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ABSTRACT

PREPRINT

In this paper we will be presenting JOES (Judd-Ofelt from Emission Spectra), an application software for cal-culation of the Judd-Ofelt intensity parameters and
derived quantities from the emission spectra of Eu>* doped materials. The program is written to be user friendly and it requires no previous experience in the field of
study. This Free and Open-Source program written in JAVA, works on Windows, Linux and MAC OS operating systems. Program has been tested on three europium
doped oxides with good luminescent properties: TiOy:Eu®", ZrO,:Eu®* and Nb,Os:Eu®*. We wish to give to the researchers this theoretical tool which can make the

cal-culations easier, faster and more reliable.

1. Introduction

The rare earth elements (RE) have properties that are re-
volutionizing modern science, technology and everyday life [1]. The
main interest in RE lies in their photoluminescent (PL) properties, and
the number of research papers on lanthanides shows an overall growing
trend (see Fig. 1), with an exponential growth in the number of research
papers investigating their application.

From the absorption or luminescence spectra, Judd-Ofelt theory
(JO) has the ability to predict oscillator strengths, luminescence
branching ratios, excited state radiative lifetimes, and estimates of
quantum efficiencies, by using only three parameters. Thus, it has be-
come a centerpiece in RE optical spectroscopy [2]. Unfortunately, the
theory itself is complex, and the calculation by hand is a cumbersome
process that can be easily overcome with an appropriate application
software.

The usual way for calculating JO parameters of solids with doped
trivalent RE ions is with the absorption spectra, and it involves a
complicated algorithm, best described in Ref. [2], and supported by the
RELIC application software [3].

Europium is unique among RE elements in a way that JO analysis
can be done with the emission as well as with the absorption spectra.
Apart from the simpler algorithm, PL methods are 3 orders of magni-
tude more sensitive than in absorption spectroscopy [4]. LUMPAC is a
software package that can calculate JO parameters from the emission
spectra, but it is limited to only two intensity parameters and it lacks

the ability to calculate many JO derived quantities [5]. Recently, simple
scripts using the MathCad 14° program have been presented from
which one can easily obtain the Q, and 4 experimental intensity
parameters by using the areas under the emission curves and energy
barycenters of the °Dy — “F, and ’F, transitions using the magnetic
dipole °D, — ”F; one as the reference. However, MathCad 14" program
is a commercial software and operates only on MS Windows. To over-
come these limitations, the JOES software was created. Containing the
vast database of refractive indexes, it requires only a single file to cal-
culate Judd-Ofelt intensity parameters, branching ratios, radiative
transition probabilities, barycenter energies, nonradiative transition
probability, lifetimes, cross-sections, quantum efficiency and sensitiza-
tion efficiency.

In the next section the JO theory for the emission spectra of Eu®™*
doped materials is briefly reviewed. Section 3 gives information on how
the software uses the theory for calculations and is a short introduction
into its user interface (UI). Section 4 presents the results obtained from
the emission spectra of three different hosts, doped with different
concentrations of europium. Finally, the last section presents the ad-
ditional information that can be obtained from the emission spectra of
europium doped compounds by JOES application software.
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Fig. 1. A number of papers found for the search term using Google Scholar,

published in the 5-year intervals [31].
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Fig. 2. Transitions from the first excited level to the ground level of europium.

2. The theory
2.1. JO parameters

The uniqueness of europium lies in its magnetic dipole (MD) tran-
sition, ®Dy — “F,, which dipole strength is independent on the en-
vironment. Thus, it can be calculated exactly and used as a reference for
transitions originating from ®Dg [6,7] (1 esu = N~>2 cm):

Dyp = 9.6:1074 esu? cm? = 9.6-107° Debye? 1)

Another uniqueness is that all the reduced matrix elements,
[J] |U’1|J’)|2 abbreviated as U, for electric dipole (ED) transitions origi-
nating from °Dy level are zero, except to the levels ’F,, where A = 2, 4,
6 [8]: U? = 0.0032, U* = 0.0023, U® = 0.0002. One should note that
there is a dispute in the scientific community regarding a value of the
squared reduced matrix element of the unit tensor operator U° since
Carnall et al. did not assign any value for this reduced matrix element in
their tables. Here, we have calculated 0.0002 value for U® using the
RELIC software [2,3] for average values of Slater's integrals and s-o
parameters (F, = 381 em™}, Fy, = 56cm™ Y, Fg = 6cm ™, and
z = 1331 cm™1). The same result has been obtained by Dejneka et al.
[22] when analyzing Eu®>* emission in fluoride glasses. Then, the cal-
culation of JO parameters from the ratio of the integrated intensities of
transitions °Dy — ’F, and MD transition °Dy — “F; can be accomplished
from [9]:
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Fig. 3. The flow chart of the steps and requirements for the calculation of JO
and derived quantities. Red - experimentally obtained quantities, Blue - steps,
Green — derived quantities (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.).

:

where J, = [ I,(9)dV is integrated intensity of the transition °Dy — “F,,
and ¥, is the average wavenumber in cm™?, the barycenter of the
transition to the ’F, level: ¥, = _/'171,((7)1117/],{, where k = 1, 2, 4, 6.
As the refractive index, n, is wavelength dependent, its value should
be taken from the Sellmeier's equation or measured at the exact wa-
velength or wavenumber that corresponds to the barycenter: n,=n(%).

2.2. Radiative transition probabilities

Dipole strengths for ED transitions, for the unique case of Eu®*, are
given by D, = e2Q; U%, where e = 4.803-10° esu is the elementary
charge. Now radiative transition probabilities, A, can be calculated
from JO parameters [10,11]:

64703 m (nF+2)*

Ay = ——F—Dpp, A =
Y g T gy
where h = 6.63107% ergs is the Planck constant (1 erg = 10> N cm).

Note that in JO model ACD, — "F,J =0, 3, 5) =0, since those
transitions are forbidden (see Fig. 2). Thus, the total radiative transition
is given by: Ag = Y Ay.

ny Uvp 3)

2.3. Derived quantities

Derived quantities from JO theory provide the information about
the practical applicability of the investigated material. Quantities cal-
culated here are: radiative lifetime, branching ratios, stimulated emis-
sion cross section, luminescence quantum efficiency, optical gain,
quantum yield and the sensitization efficiency.

The lifetime is the time after which the population of an excited
state has decayed to 1/e, or 36.8%, of the initial population. Higher
emission probabilities and more frequent transitions from a level lead to
faster decay and shorter lifetimes. The calculated radiative lifetime is
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Fig. 4. (a) UI of JOES, (b) UI for calculation and graphical plot of CIE 1931 and CIE 1976 chromaticity coordinates.
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Fig. 5. Evolution of PL spectra of Eud* doped (a) Nb,Os, (b) TiO5 and (c) ZrO,
hosts, at various PEO times, excited at 464 nm.

equal to the inverse of the total radiative lifetime: B = A,/Y A,.
Experimentally observed lifetime, 7,5, takes into account both radia-
tive and non-radiative rates, and is given by: 1/7,,s = Ag + Ang. It can
be determined from the emission intensity decay following pulse ex-
citation, i.e. by the time-domain method [12]. The width of the pulse
should be shorter than the lifetime of the excited state. For lifetime
measurements of Eu compounds typically a microsecond flash lamp is
used, at wavelength obtained from the excitation spectra. In the case of
single-exponential decay, intensity is equal to: I(¢) = I(0)exp(—t/Tobs)-

The observable lifetime can now be calculated from the slope of a
plot of In I(t). In case that the decay curve is not single-exponential, the
lifetime can be numerically evaluated with the average lifetime [6]:
Tovs = Jo L (0)dt/ fi7T(8)dt.

Theoretical radiative lifetime can obtained directly from the spec-
trum, and is given by [13]:

o _ MR
14.65 Jiot C)]

rad —

However, note that this is just a theoretical model for which the real
values might slightly vary, and the two values for the radiative lifetime
should be compared.

Branching ratios can be used to predict the relative intensities of all
emission lines originating from a given excited state [14]. Theoretical
branching ratio is obtained from the JO theory: 8 = 4,/ A,.

These branching ratios do not include transitions other than to “F,,
and this is justified by the analysis that indicates that these transitions
“borrow” their intensity from the hypersensitive transition through
higher order perturbations of the crystal field [15]. Branching ratios can
also be obtained directly from the emission spectra as a ratio of in-
tegrated intensities: 8 = J/Jiot.

The two types of branching ratios should be compared. Emission
level with 8 > 50% is a potential laser emission transition [2]. The
most important parameter determining the potential laser performance
is the stimulated emission cross section, given by [7,14,16]:

4
/1;, max I,
x

87rcn§ S L.dA )

Ox (lp) =

where A, is the wavelength of the peak , and n, is the refractive index
at Ay,

Luminescence quantum efficiency (or intrinsic quantum yield), 7, is
by definition the ratio of the number of photons emitted to the number
of photons absorbed. For RE ions it is also equal to the ratio of the
observed lifetime to the radiative lifetime [9]:

_ Tobs
Trad (6)

Overall quantum yield, ®, can be determined if the quantum yield
of the investigated sample is compared with that of a reference sample,
e.g. Y,05:Eu®*. The knowledge of @ can give us the sensitization effi-
ciency: fg,s = /1.

To obtain the desired derived quantity it is necessary to follow the
algorithm presented in Fig. 3.

Finally, one should note that JO analysis accounts only the forced
electric dipole mechanism contributions when calculating non-radiative
energy transfer rates (not considering the polarizability dependent dy-
namic coupling mechanisms). Therefore, one should be aware of the
importance of theoretical calculations based on structural data, crystal
field and dynamic coupling models, as is the case with the LUMPAC
software [5].

3. Application software
3.1. Refractive index

For better accuracy the refractive indexes should be obtained at the
wavenumber of the peak's barycenter instead of applying the constant
value for all transitions [7]. Unless a user enters the values manually,
the program takes refractive indexes in two forms: Sellmeier's equations
or calculated numerically, from values obtained from the refractive
index database [17].

3.2. Derived quantities

Equations for radiative transition probability in the simplest form
are:

Ay = 8.034-10%573 1y (3 +2)*Q, U )
A; = 3.009-1071293n} (8)

The equation for cross sections in cm?, which is the function of the
wavelength, given in nm, is:

4
Ap max I, A,1073

(Ap) =
() = 33584 mnl [i.di-1077 )
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Table 1

JOES output data for TiO,:Eu®*, ZrO,:Eu®" and Nb,Os:Eu®* at various PEO times.
Host ZrO, TiO, Nb,Os
PEO time [min] 10 5 3 10 5 3 10 5 3
Concentration [%] 0.44 0.33 0.17 0.34 0.20 0.15 1.42 1.11 0.62
Q,10%° [em?] 4.836 4.645 4.567 5.692 5.453 5.295 6.124 5.810 4.677
Q410%° [em?] 1.306 1.857 4.812 0.972 1.069 0.963 1.022 1.350 2.712
Bexp Do — 7F1) 0.174 0.169 0.130 0.161 0.164 0.169 0.156 0.155 0.156
Bexp Do — F2) 0.606 0.565 0.426 0.726 0.706 0.709 0.734 0.696 0.560
Bexp CDo — 7F4) 0.078 0.108 0.217 0.058 0.065 0.060 0.058 0.076 0.155
B Do — 7Fy) 0.202 0.200 0.168 0.170 0.175 0.180 0.164 0.167 0.179
B CDo — "F2) 0.705 0.670 0.550 0.767 0.754 0.754 0.774 0.749 0.642
Bin Do — "F4) 0.091 0.128 0.280 0.061 0.069 0.064 0.061 0.082 0.177
A(°Dg — 7F) [s71 143.58 143.48 143.59 200.07 200.46 200.39 183.28 183.35 183.68
A (°Dg — "Fy) [s71] 499.21 479.06 469.58 899.43 861.83 837.27 863.23 819.23 658.36
A (Do — "Fy) [s71] 64.54 91.96 239.30 72.26 79.63 71.63 68.07 90.22 182.27
v (Do — 7Fy) [em '] 16,811 16,807 16,811 16,881 16,892 16,890 16,883 16,886 16,896
v (°Dg — "F2) [em '] 16,172 16,167 16,151 16,228 16,229 16,231 16,232 16,234 16,226
v (°Dg = 7F,4) [em™'] 14,211 14,219 14,239 14,330 14,339 14,333 14,323 14,336 14,363
Tt [ms] 1.186 1.151 0.885 0.797 0.812 0.838 0.841 0.841 0.844
Teale [MS] 1.413 1.399 1.173 0.853 0.875 0.901 0.971 0.915 0.976
Tobs [ms] 0.883 0.869 0.812 0.578 0.587 0.588 0.506 0.506 0.551
o (°Dg — 7F1)10%2 [em?] 5.336 5.623 5.485 3.587 3.456 3.516 3.422 0.449 0.757
o (°Dg = 7F3)10%2 [em?] 15.118 14.693 13.554 23.731 22.565 22.504 25.241 3.182 4.487
0 (°Dy — "F4)10% [em?] 3.034 3.830 6.702 2.628 2.639 2.562 2.634 0.502 1.019
n 0.744 0.754 0.917 0.724 0.722 0.700 0.601 0.602 0.653
Asymmetric ratio 3.756 3.607 3.541 4.859 4.665 4,552 3.756 3.607 3.541
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Fig. 6. CIE 1976 chromaticity diagram with PL plot of all three compounds
given in various Eu®* concentrations.

3.3. Ul

The UI of JOES is presented in Fig. 4. After the input of the comma
separated value (CSV) file, with points obtained from the spectro-
fluorometer (the CSV file can be exported from the Origin [18]), the
graph and the table of intensities vs. wavelengths appear in the Input
Data Preview panel. The user is asked to choose the material from the

database with over 150 entries, or to manually input the refractive
indexes in the table.

In the main table, peak bounds must be entered for all but the >Dy —
7Fe transition, since it lies outside the visible spectrum and is very weak
in many materials. The inputs for the Overall Quantum Yield and the
Observable Lifetime are optional entries and are required only for cal-
culations of the derived quantities. A complete set of results the pro-
gram outputs to a text file. Instructions are provided in more detail in
the help file within the application software.

4. JO analysis of TiO,, ZrO, and Nb,O5 doped with Eu®*

Testing samples are prepared by the plasma electrolytic process
(PEO), described in detail in Refs. [19-21], from the thin foils of pure
Ti, Zr and Nb. The thin film of doped oxide forms on the foil surface.
Various concentrations of doped europium are provided with the dif-
ferent PEO process time. The corrected spectra, presented in Fig. 5. is
recorded by Fluorolog-3 Model FL3-221 spectrofluorimeter system
(Horiba-Jobin Yvon), excited with OPO laser at 464 nm, and recorded
by a CCD detector. The transition to the “Fq level is not observed in any
of the spectra.

The data from JOES application software is presented in Table 1.
The calculated data gives the information about the luminescent and
structural properties of the material, which is the discussion beyond the
scope of this paper. JO parameters and the derived quantities obtained
from the absorption spectrum are generally accepted to be accurate
within 20% [22,23], from the emission spectrum within 10% [6]. By
comparing the calculated with theoretical values for the branching ratio
and radiative lifetime, it is evident that they match within the desired
10% for all three samples, which is an indication of the accuracy of the
JOES application software.

5. Additional features
Additionally, JOES application software can determine chromaticity

from spectrum or exploit the Eu®" ability to be used as a spectroscopic
probe to determine the site symmetry.
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5.1. Spectroscopic probe

By counting the number of crystal-field components that can be
observed for the transitions >D, — ”F;, the point group symmetry of the
Eu®* site can be determined, as described by K. Binnemans and C.
Gorller-Walrand in Ref. [24]. The user needs to enter the number of
observed peaks for the given terminal state and the program output will
provide the possible point group symmetry.

The problem with the site symmetry identification often arises due
to the overlapping of the peaks. Often the weaker overlapping peak
appears as a shoulder to the more intense peak. The other complication
arises because of the overlapping with the transitions from higher ex-
cited states. This problem can be resolved by time-gated spectroscopy
or by measuring at lower temperatures. Multiple symmetries in the
program output mean that the information on the polarization of the
transitions is required to assign a particular symmetry group, which is
beyond this project's scope.

The asymmetric ratio gives a measure of the degree of distortion
from the inversion symmetry of the local environment of the Eu®* ion
in a matrix [25]. It is equal to the ratio of integrated intensities of the
hypersensitive and magnetic dipole transitions [26]. As the Eu®>* con-
centration increases, more lattices become deviated and lose symmetry.
In all three hosts investigated in this paper, the asymmetric ratios cal-
culated by JOES increase with increasing Eu®>* concentrations, as
predicted by the theory.

5.2. Chromaticity

After the spectrum data has been loaded into the JOES application
software, the calculation of the Commission International De I-
Eclairage (CIE 1931 and CIE 1976) coordinates are evaluated and
plotted (Fig. 6.). The color matching curves are approximated as given
in Ref. [27] and calculated as explained in Refs. [28,29].

From the spectra of the Eu®* doped TiO,, ZrO, and Nb,Os, it is
evident the existence of the chromatic shift towards higher wavelengths
proportional to the europium concentration. The similar results are
reported in Ref. [30]. These results indicate that all three materials can
be used as a red phosphor for LED or display applications.

6. Conclusion

JOES is the complete package for calculation of Judd-Ofelt para-
meters and derived quantities from the emission spectra of europium
doped compounds. To our knowledge, it is the only application soft-
ware that facilitates the complete study of this type, and is available
free of charge (with the only obligation, if used, to reference to this
paper) at the web site: https://sites.google.com/view/juddofelt/, as
well as its source files. To our knowledge, until now, there has been no
Judd-Ofelt analysis on the materials prepared by the PEO process. The
results obtained for the three investigated samples stand as the guar-
antee of the accuracy of the calculated results.

This computational tool brings the power of the Judd-Ofelt theory
without the necessary theoretical knowledge, and we offer it to the
other experimental research teams interested in luminescent systems.
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