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a b s t r a c t

A Sm3þ:KY(WO4)2 crystal was grown by the modified Czochralski technique. Polarized absorption and
fluorescence spectra, as well as a fluorescence decay curve, were recorded at room temperature. Radi-
ative properties such as emission probabilities, branching ratios and radiative lifetimes were investigated
within the framework of the Judd-Ofelt theory as well as the theory of f-f transition intensities which
takes into account the influence of the excited configurations. Emission cross section spectra were
determined. 4G5/2 fluorescence decay was analyzed within the framework of the Inokuti-Hirayama
model. The spectroscopic properties of Sm:KYW crystal were compared with those of other Sm3þ-
doped materials.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

There is increasing interest in finding new solid state media
emitting in the visible spectral range. Rare-earth ions with emis-
sion in the visible spectral range are attractive for solid state lasers
(without any nonlinear frequency conversion) and different appli-
cations: medicine (photodynamic therapy [1]), biophotonics,
spectroscopy, quantum optics (atom trapping, atomic clocks, so-
dium guide stars [2]), communication, color displays, high density
optical data storage and replacement dye lasers. Sm3þ- doped
materials could be promising for these applications due to its
strong orange-yellow fluorescence. Spectroscopic properties have
been evaluated for Sm-doped single crystals [3e12], glasses [13,14],
ceramics [15] and phosphors [16]. These investigations have shown
the Sm3þ as a promising ion for solid state optical materials.
Moreover, laser oscillation in the Sm3þ doped LiLuF4 and SrAl12O19
crystals was obtained successfully [17].

The family of potassium double tungstates a-KRE(WO4)2 (RE¼ Y
and Ln) crystals activated by rare-earth ions is a well-known host
sh).
for solid-state lasers [18]. The main advantage of these crystals as a
laser media is relatively high values of absorption and emission
cross sections of rare-earth dopants. Also, double tungstates can be
doped with high concentration of active ions without significant
fluorescence quenching because of relatively large distances be-
tween the dopants ions [19].

This paper is devoted to the comprehensive spectroscopic
characterization of Sm3þ:KY(WO4)2 (Sm:KYW) as a potential opti-
cal material. Polarization dependent absorption and fluorescence
spectra were recorded. The conventional Judd-Ofelt theory and
theories which take into account the influence of excited configu-
rations were applied to determine the radiative properties of Sm3þ

ions. Fluorescence decay curve of the 4G5/2 level was registered and
the excited state relaxation dynamics was discussed.
2. Experimental details

Sm:KYW crystal was grown by the modified Czochralski tech-
nique at low temperature gradient (<1deg/cm) using the [010] e
oriented seed crystal from the potassium ditungstate (K2W2O7) flux
[20]. The mass content of the Sm3þ ions in the KYW crystal was
determined using an ICP spectrometer IRIS Intrepid HR Duo
(Thermal Elemental) and was found to be 0.434 ± 0.004 wt%. The
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samarium concentration was calculated to be 1.14$1020 cm�3 using
measured volumetric crystal density of 6.58 g/cm3. The as-grown
crystal (see Fig. 1) was clear and had a good optical quality.

KYW is a biaxial crystal, with a monoclinic structure (space
group C6

2h �2/m, Z ¼ 4). Unit cell parameters for crystallographic
setting I2/c are a¼ 8.05 Å, b¼ 10.35 Å, c¼ 7.54 Å, b¼ 94�. There are
two possible crystallographic settings C2/c and I2/c for this space
group, however, the last one better describes the crystal habit [18].
Optical properties of KYW crystal are different for directions along
the optical indicatrix axes Np, Nm, Ng. Principal axis Np coincides
with the crystallographic b axis ([010]). The other two ones lie in
the a-c plane. The principal axis Ng is rotated at 19� anticlockwise
from c crystallographic axis. Its orientation was determined using a
polarizing microscope POLAM-L213-BE (LOMO).

Samarium ions substitute yttrium ions in the KYW crystal and
occupy the C2 local point symmetry positions. The ionic radius of
Sm3þ ion (1.079 Å) is close to one of the Y3þ (1.019 Å) for eight-fold
coordination [21]. The separation between Y-Y pairs affects the
energy transfer between the dopant ions. For KYW crystal this
distance in the YO8 chain parallel to the [101] direction is 0.406(3)
nm and between different chains is 0.604(2) nm [18].

For the spectroscopic investigations a sample of Sm:KYW crystal
was cut parallel to principal optical plains. The absorption and
luminescence spectra of the Sm:KYW crystal were measured at
room temperature with light polarized parallel to the three prin-
cipal optical indicatrix axes. The absorption spectra in polarized
light were recorded by a CARY 5000 spectrophotometer with a
spectral bandwidth (SBW) of 0.1 nm in the UV and visible ranges
and 0.3 nm in the NIR spectral range.

Fluorescence spectra were recorded under an InGaN-laser diode
excitation at 405 nm. The luminescence emissionwas collected by a
wide-aperture lens and focused onto the entrance slit of a mono-
chromator MDR-23 (SBW¼ 0.1 nm). The signal was detected with a
Hamamatsu C5460-01 APD module connected to a SR830 Stand-
ford lock-in amplifier. A Glan-Taylor polarizer was used to separate
light polarizations. A gray body light source with a color temper-
ature of 2900 K was used to correct the measured spectra with
respect to detector response, grating efficiency, and other optical
elements.

The decay curve of the upper manifold (4G5/2) was registered
under pulsed excitation at 480 nm by means of an optical para-
metric oscillator LOTIS TII LT-2214, which was pumped by a third
harmonic of the flashlamp-pumped Q-switched Nd:YAG laser
LOTIS TII LS-2137. The fluorescence emission at the wavelength of
649 nmwas imaged by wide aperture lens onto the entrance slit of
a monochromator MDR-12. The signal was detected by a fast
Hamamatsu photodetector C5460 connected to an oscilloscope
with a bandwidth of 500 MHz.
Fig. 1. Sm-doped KYW crystal boule.
3. Results and discussion

3.1. Absorption spectra

The polarized dependent absorption spectra of the Sm:KYW
were recorded in the 350e570 nm and 970e3100 nm spectral
ranges. The spectra were corrected for the Fresnel losses using the
Sellmeier's coefficients for the KYW crystal [18]. The spectra of
absorption cross section sGSA in the visible and NIR spectral ranges
are shown in Fig. 2. The absorption bands within the 4f5 samarium
configuration can be divided into two groups. The first one,
appearing in the NIR region consists of quite intense lines which are
assigned to the spin-allowed transitions from the ground state 6H5/

2 to the excitedmultiplets 6HJ0 and 6FJ0. Another group located in the
UV and visible regions consists of a great number of closely spaced
levels. Spin forbidden transitions occur between these levels and
the ground state level. Hence the intensities of lines are weak,
excepting spin allowed 6H5/2 /

6PJ0 transitions. It should be noted,
that identification of observed absorption bands in the UVevis
spectral range is difficult due to their strong levels overlapping.
Assignments of the spectral lines for the excited states from the
ground state were performed according to Ref. [22].

The absorption spectra of the Sm:KYW exhibits significant po-
larization dependence with dominant EjjNm polarization. The
strongest transition 6H5/2 / 6P3/2 has a peak value of absorption
cross section of 9.2$10�20 cm2 at 404.6 nm for EjjNm polarization.
This value is larger than observed in Sm:NaGd(MoO4)2 [6],
Sm:GdVO4 [11], Sm:(Ca,Mg,Zr)GGG [12] Sm,Mg:SRA, [17].
3.2. Analysis of f-f transition intensities

To determine the transition intensities of Sm3þ ion in KYW
crystal the Judd-Ofelt theory [23,24] was applied. The detailed
description of the Judd-Ofelt analysis can be found in many papers
but here we provide basics of this procedure. Measured absorption
spectrawere used to calculate experimental oscillator strengths fexp
between manifolds with quantum numbers J and J0:

fexpðJJ0Þ ¼ mc2

pe2N0l
2

Z
aJJ0 ðlÞdl; (1)

where aJJ0 ðlÞ ¼ ½aNpðlÞ þ aNmðlÞ þ aNgðlÞ�=3 is the polarization

averaged absorption coefficient, l is the weighted mean wave-
length, N0 is the concentration of Sm3þ ions. It should be noticed,
that contribution of the magnetic dipole (MD) transitions (DJ ¼ 0,
±1) from the ground state level to the several excited state levels
was taken into account and, consequently, the electric dipole (ED)
oscillator strengths f edexp were obtained. The values of the double
reduced-matrix elements jjU(t)jj were calculated from the inter-
mediate coupling approximation using the free-ion parameters for
samarium ion in glasses [25]. The values of experimental and
calculated ED absorption oscillator strengths f edexp and f edJO , respec-

tively, and the root mean square deviation are given in Table 1.
Three phenomenological intensity parameters Ut were evaluated
by the least-square fitting procedure and are presented in Table 2.

The influence of the excited configurations on the absorption
and luminescence spectral characteristics in the case of Sm3þ ions
may be significant [26]. It was shown [26], that applying the theory
of f-f transition intensities, which takes into account the influence
of 4fN-15d excited configuration, improves the agreement of the
calculated results with the experimental data. Thus, to determine
the radiative properties of Sm3þ ion in KYW crystal we applied the
theory of f-f transition intensities for the system with the



Fig. 2. Polarized ground absorption cross sections of Sm:KYW. Please note the different scales.

Table 1
Experimental ðf edexpÞ and calculated ðf edÞ oscillator strength.

Transition 6H5/2 / Wavelength range (nm) l (nm) f edexp, 10
�6 f edJO , 10�6 f edMJO , 10

�6 f edICI , 10
�6

6H11/2 2400e3100 2744 1.406 1.188 1.166 1.347
6H13/2 1780e2130 1957 0.292 0.347 0.342 0.389
6F1/2 þ 6H15/2 þ 6F3/2 þ 6F5/2 1325e1700 1443 15.083 15.082 15.084 15.084
6F7/2 1180e1320 1251 6.5 6.509 6.509 6.504
6F9/2 1035e1145 1092 3.535 3.572 3.578 3.532
6F11/2 920e980 953 0.478 0.561 0.565 0.531
4G5/2 545e575 561 0.086 0.076 0.078 0.079
4F3/2 526e540 531 0.146 0.017 0.018 0.02
RMS deviation 0.11$10�6 0.13$10�6 0.1$10�6

Table 2
Intensity parameters (Ut) for Sm3þ-doped crystals.

Crystal U2 (10�20 cm2) U4 (10�20 cm2) U6 (10�20 cm2) Refs.

Sm:KYW (JO) 10.63 7.16 3.074 This work
Sm:KYW (MJO) 11.567 7.722

a ¼ 0.018$104 cm
3.303

Sm:KYW (ICI) 14
R2 ¼ 0.052$104 cm

7.49
R4 ¼ 0.016$104 cm

1.11
R6 ¼ �0.467$104 cm

Sm:NaGd(MoO4)2 8.65 4.4 1.96 [6]
Sm:LiNbO3 2.11 4.5 1.45 [8]
Sm:CaNb2O6 8.02 5.37 1.45 [9]
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intermediate configuration interaction [27] (denoted as the ICI
approximation). The line strength of the ED transition from initial J
manifold to some terminal J0 manifold, in this case, can be evaluated
by the formula:
SedcalcðJJ0Þ ¼
X

t¼2;4;6

Ut

h
1þ 2Rt

�
EJ þ EJ0 � 2E0f

�i
$
���D4f n½SL�J���UðtÞ

���4f n½S0L0�J0E���2; (2)
here EJ and EJ0 are the energies of the combined multiplets, E0f is the
average energy of 4fN configuration and Rt are additional
parameters related to the configuration interaction.
Additionally, we applied the modified Judd-Ofelt theory (MJO)

[28]. In this case, only the excited configuration of the opposite
parity makes a significant contribution, and the line strength can be
obtained from the following equation:



Fig. 3. Polarization averaged fluorescence spectra of Sm:KYW crystal.

SedcalcðJJ0Þ ¼
X

t¼2;4;6

Ut

h
1þ 2a

�
EJ þ EJ0 � 2E0f

�i
$
���D4f n½SL�J���UðtÞ

���4f n½S0L0�J0E���2: (3)
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The values of the experimental and the calculated ED absorption
oscillator strengths f edexp and f edcalc, respectively, are given in Table 1.

The obtained intensity parameters Ut for Sm:KYW are listed in
Table 2 and compared with ones for other samarium doped crys-
tals. The high value of the parameterU2 suggests the high degree of
covalency of the bonds between rare earth ions and their ligands
[29].

Obtained intensity parameters were used to calculate ED radi-
ative transition probabilities Aed. Several transitions from the upper
4G5/2 level to the lower multiplets fulfill the selection rules for MD
transitions. MD radiative transition probabilities Amd can be calcu-
lated separately and added to the ED transition probabilities. The
total radiative transition probability can be expressed as [22]:

ASðJJ0Þ ¼ 64p4e2

3hð2J þ 1Þl3
"
n
�
n2 þ 2

�2
9

Sedþn3Smd

#
: (4)

The calculated luminescence branching ratios for J0/J transitions
bJ0J ¼ A(J0J)/

P
A(J0J) and the radiative lifetime trad ¼ 1/

P
A(J0J) are

presented in Table 3.
As can be seen from Table 3 there is no significant difference in

the results obtained by using the three theories (JO, MJO and ICI
approximation) for Sm:KYW crystal, in contrast with the
Sm:LiNbO3 crystal [26]. It indicates a small effect of the excited
configurations on the absorption spectra in our case.

3.3. Fluorescence properties

Polarized fluorescence spectra of Sm:KYW in the range of
540e970 nm were recorded under excitation at 405 nm and cor-
rected to the spectral response of the luminescence set-up. Over-
view of polarization averaged fluorescence spectrum is presented
in Fig. 3. The observed emission bands are related to the radiative
transitions from 4G5/2 manifold to the lower lying levels. Manifold
to manifold branching ratios for the transitions from the upper
state the 4G5/2 to the lower lying states are found from:

bJ0J ¼

Z
lIJ0JðlÞdl

P
J

Z
lIJ0JðlÞdl

(5)
Table 3
The calculated radiative probabilities (AS), fluorescence branching ratios (b) in Sm:KYW

Transition 4G5/2 / l (nm) AS (JO) (s�1) AS (MJO) (s�1)

6H5/2 560 57.98 59.34
6H7/2 595 331.13 344.29
6H9/2 640 529.81 558.74
6H11/2 701 111.42 117.32
6H13/2 772 15.17 16
6F1/2 869 13.17 14.13
6H15/2 877 27.44 28.68
6F3/2 887 0.92 0.98
6F5/2 923 99.34 103.32
6F7/2 1007 13.09 13.89
6F9/2 1131 14.69 15.91
6F11/2 1343 0.89 0.92
trad (ms)
here IJ0J (l) is the spectral density fluorescence power in arbitrary
units. The experimental averaged values of bJ0J over three polari-
zations with respect to calculated ones are presented in Table 4. It
can be seen that measured and calculated values are in a good
agreement. It is evident that almost 90% emitted energy is
distributed in the visible spectral range. In the case of Sm:KYW,
Sm:NaGd(MoO4)2 [6] and Sm:CaNb2O6 [7] almost the half of the
emitted energy belongs to the 4G5/2 /

6H9/2 transition. But for the
most of Sm3þ-doped materials, the transition is 4G5/2 / 6H7/2 has
the highest intensity [2,5,7,8,10e17].

The stimulated emission (SE) cross sections sSE for the most
intense transitions 4G5/2/

6HJ (J ¼ 5/2, 7/2, 9/2 and 11/2) were
calculated by the FüchtbauereLadenburg formula [30]:

saSEðlÞ ¼ b
l5

8pcn2trad

3IaðlÞZ h
INpðlÞ þ INmðlÞ þ INgðlÞ

i
ldl

; (6)

here Ia(l) is the spectral density of fluorescence power (a ¼ Nm, Np

and Ng polarizations), trad is the radiative lifetime of the 4G5/2 level,
b is the branching ratio of the corresponding transition. The ob-
tained SE-spectra are displayed in Fig. 4 for the wavelength range
between 555 nm and 730 nm. The highest cross section was found
crystal.

AS (ICI) (s-1) bcalc (JO) bcalc (MJO) bcalc (ICI)

60.29 0.0048 0.0465 0.0471
300.96 0.2725 0.2697 0.2349
601.47 0.436 0.4377 0.4695
106.9 0.0917 0.0919 0.0834
8.5 0.0125 0.0125 0.0066
16.62 0.0108 0.011 0.013
61.74 0.0226 0.0225 0.0248
0.44 0.0008 0.0008 0.0004
121.9 0.0818 0.0833 0.0952
13.3 0.0108 0.0109 0.0104
18.4 0.0121 0.0125 0.0144
0.59 0.0007 0.0008 0.0005

823 783 780



Table 4
Measured (bJ0 J) and calculated (bcalc) branching ratios for the 4G5/2 level in Sm:KYW crystal.

Transition 4G5/2 / Wavelength range, nm bcalc (J-O) bcalc (MJO) bcalc (ICI) bJ0 J

6H5/2 545e580 4.8 4.6 4.7 5.8
6H7/2 580e625 27.3 27 23.5 26.2
6H9/2 625e678 43.6 43.8 46.9 43.9
6H11/2 685e737 9.2 9.2 8.3 8.1
6H13/2 765e810 1.2 1.3 0.7 0.8
6F1/2, 3/2, 5/2 þ 6H15/2 865e970 11.6 11.8 13.3 15.2

Fig. 4. Stimulated emission cross sections spectra of Sm:KYW crystal.

Fig. 5. Fluorescence decay curve of the 4G5/2 multiplet of Sm:KYW crystal. The solid
line represents fitted decay assuming dipole-dipole interactions.
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to be 7.2$10�21 cm2 (l ¼ 649.7 nm) for Np polarization and
5.2$10�21 cm2 (l ¼ 651.6 nm) for Nm polarization. In Table 5 we
compare obtained in this study emission spectroscopic parameters
of Sm:KYW crystal with ones of other Sm-doped materials.
3.4. Fluorescence dynamics

The fluorescence lifetime of the 4G5/2 manifold was measured at
650 nm (4G5/2/

6H7/2 transition) under excitation at 480 nm. Fig. 5
shows a semilog plot of 4G5/2 fluorescence decay curve, which has a
non-exponential character due to the contribution of nonradiative
cross-relaxation processes [31]. For Sm3þ ions the following reso-
nance cross-relaxation mechanisms are possible: 4G5/2 þ 6F5/
2 ¼ 6H5/2 þ 6F11/2 and 4G5/2 þ 6F11/2 ¼ 6H5/2 þ 6F5/2. Additionally,
phonon-assisted cross-relaxation processes can occur. The decay
curve can be fitted by the Inokuti-Hirayama (IH) model [32] for
dipoleedipole energy transfer mechanism using the following
expression:
Table 5
Emission spectroscopic properties of some Sm3þ-doped crystals.

Crystal NSm, (1020 cm�3) lpeak (nm) sSE (10�2

Sm:Gd2SiO5 0.48 601 3.54
Sm:NaGd(MoO4)2 1.69 646 3.13
Sm:SrAl12O19 1.5 593 1.3
Sm:LiNbO3 1.2 603 2.5
Sm:CaNb2O6 1.8 657 3
Sm:LuLiF4 0.74 605 1.2
Sm:KYW 1.14 650 7.2
IðtÞ ¼ I0 exp
�
� t=t0�g

ffiffi
t

p �
(7)

here t0 is an intrinsic lifetime of donor ions in the absence of an
energy transfer. The parameter g determines disordered static en-
ergy transfer and can be found by the following formula:

g ¼ 4p3=2

3
N0R

3
0 (8)

here R0 is the critical transfer distance at which the nonradiative
energy transfer rate becomes equal to the spontaneous emission
rate [32]. The fitting procedure provides g ¼ 18.2 s�1/2 and
t0 ¼ 0.78 ms. The comparable values of trad and t0 show that there
is no sufficient energy migration among the donors and we have
dominantly the static disordered decay in this case [33]. The critical
distance R0 was derived as 0.84 nm and the average distance be-
tween samarium ions Rav ¼ (4pN0/3)

�1/3 was estimated to be
1.3 nm. Since the critical distance R0 has a lower value than Rav it is
expected that cross-relaxation processes which depopulate 4G5/2
level in the Sm3þ(1.8 at%):KYW crystal are inefficient. The donor-
acceptor energy transfer parameter CDA ¼ R0

6·t0
�1 was evaluated to

be 4.6$10�52 m6s�1.
Mean fluorescence lifetime tf was estimated to be 612 ms by the

formula:
1 cm2) tmeas (ms) trad (ms) h % Refs.

1.74 1.78 98 [5]
0.56 0.98 57 [6]
2.33 2.76 84 [7]
0.84 1.12 75 [8]
0.73 0.78 94 [9]
2.65 4.6 58 [10]
0.612 0.78 78 This work
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tf ¼

Z
tIðlÞdlZ
IðlÞdl

: (9)

The calculated radiative and experimentally determined emission
lifetimes allow estimating the quantumyield of fluorescence which
is about 78%. Table 5 lists the values of fluorescence lifetime and
quantum efficiency h of the 4G5/2 multiplet of several Sm3þ-doped
crystals. The obtained results allow making a conclusion, that
Sm(1.8 at%):KYW crystal has the quantumyield comparable to ones
for other Sm-doped crystals.

4. Conclusions

We report on modified Czochralski growth and spectroscopic
study of a 1.8 at% Sm3þ-doped KY(WO4)2 crystal. The spin allowed
GSA-transition at 404.6 nm possesses a peak value of absorption
cross sections of 9.2$10�20 cm2 for EjjNm polarization. The highest
stimulated emission cross sections of 7.2$10�21 cm2 and
5.2$10�21 cm2 were found in the orange spectral range at 649.7 nm
(Np-polarization) and 651.6 nm (Nm-polarization), respectively. To
the best of our knowledge, Sm:KYW has the highest values of sGSA
and sSE among known Sm-doped materials. The f-f transition in-
tensities were calculated by applying the conventional and the
modified Judd-Ofelt theories as well as the theory for the system
with the intermediate configuration interaction. Based on these
calculations the radiative lifetime of the upper state 4G5/2 was
derived to be about of 0.78 ms. The fluoresce lifetime and quantum
efficiency of the 4G5/2 multiplet were found to be 0.61 ms and 78%,
respectively.
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