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K, YFs crystals doped Sm?* ions were synthesized under hydrothermal condition. The absorption, lumi-
nescence spectra, and lifetimes of K, YFs:Sm3* were measured at room temperature. The results were
analyzed using Judd-Ofelt (JO) theory giving the values of three §2,, §24, and £2¢ intensity parameters.
Using these JO parameters as well as from the emission, various radiative parameters such as transi-
tion probabilities (Ag ), radiative lifetime (tg), calculated branching ratios (8g), measured branching ratios
(Bmes), and stimulated emission cross-sections (o) have been calculated for 4Gsp, excited level.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

Spectroscopic investigations of rare earth (RE) doped glasses
provide valuable information that includes energy level struc-
ture, radiative properties, stimulated emission cross-sections,
etc. These insights play a key role to improve the existing or
to develop new optical devices, such as lasers, light convert-
ers, sensors, hole burning high-density memories, optical fibers,
and amplifiers. K;LnF5 (Ln=rare earth) crystals doped with rare
earth ions are important materials for optical applications such
as optical amplifiers and solid-state lasers [1] and especially
they are a high energy dosimeter materials of great promise
[2-5]. Recently there are many reports on optical properties of
the materials, such as the K,YF5:Nd3*, K YF5:Pr3*, Ky YFs5:Tm3*,
K,GdF5:Tb3*, and K,GdFs:Dy3* crystals [1-3,5-7]. The authors
have investigated the optical properties of these materials by
using optically stimulated luminescence (OSL) [8], thermolumines-
cence [9], frequency upconversion fluorescence [3], site-selective
laser-excitation spectroscopy [10]. It is noted that K,YF5 phases
crystallize in orthorhombic system, each Y3* ion is surrounded by
seven fluoride ions forming a C,, local point symmetry. The YF;
polyhedral form chains parallel to the c-axis of the structure [4,7].
Samarium is one of the most popular rare earth elements, which is
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used extensively in optical devices; its 4f°> electron configuration
usually exists in triply ionized (Sm3*). Several authors have stud-
ied its spectra in various matrices [11-14] but to our understanding
there has been no report on the optical spectra of Sm3* doped in
K, YFs crystal.

The Judd-Ofelt (JO) theory was shown to be useful to character-
ize radioactive transitions for RE-doped solids, as well as aqueous
solutions, and to estimate the intensities of the transitions for rare-
earth ions [15-22]. This theory defines a set of three intensity
parameters, §2; (A=2, 4, 6), that are sensitive to the environment
of the rare-earth ions.

In this work, we have investigated optical properties of Sm3*
ions-doped K,YFs5 crystal. On the other hand, we also used the
Judd-Ofelt theory to determine intensity parameters, radiative
transition probabilities, branching ratios, and radiative lifetimes
of 4G5/2 excited states with analyzing the absorption spectra of
K, YF5:Sm3* crystal at room temperature. In addition, we also deter-
mined the stimulated emissions cross section for selected and
briefly discussed the potential application of K,YFs:Sm3* as effi-
cient laser crystal.

2. Experimental

K, YFs single crystals doped with 1.0 mol% of Sm3* were obtained by hydrother-
mal synthesis at Kurnakov Institute of General and Inorganic Chemistry, Moscow,
Russia. The chemical interaction of the oxide mixture (1-x)Y>03-xSm,03 with
aqueous KF solutions was performed at a temperature of 750K, a pressure of
100-150 MPa, and a temperature gradient along the reactor body of up to 3Kcm~!.
A proper choice of reaction conditions has allowed to obtain K,YFs single crystal
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[6]. The optical absorption spectra were recorded between 300 and 2000 nm using
Jascco V670 spectrometer. The photoluminescence (PL) spectra were recorded by
Fluorolog-3 spectrophotometer, model FL3-22, Horiba Jobin Yvon. All the measure-
ments were carried out at room temperature.

3. Theoretical outline
3.1. Oscillator strengths and Judd-Ofelt analysis

The oscillator strengths, fexp, of the absorption bands were
determined experimentally using the following formula [23]:

fexp = 4.318 x 10’9/oc(v)dv (1

where « is molar extinction coefficient at energy v (cm~!). The
o(v) values can be calculated from the absorbance A by using
Lambert-Beer’s law

A=a(v)Cd

where C is concentration [dim: L3, units: mol~1], d is the optical
path length [dim: L, units: cm].

According to the JO theory [11,23], the electric dipole oscillator
strength of a transition from the ground state to an excited state is
given by

2
fr = sm2mev  (n?+2)
@ =327+ 1) ¢ on

> 2wy @

1=2,4,6

where n is the refractive index of the material, J is the total angular
momentum of the ground state, §2, are the JO intensity parame-

ters, and ||U* 2 are the squared doubly reduced matrix of the unit
tensor operator of the rank A =2, 4, 6 are calculated from interme-
diate coupling approximation for a transition |1/f]> — |1ﬁ’]/>. The
oscillator strength of the various observed transitions is evaluated
through Eqgs. (1) and (2). A least squares fitting approach is then
used for Eq. (2) to determine §2, parameters, which give the best
fit between experimental and calculated oscillator strengths.

3.2. Radiative properties

The JO parameters along with refractive index, n, are used to
predict the radiative properties of excited states of Ln3* ion. The
radiative transition probability (Ag)for [/J) — |¥J') transition can
be calculated from Eq. (3) [11]:

64743 | n (nz + 2) 2

Ar (V. ¥T) = [ 5

= T Sed + n3Smd] (3)
The correction factors (n2+2)2/9n in Eq. (2) and n3 in Eq. (3)
relate to the effect of the dielectric medium. The factor (n2 +2)/9n
represents the local field correction for the ion in the host medium.
The lanthanide ion in a dielectric medium not only feels the radi-
ation field of incident light, but also the field from the dipoles in
the medium. The total field consisting of the electric field E of the
incident light (electric field in the vacuum) and the electric field of
the dipoles is called the effective field E.¢. The square of the matrix
element in the electric dipole operator has to be multiplied by a fac-
tor (Eqg/E)2. In the first approximation (Eg/E)* =(n? +2)2/9n. This
factor is the Lorentz local field correction and accounts for elec-
tric dipole correction. Similarly the correction factor for emission
spectra corresponding to the magnetic dipole transition is n3.

= Y ail(u]v )

A=2,4,6

2

(4)

Table 1
Energy transitions (E), bonding parameters (§), the experimental (fexp) and calcu-
lated (f.a1) oscillator strengths for K, YFs:Sm3* crystal.

Transition Eexp (cm™1) Eaquo (cm™1) fexp (x1076) feat (x107°6)
6H5/2~>

Hisi 6514 6508 0.46 0.02
6F3/2 6761 6641 1.00 0.96
6Fs), 7358 7100 1.13 1.78
6F7/2 8149 8100 2.03 2.77
6F9/2 9276 9200 2.70 1.79
SFy1p2 9990 10,050 1.03 027
Uy 21,052 21,100 122 0.12
ULy 21,413 21,600 1.05 0.44
4115/2 22,950 22,966 2.21 0.23
6P5/2 23,923 24,050 2.59 0.53
61’3/2 24,938 24,950 4.60 3.63

B=1.0053, §=-0.53 rms=1.33x 106

Sma = (€2h?/1672m>c?)| (W] |L + 25| ¥'') ?

(5)

where S.q and S.q are the electric and magnetic dipole line
strengths, the Sy,4 values do not depend on the host material. The
total radiative transition probability (At), the radiative lifetime (),
and branching ratio (fr) of an excited state are given by

AW = AW YT (6)
v

w(WJ) = [Aryn)] (7)

ey — ) = ) ®)

The branching ratio can be used to predict the relative inten-
sities of all emission lines originating from a given excited state.
The experimental branching ratios can be found from the relative
areas of the emission bands. The stimulated emission cross section
o(Ap) is related to the radiative transition probability (A) and can
be expressed as

4
o(ip) = ( "

87cn? A g

>A(W], V) (9)

where Ap is the transition peak wavelength and A A is its effective
linewidth found by dividing the area of the emission band by its
average height.

4. Results and discussion
4.1. Absorption spectrum

The absorption spectra of K, YFs crystal doped with 1.0 mol% of
Sm3* ions are shown in Fig. 1a for the regions 380-500 nm and
Fig. 1b for the regions 900-1600 nm. All the absorption bands orig-
inate from the ground state, 6H5/2. The band positions along with
assignments for K, YF5:Sm3*crystal are shown in Table 1, which are
also compared with Sm3*-diluted acid solution (aqua-ion) system
[24].

4.2. Nephelauxetic effect - Bonding parameter

The bonding parameter (§) is defined as § = [(1 - /_3) /B] x 100
[10], where 8 = (>~ B)/nand B(nephelauxeticratio) = vc/va, vc and
v, are energies of the corresponding transitions in the complex and
aqua-ion [11], respectively, and n refers to the number of levels that
are used to compute f values. The bonding parameter depends on
the environmental field; & can be received the positive or negative
value indicating covalent or ionic bonding. In our sample, the values
of B8 and § bonding parameter are 1.0053, —0.53, respectively. Thus,
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Fig. 1. The absorption spectrum of K, YFs:Sm3* crystal in range 380-500 nm (a) and
900-1600 nm (b).

in this case the bonding of Sm3* ions with the local host is ionic
bonding.

4.3. Oscillator strengths, JO parameters

From the absorption spectra of the K,YF5:Sm3* crystal, the
experimental (fexp) and calculated (f,) oscillator strengths were
determined using Eqgs. (1) and (2) and the results are presented in
Table 1. The JO parameters have been calculated by using the oscil-
lator strengths of observed absorption bands and doubly reduced
matrix elements by least square fit approximation. These reduced
matrix elements did not depend on host matrix as noticed from
earlier studies [24,25].

Table 2 displays the £2 values of our sample in comparison with
different matrix [11-14]. The §2, value of our crystal is smaller
than that of the different hosts. The characteristic feature of the
§2, is that it is sensitive to the local environment of the RE ions
and is often related with the asymmetry of the coordination struc-
ture, polarizability of ligand ions or molecules, and bonding nature
[26]. The §2, parameter in K,YFs:Sm3* crystal is smaller than that
of other hosts that can be attributed to higher symmetry of the
coordination structure surrounding the RE ion. In addition, the
presence of the F~! jons plays the important role for the reduction
of £2, value. It is well known, the fluorine ions have the highest

Table 2
The JO parameters for Sm** doped various hosts.
Host matrix 2, 24 6 Refs.
(x1072°cm?)  (x1072°cm?) (x10720cm?)
K2 YFs 0.38 3.55 218 Present
59.50 Li,C03-39.5 6.99 12.00 8.47 [11]
H,BO3
Li;0-BaO-La;03-  6.81 443 2.58 [12]
3203
49.50 Li,CO3-49.5 6.21 9.68 7.16 [11]
H,BO3
39.50 Li;C03-59.5 4.71 10.33 6.50 [11]
H,BO3
H,BO;-LiF 2.34 7.54 5.40 [11]
P,05-K,0-KF-BaO 1.50 3.75 1.89 [14]
—A1203
PbO-PbF, 1.16 2.60 1.40 [13]

electronegativity (~4) in comparison with the other anion ions,
therefore the RE-F bonds have the smaller covalency bond than
other RE-anion bonds. This is the main reason for the reduction of
the £2, values in the fluoride compounds.

4.4. Fluorescence properties

Fig. 2 displays the emission spectra of K,YF5:Sm3* crystal at
excitation wavelength of 385 nm of Xenon lamp source. It exhibits
four emission bands at 561, 597, 640, and 705nm which are
assigned to “Gs;, —SHsp, Hyjp, SHop, and SHyqjp transitions,
respectively. The radiative transition rates (Agr), radiative lifetime
(tr), stimulated emission cross section o(Ap), branching ratios (Sr),
and measured ratios (Bmes) were determined for the 4G5/2 by using
Eq. (3),(7),(9), and (8), as displayed in Table 3.

From the values of radiative transition probabilities in Table 3,
it is noted that 4Gs, — SHy, transition has the highest radiative
transition rate in comparison with the other transitions. Hence
this transition is very useful for laser emission. In general, the
luminescence branching ratio is a critical parameter to the laser
designer, because it characterizes the possibility of attaining stim-
ulated emission from any specific transition. In this work, the
predicted branching ratio of 4G5/2 — 6H7/2 transition gets a maxi-
mum value and be 50.6% whereas the measured ratio is 56.5%. Thus
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Fig. 2. The emission spectrum of Sm3*:K,YFs crystal.
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Table 3
Predict the radiative transition rates, branching ratios and radiative lifetime of4G5/2 level.

Transition 4Gsp— E(cm™1) Ar Br (%) Brmes (%) o(Ap) (1022 cm?) TR (ms)

5F11)2 6851 0.20 0.10 - - 5.18

5Fq2 8350 0.54 0.27 - -

5F172 9637 245 1.27 - -

6Fs2 10,493 443 230 - -

6F3/2 11,016 0.43 0.22 - -

5Hys) 11,091 0.25 0.13 - -

6F1) 11,203 0.22 0.11 - -

5Hi3p2 12,578 3.87 2.01 - -

5Hy1p2 14,025 27.30 14.10 6.71 0.19

5Hop 15,480 50.50 26.20 18.39 0.41

5Hyp 16,667 97.60 50.60 56.48 0.64

5Hsp 17,762 5.31 2.75 18.42 0.03

there is a good agreement between experimental and calculated
branching ratios.

Further, the large value of branching ratio suggests that
this transition can give rise to lasing action. The stimulated
emission cross-section o(Ap) is an important parameter and
its value signifies rate of energy extraction from the lasing
material. The values of o(Ap) for 4Gs;, emission transition
are in the order of 4G5/z—>6H7/2 >6H9/2 >6H5/2 >6H]]/2. It is
found that 4Gs; —®Hyp, transition exhibits maximum o(Ap)
(0.64 x 10722 cm?), these results are in agreement with previ-
ous reports [12-14]. The measured and calculated lifetimes of
4G5/2 level are 4.85ms and 5.18 ms, respectively. The discrep-
ancy between the measured and calculated lifetimes may be
due to the additional non-radiative and energy transfer through
cross-relaxation.

5. Conclusions

The present study yields a detailed picture of the spectral
characteristics of Sm3* ions in K,YFs5 crystal. The experimental
and calculated oscillator strengths of absorption transitions of
K,YF5:Sm3* were determined. By using JO theory, we determined
the intensity parameters (£2) ) and predicted radiative lifetime (tg),
branching ratios (8gr). These predicted values are in good agree-
ment with experimental values. The negative value of bonding
parameter § and the small value of intensity parameter §2, show
that the bonding of Sm3* ions with the local host is ionic bond-
ing and the coordination structure surrounding the RE ion has high
symmetry.
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