lifetimes 74,9 of 5D0 and °D; states (613 and 338 us,
respectively) and luminescence branching ratios B for
SDo—"Fy, "F, and F4 transitions (0.08, 0.66 and 0.26,
respectively).

Luminescence decay curves for KGdW crystal doped
with Eu(10 at.%) are presented in figure 5. The measurements
were performed at four light wavelengths, namely 595,
612, 655 and 704 nm (transitions from Dy to 'Fj_4
states, respectively). The decay curves are clearly single
exponential. Luminescence decay time texp equals 500 =+
10 ws. This is consistent with the value obtained in [9] for
Eu(25 at.%):KGdW (460 % 10 us).

Intensity (a.u.)
Intensity (a.u.)

Time (ms) Time (ms)

?sxlm;,:ﬁ?Snm

Ay =704
. u glum="% nm
0> 3

D0—> F4

Time (ms)

Time (ms)

Figure 5. Luminescence decay curves for EuzKGd(WO4), crystal
(excitation wavelength is 405 nm).

3.3. Pulsed laser operation

Lasing was realized at 5Dy — ’F, transition (the laser
wavelength was ~702.8 nm) with laser pumping at 533.6 nm
into the "F;—°D; absorption band of Eu?t ions. Two
b-cut crystals, namely 10 mm-long Eu(25 at.%):KGdW and
25 mm-long Eu(10 at.%):KGdW were tested. The transversal
dimensions of both crystals were 4 x 4 mm?. The choice of
crystals with such lengths is explained by two reasons. First,
since as noted above Ngy is 6.09 or 15.3 x 1020 cm~3, the laser
crystals used had almost the same number of active centers:
2.436 x 10%° for Eu(10 at.%):KGdW and 2.448 x 10%° for
Eu(25 at.%):KGdW. Second, the excitation efficiency defined
as the product of pump light absorption and quantum defect
was also almost the same for both media, 72% and 70%,
accordingly.

The faces of the crystals were antireflection (AR) coated
for both pump and laser radiation. The crystals were placed
inside the laser cavity formed by a concave input mirror with
radius of curvature R = 502 mm and a flat output coupler
with reflectivity Roc ~ 98%. The total cavity length was
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35 mm. The pumping was longitudinal; a spherical lens with
a focal length of 85 mm was used to focus the pump radiation.
In order to avoid optical damage, Eu:KGdW crystals were
positioned behind the pump beam waist. Laser crystals were
passively cooled (lasing was obtained at room temperature).

Due to the above mentioned reasons, both Eu(10 at.%):
and Eu(25 at.%):KGd(WO4), lasers have practically the
same dependence of free-running lasing energy E, on the
pump pulse energy E, (figure 6, see curves 1 and 2). The
measurements of Eq(E,) dependence were performed with
gradual reduction of E, energy. The time interval between
flashes has not exceeded 2 min. At £, = 35 mJ, output energy
E, reaches 570 uJ and optical-to-optical laser efficiency is
1.6%. Dependence 3 was obtained for the Eu(10 at.%):KGdW
laser after a long period of operation (more than 103
shots). The possible explanations of nonlinear behavior of
output—input dependence are heat generation or formation
of color centers in crystals under laser excitation. Under-air
cooling, the influence of thermal effects on the operation of
the Eu:KGdW laser is negligible if the energy E, does not
exceed 20 mJ. It should be noted that at the same length of
crystals (10 mm), the threshold for the Eu(10 at.%):KGdW
laser is approximately seven times larger (as compared with
the Eu(25 at.%):KGdW one).

For both Eu:KGdW lasers, the polarization of the output
beam was naturally selected (E || Ny,). Near the threshold,
the Eu(25 at.%):KGdW laser operates at the slightly elliptic
TEMgp mode (figure 6). The beam propagation ratio in this
case is M? = 1.2. It should be noted that the pump beam
was elliptical and at the entrance of the Eu:KGdW crystal
its principal diameters were 0.85 and 1.2 mm. Calculations
of the Gaussian beam diameter at the output coupler by the
ABCD matrix approach with thermal lens effect show that the
flat-ended Eu:KGdW has a focal length of —1.25 m. As the
average size of the pump beam for Eu(10 at.%):KGdW crystal
was slightly larger (due to its length), several high-order
transverse modes were observed in the laser output near the
threshold. In this case, the M? factor was measured to be

~4. The fundamental mode operation is reached by mode
selection (Eu(10 at.%):KGdW crystal was moved across the
pump beam so that its waist was close to the side surface of
the crystal).

As the pump energy is increased, the energy of both lasers
spills out into the higher order modes. Far from laser threshold
(Ep = 25-35 mJ), the high number of transverse modes results
in good homogeneity of the output beam (figure 6). The
duration of free-running pulses was 10-15 us.

Finally, it should be noted that preliminary experiments
for obtaining quasi-continuous lasing with Eu:KGdW were
performed. The generation of ms long pulses with a duty
cycle of 10% was reached [26]. Results will be presented in a
subsequent paper.

4. Conclusions

KGd(WOg4); crystals doped with Eu?t (10, 25 at.%) are
grown by the TSSG method. Their absorption spectra
are studied in detail (for principal light polarizations,
E || Np, Ny and Ng). It is accompanied by determination
of absorption oscillator strengths by means of the theory
of f—f transition intensities for systems with anomalously
strong configuration interaction. Spectral and temporal
characteristics of luminescence associated with YDg—"F|_4
transitions are analyzed, and luminescence branching ratios
and the radiative lifetime of the 5D0 state are determined.
Polarized stimulated-emission cross-section spectra are
evaluated for EuzKGdW. The output performance of pulsed
Eu(10 at.%): and Eu(25 at.%):KGdW lasers operating
at room temperature at the wavelength of 702.8 nm
(°Do—Fy transition) is compared under laser pumping at
533.6 nm. Both 25 mm-long Eu(10 at.%):KGdW and 10 mm-
long Eu(25 at.%):KGdW provide the same output—input
characteristics. The nonlinear behavior of output—input
dependence is explained by heat generation or the formation
of color centers in crystals under laser excitation. The
influence of thermal effects in Eu:KGdW is negligible for
a pump pulse energy below 20 mJ. The main limitation for
laser operation at "Dy — ’F, transition is strong excited-state
absorption via the 5Dy — °F4 channel.
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