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Dy3+-doped K2GdF5 single crystals with 10.0 mol% have been prepared by hydrothermal condition. The
spectra are analyzed in term of the Judd–Ofelt theory, the intensity parameters (Xk, k = 2, 4, 6) have been
evaluated for Dy3+-doped K2GdF5 sample. The electric (Sed), magnetic (Smd) dipole line strength, radiative
(A), and total radiative (AT) transition probabilities, lifetime (sR), branching ratios (bR) for the excited lev-
els of Dy3+ doped K2GdF5 crystals were investigated by using the intensity parameters. In addition, the
stimulated emission cross-sections (rkp) and integrated emission cross-section (Rif) have been predicted
for the transitions from excited level, 4F9/2, to the 6H15/2, 6H13/2 and 6H11/2 levels. The energy transfer
occurs from Gd3+ to Dy3+, resulting in the additional intense excitation UV-narrow bands for the lumines-
cence of the Dy3+ ions.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Rare-earth elements are of interest in several high-tech and
environmental application areas. Glasses have been known as a
convenient host for rare earths and have been widely used. The
rare earths (RE) doped glasses provide basically scientific informa-
tion, such as energy level structure, radiative properties, stimu-
lated emission cross-sections, etc. These information help to
develop new optical materials and improve the existing devices
like lasers, light converters, sensors, high density memories, and
optical fibers and amplifiers [1–5].

In recent years, one of the most interesting fields of research is
focused on the development of optical devices based on RE ions
doped AF-A0F-LnF3 systems (A, A0-alkali element, Ln-rare earth
(RE) element), such as K2YF5 and K2GdF5 crystals. They are the
materials of great promise for applications in optical area such as
optical amplifiers, solid-state lasers [6] and especially they are a
high energy dosimeter materials for great promise [7,8]. There
have been many reports on spectrum properties of these materials
such as the K2YF5:Nd3+, K2YF5:Tb3+, K2YF5:Tm3+, K2YF5:Sm3+ crys-
tals [6–13]. The authors have investigated the optical properties
of these materials by using optically stimulated luminescence
(OSL) [10], thermoluminescence [11], frequency up-conversion
ll rights reserved.

: +82 55 213 3439.
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fluorescence [12], site-selective laser-excitation spectroscopy
[13]. It is know that Dy3+ is one of the most abundant rare earth
elements, which is used also extensively in optical devices. Most
studies are limited its spectra in various matrices [14–18] but
Dy3+ doped in K2LnF5 crystal have received relatively less attention
than the other lanthanide ions despite many features of interest.

In the work presented here we have investigated the optical
properties of Dy3+ doped K2GdF5 crystal and the energy transfer
from Gd3+ to Dy3+ ions. On the other hand, we have also used the
Judd–Ofelt (JO) theory to determine intensity parameters Xk

(k = 2, 4, 6) by analyzing the absorption spectrum of K2GdF5:Dy3+

crystal, and calculated the radiative transition probabilities,
branching ratios, radiative lifetimes of 4H15/2 excited state, stimu-
lated emission cross-section for selected and briefly discussed
the application potential of K2GdF5:Dy3+ on the efficient laser,
white fluorescence lamp.
2. Experiments

The K2GdF5 crystals doped with 10 mol% of Dy3+ ions were
obtained by hydrothermal synthesis at the Kurnakov Institute of
General and Inorganic Chemistry, Moscow, Russia [8]. In a typical
experiment, K2GdF5:Dy3+single crystal was grown from the mix-
ture of Gd, Dy2O3 and KF at a temperature of 750 K, a pressure of
100–150 MPa. The temperature gradient along the reactor body
was 3 K cm�1. A proper choice of reaction conditions have allowed
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to obtain K2GdF5 single crystal. The XRD pattern of K2GdF5:Dy3+

have shown that the fluoride K2GdF5 crystallizes in orthorhombic
system, space group Pnma, a = 10.814 A�, b = 6.623 A�,
c = 7.389 A�. The resulted K2GdF5:Dy3+single crystals were polished
for the optical measurements. The optical absorption spectrum
was performed using Jascco V670 spectrometer by wavelength
scanning from 300 nm to 2000 nm. The photoluminescence (PL)
and excitation spectra were recorded by Fluorolog-3 spectropho-
tometer, model FL3-22, Horiba Jobin Yvon. For the measurement
of fluorescent lifetime, a laser excitation was provided by the third
harmonic of 355 nm of a pulsed Nd:YAG laser, model GCR-230,
Spectra Physics. Pulse duration and energy were approximately
5 ns and 0.35 J, respectively. The emission from the sample was
collected by quartz lens and detected into optical system for fluo-
rescent lifetime measurement. The R928 photomultiplier, Ham-
amatsu and MSO2000 oscilloscope, Tektronix were used for this
measurement. The PMT signal was averaged on a digital oscillo-
scope and processed with a computer. All the measurements were
performed at room temperature.

3. Judd–Ofelt theoretical background

The Judd–Ofelt (JO) theory was shown to be useful to character-
ize radiative transitions for RE-doped solids and to estimate the
intensities of the transitions for rare-earth ions [9,15–18]. This the-
ory defines a set of three intensity parameters, Xk (k = 2, 4, 6), that
are sensitive to the environment of the rare-earth ions. The JO
parameters are used to predict the radiative properties of excited
states of Ln3+ ion such as transition probabilities (AR), radiative
lifetime (iR), branching ratios (bR), and stimulated emission
cross-sections (rkp). The details of this theory were shown in
previous reports. The Judd–Ofelt analysis is an effective tool to
study the compositional dependence of the spectroscopic parame-
ters of the Dy3+ ions and to design the desired phosphors.

According to the JO theory [19], the electric dipole oscillator
strength of a transition from the ground state to an excited state
is given by

fcal ¼
8p2mcm

3hð2J þ 1Þ �
ðn2 þ 2Þ2

9n

X
k¼2;4;6

XkhWJkUkkW0J0i2 ð1Þ

where n is the refractive index of the material, J is the total angular
momentum of the ground state, Xk are the JO intensity parameters
and kUkk2 are the squared doubly reduced matrix of the unit tensor
operator of the rank k = 2, 4, 6 are calculated from intermediate cou-
pling approximation for a transition wJi !j jw0J0i.
Fig. 1. The absorption spectra of K2GdF5:Dy3+ crystal (a) in the ra
The oscillator strengths, fexp, of the absorption bands were
determined experimentally using the following formula [20]

fexp ¼ 4:318� 10�9
Z

aðmÞdm ð2Þ

where a is molar extinction coefficient at energy m (cm�1). The a(m)
values can be calculated from absorbance A by using Lambert-Beer’s
law

A ¼ aðmÞcd ð3Þ

where c is concentration [dim: L�3; units: moll�1], d is the optical
path length [dim: L; units: cm].

The oscillator strength of the various observed transitions are
evaluated through Eqs. (1) and (2). A least squares fitting approach
is then used for Eq. (2) to determine Xk parameters which give the
best fit between experimental and calculate oscillator strength.

4. Results and discussion

4.1. Absorption and emission spectra

Absorption spectra of Dy3+-doped K2GdF5 crystal in two bands
of wavelength 300–400 nm and 700–1400 nm were showed in
Fig. 1. There are 12 observed absorption peaks at 310, 322, 346,
361, 380, 388 nm in ultra-violet band and 790, 880, 1057, 1089,
1255, 1301 nm in near-infrared band, which are attributed to tran-
sitions from 6H15/2 ground state to 4L19/2, 6P3/2, 6P7/2, 6P5/2, 4I13/2,
4F7/2, 6F5/2, 6F7/2, 6H7/2, 6F9/2, 6F11/2, 6H9/2 higher excited states in or-
der of increasing wavelength, respectively, of Dy3+ ions. The energy
of these absorption transitions of Dy3+ion in K2GdF5 host are also
compared with Dy3+-diluted acid solution (aqua-ion) system [21]
and shown in Table 1.

As shown in Fig. 2, which illustrates the emission spectrum
using the 365 nm excitation wavelength of xenon lamp source,
three emission bands at 485, 575 and 667 nm which are attributed
to transitions from 4F9/2 to 6H15/2, 6H13/2 and 6H11/2 states, respec-
tively, of Dy3+ions. But among of them, the yellow (Y) band
(575 nm) corresponds to the hypersensitive transition 4F9/

2 ?
6H13/2, and the blue (B) band (485 nm) corresponds to the

4F9/2?
6H15/2 transition are the dominant bands in the emission

spectrum. It is worth pointing out that, the intensity of the Y-band
depends much more on the X2 and X6 intensity parameters than
on the X4 one, because the values of the reduced matrix elements
of rank 2 and rank 6 for this transition are 0.0512 and 0.0573,
respectively, whereas that of rank 4 is only 0.0172. On the other
hand, the intensity of the B-band depends practically only the
nge of ultra-violet light and (b) in the range of near infrared.



Table 1
Energy transitions (m), bonding parameters (d), the experimental (fexp) and calculated (fcal) oscillator strengths for K2GdF5:Dy3+ crystal.

Transition 4H15/2? mexp (cm�1) maquo (cm�1) fexp (�10�6) fcal (�10�6)

6H9/2 7686 7700 1.44 0.54
6F11/2 7974 7700 2.70 4.03
6F9/2 9199 9100 1.34 3.08
6H7/2 9451 9100 0.66 0.14
6F7/2 11,350 11,000 1.75 3.02
6F5/2 12,642 12,400 1.10 1.51
4F7/2 25,680 25,800 0.26 0.26
4I13/2 26,125 25,800 0.67 0.61
6P5/2 27,700 27,400 1.06 0.67
6P7/2 28,830 28,550 2.83 2.38
6P3/2 31,055 30,892 1.01 1.18
4L19/2 32,154 32,187 0.45 0.17

�b ¼ 1:014; d ¼ �1:38 rms = 0.94 � 10�6

Fig. 2. The emission spectrum of K2GdF5:Dy3+crystal.
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kU6k2 = 0.0303, because kU2k2 = 0 and kU4k2 = 0.0049 (see Table 5
in Ref. [14]). Therefore the intensity ratio of yellow emission–blue
emission (Y/B) should increase when the X2 value increase [14,22],
consequently it is influenced by site asymmetries and electro-neg-
ativities of the ligand ions [23,24].

The yellow–blue (Y/B) intensity ratio is especially interested for
lighting technology because the line linking the yellow and blue
wavelengths in the CIE 1931 chromaticity diagram usually passes
through the white light region. Therefore, the chromaticity coordi-
nates of the phosphors containing Dy3+ can be adjusted to the
white light zone by adjusting to a suitable Y/B ratio [25,26]. In
our experiment, under 365 nm UV excitation, yellow and blue
emission bands are observed in the emission spectrum, which pre-
sents the chromaticity coordinates (x = 0.275, y = 0.292) and lo-
cates in the white light region of the CIE 1931 chromaticity
diagram.

It is interesting to note that, in our sample, the calculated Y/B
intensity ratio is roughly 1.9 times larger than the corresponding
obtained our experimental values (Table 4). This large discrepancy
is observed also in many other fluorides compounds [22]. It is evi-
dent for example that, for the materials with low X2 parameter, the
Judd–Ofelt approach could quantatively overestimate the relative
intensity of the yellow emission with respect to that of the blue
one [22].

On the basis of 30 energy levels recorded in absorption, emis-
sion and excitation spectra some considerations have been used
for the experimental energy level assignment: first of all, these
spectra are characterized by a strong inhomogeneous broadening
of the disordered structure therefore some discrepancy was ob-
served between the absorption and emission lines. Then, the rare
earth ion being located in a low symmetry site C2v, some levels
should be split into many sub-levels which have many different
barycenters. Finally, according to the energy diagram of Dy3+ ions
[20], the transitions are assigned. The wavelengths corresponding
to the transitions are listed in Table 3.

4.2. Energy transfer between Gd3+ and Dy3+ions

The UV excitation spectra of the Dy3+ emission at the wave-
lengths 575 nm and 485 nm of the K2GdF5:Dy3+ crystals are shown
in Fig. 3. Two narrow lines peaking at 254 nm and 273 nm are ob-
served in the UV-side, which correspond to the transitions from the
ground state 8S7/2 of Gd3+ ion to its excited states 6DJ (J = 7/2, 9/2)
and 6I11/2 respectively [27]. These lines are not observed in the
excitation and absorption spectra of the Dy3+-doped samples with-
out Gd3+ component [28,29]. This implies that energy transfer from
Gd3+ to Dy3+ ions occurred in this crystal. Consequently, the lumi-
nescence of Dy3+ ions in K2GdF5 could be strongly excited by the
additional light with 254 nm and 273 nm wavelengths.

4.3. Bonding characteristic, J–O parameters

The bonding parameter (d) is defined as d ¼ ½ð1 � �bÞ=�b� � 100
[15,16], where �b ¼ ð

P
bÞ=n and b (nephelauxetic ratio) = mc=ma, mc

and ma are energies of the corresponding transitions in the complex
and aqua-ion [11], respectively, and n is refers to the number of
levels that are used to compute �b values. The bonding parameter
depends on the environmental field; d can be received the positive
or negative value indicating covalent or ionic bonding. In our sam-
ple, the values of �b and d bonding parameter are 1.014, �1.38,
respectively. Thus, in this case the bonding of Dy3+ ions with the
local host is ionic bonding.

The experimental (fexp) oscillator strengthss of twelve absorp-
tion bands were determined using Eq. (1) and the absorption
spectrum of the K2GdF5:Dy3+ crystal, as shown in table 1. All these
absorption bands have been analyzed using JO theory and were
least squared fitted to yield the best fit values for the JO parameters
X2, X4 and X6. The reduced matrix elements were taken from
Jayasankar et al. [14]. The accuracy of the fit is given by the rms
deviation between the experimental (fexp) and calculated (fcal)
oscillator strengths. In our case, the best-fitted JO parameters are
X2 = 2.51 � 10�20 cm2, X4 = 0.94 � 10�20 cm2 and X6 = 2.12 �
10�20 cm2 with the rms deviation of 0.94 � 10�6. In comparison
to other host lattices, as presented in Table 2, the X2 value of our
crystal is smaller than that of the different hosts. According to
the JO theory, the Xk parameters are determined by formula



Table 2
The JO parameters for Dy3+ doped various hosts.

Host matrix X2 (�10�20 cm2) X4 (�10�20 cm2) X6 (�10�20 cm2) Refs.

K2GdF5:Dy3+ 2.51 0.94 2.12 Present
K2SO4–ZnSO4–B2O3 52.44 5.80 6.81 [14]
ZnSO4–B2O3 34.48 3.06 9.12 [14]
Li2SO4–ZnSO4–B2O3 21.01 8.13 7.54 [14]
Na2SO4–ZnSO4–B2O3 16.82 9.45 6.50 [14]
GeO2–B2O3–ZnO–LaF3 15.73 2.46 5.49 [17]
PbO5–K2O–BaO–AlO3–AlF3 12.3 2.67 2.30 [15]
SiO2–Al2O3–LiF–GdF3 4.53 0.66 2.40 [17]
PbO–PbF2 2.13 2.10 1.0 [16]
KY3F10 1.55 1.81 1.63 [22]
LiLuF10 2.04 0.91 1.09 [22]
BaY2F8 1.52 2.33 3.67 [33]
LiYF4 2.01 1.34 2.39 [35]

Table 3
Transition energies (m), radiative transition probabilities (Sed, Smd, A and AT), radiative lifetime (iR) and branching ratios (bR) for excited levels.

SLJ S0L0J’ m (cm�1) Sed (�10�40 cm2) Smd (�10�40 cm2) A (s�1) bR (%)

4F9/2
6F1/2 7291 0.01 0 0.03 0
6F3/2 7902 0.01 0 0.08 0.01
6F5/2 8556 0.41 0 2.85 0.29
6F7/2 9946 0.26 0.40 3.39 0.48
6H5/2 10,900 0.14 0 1.91 0.57
6H7/2 11,963 0.58 0.18 11.1 1.84
6F9/2 12,066 0.19 0.16 3.98 0.67
6F11/2 13,258 0.41 0.02 10.40 1.75
6H9/2 13,398 0.35 1.65 14.20 2.39
6H11/2 15,209 0.77 0.31 30.80 5.17
6H13/2 17,628 6.13 0 358.00 60.00
6H15/2 21,182 1.59 0 160.25 26.80

AT(4F9/2) = 596 s�1; iR(4F9/2) = 1.68 ms
6F5/2

6F7/2 1390 3.05 20.60 0.29 0.03
6H5/2 2344 7.98 0.01 1.83 0.16
6H7/2 3407 33.20 0 21.30 2.15
6F9/2 3510 2.72 0 1.88 0.19
6F11/2 4702 5.64 0 10.50 1.08
6H9/2 4842 23.50 0 44.60 4.59
6H11/2 6653 11.70 0 60.40 6.22
6H13/2 9072 18.60 0 238.00 24.50
6H15/2 12,626 17.10 0 592.00 61.00

AT(4F5/2) = 971 s�1; iR(4F5/2) = 1.03 ms
6F11/2

6H9/2 29 27.20 1.19 0 0
6H11/2 1908 45.40 0.59 2.80 0.79
6H13/2 4259 62.10 1.28 42.70 11.70
6H15/2 7779 81.60 0 341.00 87.5

AT(4F11/2) = 387 s�1; iR(4F11/2) = 2.59 ms
6H9/2

6H11/2 1879 24.20 36.00 2.03 2.52
6H13/2 4230 25.10 0 20.20 27.20
6H15/2 7750 10.20 0 50.6 70.20

AT(4H9/2) = 72.9 s�1; iR(4H9/2) = 13.7 ms
6H11/2

6H13/2 2351 23.80 32.80 3.22 4.40
6H15/2 5871 38.20 0 68.70 95.6

AT(4H11/2)=71.9 s�1; iR(4H11/2) = 13.9 ms
6H13/2

6H15/2 3520 56.70 22.30 23.00 100
AT(4H13/2) = 23 s�1; iR(4H13/2) = 43.4 ms

Table 4
Emission peak positions (kp), effective line width (Dkeff), radiative transition probabilities (A), branching ratios (bexp), stimulated emission cross-section r(kP) and integrated
emission cross-section (Rif) for 4F9/2 ? 6HJ transitions of Dy3+:K2GdF5 crystal.

4F9/2? kp (nm) Dkeff (nm) A (s�1) r(kp) (�10�22 cm2) Rif (�10�18 cm) bR (%)

Exp Cal

6H11/2 667 16.94 30.80 1.90 0.07 2.34 5.17
6H13/2 577 15.84 358.00 13.6 1.04 53.23 60.00
6H15/2 485 14.61 160.00 3.60 0.23 44.43 26.80
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Fig. 3. The excitation spectra of the Dy3+:K2GdF5 crystal at the emission wave-
lengths 575 nm (a) and 485 nm (b).

Fig. 4. Decay profile of the room temperature emission from the 4F9/2 level of 10%
Dy3+-doped K2GdF5 crystal.
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Xk ¼ ð2kþ 1Þ
X
p;s

jAspj2N2
ðs;kÞð2sþ 1Þ�1 ð4Þ

where Asp are the sets of odd-parity terms of the crystal field and
where Nðs;kÞ represents a complicated sum over all excited configu-
rations of terms, containing factor like

h4f jrjnlihnljrsj4f i
DEðnlÞ

where DEðnlÞ are the energy difference and h4f jrkjnli are the radial
integrals between the 4f N and the excited 4f N�1nl1 configurations.
The most important contribution to the mixing of wavefunctions
with odd-parity is the 5d orbital [30].

It is worth to point out that, the contribution of the radial inter-
grals to Xk strongly increases with increasing k value, since larger k
takes larger s (s = k � 1) [24,27]. Therefore, the X6 is more influ-
enced by changes in the radial integrals h4f jrsj5di whereas the X2

is more sensitive to the local environment of the RE ions and is of-
ten related with the asymmetry of the local crystal field and by
changes of the energy difference between the 4f N and 4f N�15d1

configurations [15,16,23,27].
It is well-known, the K2LnF5 phases with Ln = Y, Nd. . .Lu crystal-

lize in the orthorhombic system [31]. The LnF7 polyhedra form
chains parallel to c-axis of structure. The small values of X2 in this
system indicate that the Dy3+ ions occupy ionic sites with small
distortions from orthorhombic system. In our case, the F�1 ions
have high electronegative (�4, in Pauling scale), therefore the
Dy3+–F�1 bond has the small covalence (d < 0), so the DE = E(4fN)–
E(4fN�15d) is large. This also is a main reason to explain for the
reduction of the X2 values in the fluoride compounds.

4.4. Fluorescence properties

The radiative properties such as the electric (Sed) and magnetic
(Smd) dipole line strengths, the radiative transition rates (AR), radi-
ative lifetime (sR), branching ratios (bR) were calculated by using JO
parameters for six excited levels. The results were showed in
Table 3.

From the emission spectrum of K2GdF5:Dy3+, the emission peak
positions (kp), effective line width (Dkeff), calculated radiative
transition probabilities (A), measured branching ratios (bexp), stim-
ulated emission cross-section r(kP) and integrated emission cross-
section (Rif) were calculated for 4F9/2 ?

6HJ (J = 15/2, 13/2, 11/2)
transitions. The results were displayed in table 4.
Murthy et al. [32] reported that the luminescence branching ra-
tio characterizes the possibility of attaining stimulated emission
from any specific transition, so it is a critical parameter to the
laser designer. In this work, the predicted branching ratio of
4F9/2 ?

6H13/2 transition get a maximum value and be 60.0% where
as the measured ratio is 53.2%. Thus there is a good agreement
between experimental and calculated branching ratios.

The experimental luminescence decay is presented in Fig. 4. The
measured and calculated lifetime of 4F9/2 level is 1.04 ms and
1.68 ms, respectively. The comparison with other fluoride com-
pounds indicates that, this difference is not so large as that was
reported by Bigotta et al. [22] but is similar with the values pub-
lished by Parisi et al. [33]. In any case, this discrepancy between
the measured and calculated lifetime indicates that the non-
radiative processes are not negligible and they reduce the quantum
efficiency of the luminescence progress. The luminescence quan-
tum efficiency of the fluorescent level is defined as the ratio of
the measured lifetime to the calculated lifetime by JO theory,
g = smes/sR. In this case, the luminescence quantum efficiency is
61.9%. This relatively high value together with the slightly non-
exponential decay profile in Fig. 4 indicates that the non-radiative
processes are not too strong even at high-doping level of this
material. This non-exponential character of the decay curve could
be originated from the concentration quenching. Because of the
low phonon energy of the fluoride compounds [30] and the large
energy separation between the 4F9/2 and 6H13/2 manifolds (about
7300 cm�1) the multiphonon relaxation between these manifolds
is negligible. Therefore the main origin for the non-radiative
processes may be attributed to the energy transfer between the
activators. The similar behavior is observed also for Dy3+ in other
host [34].

Besides, the integrated emission cross section, Rif, the stimu-
lated emission cross-section, r(kP), are important parameters that
affects the potential laser performance and its value signifies rate
of energy extraction from the lasing material [6,15–17]. When
the integrated emission cross section is greater than 10�18 cm, la-
ser emission is probable if the upper state displays a proper life-
time, that is, if it has high quantum efficiency. In our case, with
the 4F9/2 ?

6H13/2 transition, the integrated emission cross-section
is 1.04 � 10�18 cm.

It is found that 4F9/2 ?
6H13/2 transition exhibits maximum

r(kP) (13.6 � 10�22 cm2). The large values of branching ratio,
integrated emission cross section, luminescence quantum
efficiency and stimulated emission cross section suggest that the
4F9/2 ?

6H13/2 transition can give rise to lasing action.
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5. Conclusions

In summary, this work investigates a detailed picture of the
spectral characteristics of Dy3+ ions in K2GdF5 crystal. The experi-
mental and calculated oscillator strengths of absorption transitions
of K2GdF5:Dy3+ were investigated. The intensity parameters (Xk)
and predicted radiative lifetime (iR), branching ratios (bR) were
determined using JO theory The bonding of Dy3+ ions with the
K2GdF5 local host is ionic bonding and the coordination structure
surrounding the RE ion has high symmetry were confirmed by
the negative value of bonding parameter d and the small value of
intensity parameter X2. The energy transfer effect was appeared
between Gd3+ and Dy3+ in K2GdF5 host. This material is a promising
material in the efficient laser, white fluorescence lamp.
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