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Computational and experimental method is employed to study optical properties SrAl2O4 induced by

europium dopant. Atomistic modeling is used to predict the doping sites and charge-compensation

schemes for SrAl2O4:Eu systems and also to calculate the symmetry and the detailed geometry of the

dopant site. This information is then used to calculate the crystal field parameters. SrAl2O4 doped with

europium were prepared via a sol–gel proteic methodology. The photoluminescence experiments were

performed at room temperature and at 13 K. The transition energy for the Eu3þ-doped material is

compared to the theoretical results. Based on Judd-Ofelt approach, the intensity parameters O2,4 of

Eu3þ in the SrAl2O4 matrix were calculated.

& 2011 Elsevier B.V. All rights reserved.
1. Introduction

Strontium aluminates have attracted intense research, since
they have interesting optical properties, of which the long last-
phosphorescence is one of the most studied one due to technologic
application [1]. This property is observed when the strontium
aluminates are doped and double-doped with rare earth ions.
Strontium aluminates have different crystallographic structures
depending on the SrO:Al2O3 ratio. Most of them exhibit long last-
phosphorescent when doped with rare earth, for example:
Sr4Al14O25:Eu2þ , Dy3þ , B3þ [2], SrAl4O7:Eu2þ , Dy3þ [3], SrAl12

O19: Eu2þ , Sr2Al6O11:Eu2þ [4]. The SrAl2O4:Eu2þ , Dy3þ , B3þ [5,6]
is the system that is reported in the literature as having the longest
and the most efficient phosphorescence.

SrAl2O4 is observed in two different crystallographic forms with a
reversible phase transition at 650 1C [7]. At room temperature the
monoclinic phase is observed, while at high temperature the
hexagonal phase is predominant. There are four different strontium
sites (Sr1, Sr2, Sr3 and Sr4) and four different aluminum (Al1, Al2,
Al3 and Al4) with tetrahedral coordinated in the monoclinic phase.
The luminescent properties of trivalent rare earth doped SrAl2O4 are
absent in the hexagonal phase.

Divalent rare earth doping is also reported in the literature.
Eu2þ ions were found to generate luminescent center in the green
region of the visible spectra, with lmax¼520 nm in the SrAl2O4

matrix [14]. When samples were produced by the sol–gel method
ll rights reserved.

Santos Jr.).
and co-doped with Dy3þ in the SrAl2O4:Eu, Dy system, the main
emission shifts to 500 nm when excited at 304 nm or 321 nm [15].

The proteic sol–gel process uses coconut water as the starting
solvent [8]. A number of previous papers showed that this
methodology can be successfully used to produce Y2O3 [9,10],
SrFe12O19 [11], BaFe12O19 [12] and ZnO [13]. The organic mole-
cules present in the coconut water (mainly proteins and lipids)
can form a gel where the metallic ions can be anchored during the
calcination step, the organic part is burnt and the oxides are
formed.

The paper was divided in two parts. In the first one, a hybrid
computer modeling method was employed, using a combination of
defect calculations, based on lattice energy minimization and crystal
field calculations. The output of this part is the defect type that is
energetically favoured and the set of crystal field parameters, Bk

q,
which are then used to calculate the energies of the 4f–4f electronic
transitions of the europium trivalent ions. In the second part,
samples of SrAl2O4 doped with europium were prepared via a
sol–gel proteic methodology. Photoluminescence emission and
excitation spectra of SrAl2O4:Eu3þ were measured at room tem-
perature and 13 K. The combination of the experimental and
modeling techniques was useful to reveal some of the important
features of the light emission processes in this material.
2. Methodology

2.1. Computer modeling

The computer modeling was divided in three different and
complementary techniques. In the first one, the methodology uses
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lattice minimization energy, where the interactions between the ions
present on the material are parameterized via an interatomic Buck-
ingham potential. The potentials to describe the system were
obtained via an empirical approach embodied in the GULP code
[16] where the potential parameters were fitted to the structures of
all known strontium aluminate crystalline phases. The potentials
were obtained in a previous paper [17]. The potentials for the
europium ion–oxygen interactions were obtained from Araujo et al.
[18]. Defect energies and final relaxed configuration were performed
using the Mott-Littleton method [19] in which atoms in a spherical
region immediately surrounding the defect are treated explicitly, and
a continuum approach is used for more distant regions of the lattice.
In the second step, the relaxed positions of the dopant and the
surrounding ions are then input into a crystal field calculation based
on the simple overlap model (SOM) [20] giving the crystal field
parameters, Bk

q, as well as the intensity parameters O2 (cm�1) and
O4 (cm�1). The latter are obtained using the equation:

Ol ¼ ð2lþ1Þ
X

t,p

Bl,t,p

�� ��2

ð2tþ1Þ
ð1aÞ

with

Bl,t,p ¼ Bac
l,t,pþBde

l,t,p ð1bÞ

where l¼2, 4 and t¼1, 3, 5, 7 and p¼0, 74 (the allowed values of p

depend on the symmetry around the rare earth ion) are the intensity
parameters coefficient, Ol and Bltp are the contributions of the forced
electric dipole mechanism Bde

l,t,p and of the dynamic acoplament
mechanism Bac

l,t,p.
In the third step, the Bk

q’s were used to calculate the energies of
the 4f–4f electronic transitions via the modified crystal field
theory based on the Judd-Ofelt theory [21,22]. In this theory,
the interaction between the rare-earth ion and the surrounding
(host crystal) ions is given by the Hamiltonian HCF that is basically
dependent on the first coordination shell of the Eu3þ ions. This
same methodology was already been successfully employed in a
previous work [23].
2.2. Experimental part

The samples of SrAl2O4 and Sr0.97Eu0.03Al2O4 were produced
via a new sol–gel route [8]. Solutions of Sr(NO3)2, Al(NO3)3 �9 H2O
and EuCl3 �6 H2O were mixed with natural coconut water (Cocos

nucifera) forming the starting gels. The gel was dried at 100 1C for
24 h forming a xerogel. The xerogel was calcined following a
heating program with a heating rate of 5 1C/min up to 1100 1C
and kept at this temperature for a duration of 4 h [24]. The
crystalline phases were identified by powder X-ray diffraction
measurements using CuKa radiation with a Rigaku Ultimaþ RINT
2000/PC diffractometer in the Bragg–Brentano geometry, operat-
ing at 40 kV/40 mA. All measurements were performed within the
2y range from 10 to 801 at a scan speed of 2 1/min. The
photoluminescence (PL) spectroscopy measurements were car-
ried out using an ISS PC1 spectrofluorimeter at room temperature
and at 13 K.

The phenomenological intensity parameters are obtained from
the emission spectra of Eu doped SrAl2O4. The emission intensity,
I, of a given transition is proportional to the area, S, under the
emission curve

I¼ _o0-JA0-JNpS ð2Þ

where _o0-J is the transition energy, N is the population of the
emission level (5D0) and A0-J is the spontaneous emission
coefficient that can be calculated using the 5D0-

7F1 transition
as a reference. Thus A0-J values can be evaluated using the
expression:

A0-J ¼
s0-1

s0-J

S0-J

S0-1
A0-1 ð3Þ

where S0-J is the area under the 5D0-
7FJ emission and s0-J is the

transition barycenter.
The 5D0-

7FJ transition is used as reference, because it is
allowed transition via magnetic dipole mechanism, thus making
A0-J quite independent on the crystal field. A0-1 can be related to
the transition barycenter and the refraction index n via:

A0-1 ¼ 0:31� 10�11n3ðs0-1Þ
3

ð4Þ

The phenomenological intensity parameters O2 and O4 are
obtained from emission spectra of Eu3þ using the following
expressions:

O2 ¼
A0-2

2:33� 108
ðs0-2Þ

3
ððnðn2þ2Þ2Þ=9Þ

ð5Þ

and

O4 ¼
A0-4

2:40� 108
ðs0-4Þ

3
ððnðn2þ2Þ2Þ=9Þ

ð6Þ

where nðn2þ2Þ2

9 is the Lorentz factor.
3. Results and discussion

Formation energy for europium doping in SrAl2O4 matrix is
shown in Table 1. The notation used for the different symmetries
is explained in the appendix. Kroger–Vink notation [25] is
employed to identify the defects. The temperature effect was
included in the modeling considering just the harmonic approx-
imation. The SrAl2O4 in the monoclinic phase were simulated at
0 K and at room temperature.

The formation energy is defined by the energy difference
between the defective lattice, where one single defect is created,
and the perfect lattice. This quantity cannot be used for compar-
ison purposes, because the formation energy only involves the
creation of a defect in the lattice. Thus, the solution energy is
calculated, which includes all the terms in the thermodynamic
cycle involved when the solution process occurs, including charge
compensation mechanisms if needed. The solution energies were
based on solid state reactions involved in the doping process of
the material. In SrAl2O4 lattice there are two possibilities for the
location of the dopant ions and several possibilities for charge
compensation. Substitution might occur at either the Sr or Al site.
Five different schemes were considered in this work and they are
summarized in Table 2, with their related solid state reactions.
For each one of the schemes more than one non-equivalent
arrangement of the basic defects is possible, and they are
explained in detail in the Appendix.

From the solution energy values presented in Table 1 it can be
seen that incorporation of europium is likely to occur at the
strontium site at both temperature. The lowest-energy charge
compensation mechanism involves substitution at the Sr site with
oxygen interstitial compensation. Since two Eu3þ are needed for
each oxygen interstitial, more than one configuration is possible
and several non-equivalent configurations were analyzed, as
quoted in Table 1. The solution energies obtained at 300 K for
the D5 configuration is the lowest one and that corresponds to Eu
ions substituting at two different Sr sites, Sr1 and Sr3 (see
Appendix). At 0 K, on the other hand, the D4 configuration is
the one with lowest solution energy and that involves Eu3þ ions
at Sr3 and Sr4 sites.

The solution energy for incorporation of europium at Al site is
higher comparing with the incorporation at Sr site. The dopant



Table 2
Solid state reactions associated to the different schemes for incorporation of europium ion in the SrAl2O4 lattice.

All possible configurations Reaction schemes

(i) Substitution at the Al3þ site (no charge compensation needed) 1
2 Eu2O3þAlAl-EuAlþ

1
2 Al2O3

(ii) Substitution at the Sr2þ site (charge compensation by Sr2þ vacancies) Eu2O3þ3SrSr-ð2EuU

Sr�V 00SrÞþ3SrO

(iii) Substitution at the Sr2þ site (charge compensation by Sr2þ /Al3þ substitution) 1
2 Eu2O3þSrSrþAlAl-ðEuU

SrþSr0AlÞþ
1
2 Al2O3

(iv) Substitution at the Sr2þ site (charge compensation by O2� interstitial) Eu2O3þ2SrSr-ð2EuU

Sr�O00i Þþ2SrO

(v) Substitution at the Sr2þ site (charge compensation by Al3þ vacancies) 3
2 Eu2O3þ3SrSrþAlAl-ð3EuU

Sr�V 000AlÞþ3SrOþ 1
2 Al2O3

Table 1
Formation energy and solution energy for europium ion in the SrAl2O4 lattice at 0 K and 300 K.

Eu

Formation energy Solution energy (eV) Formation energy Solution energy (eV)

Defects 0 K 300 K 0 K 300 K Defects 0 K 300 K 0 K 300 K

MAl 2MSr–Oi

Al1 15.09 14.93 2.26 2.24 D1 �57.94 �58.79 1.93 1.61

Al2 15.13 14.97 2.30 2.28 D2 �58.98 �59.83 1.58 1.27

Al3 15.15 14.99 2.32 2.30 D3 �58.77 �59.01 1.65 1.54

Al4 15.19 15.02 2.36 2.33 D4 �60.06 �59.48 1.22 1.38

2MSr–VSr D5 �59.74 �60.38 1.33 1.08

B1 �23.52 �24.25 1.92 1.66 D6 �59.11 �60.31 1.54 1.11

B2 �23.98 �24.67 1.77 1.52 3MSr–VAl

B3 �24.26 �24.92 1.68 1.43 E1 �9.84 �10.53 1.66 1.50

MSr–SrAl E2 �8.99 �9.71 1.87 1.70

C1 15.84 15.06 1.51 1.19 E3 �9.87 �10.42 1.65 1.53

C2 16.21 15.45 1.69 1.38 E4 �8.31 �9.30 2.04 1.81

C3 15.81 15.03 1.49 1.17 E5 �9.75 �10.63 1.68 1.48

C4 15.88 15.10 1.53 1.21 E6 �7.64 �8.30 2.21 2.06

C5 16.32 15.53 1.75 1.42 E7 �9.98 �10.71 1.62 1.46

C6 16.10 15.29 1.64 1.30 E8 �9.86 �10.53 1.65 1.50

C7 15.70 14.92 1.44 1.12 E9 �9.11 �9.83 1.84 1.67

C8 15.80 14.99 1.49 1.15

Table 3
The crystal fields parameters for two strontium sites.

Bk
q Eu3 site Eu4 site

B2
0 769 774

B2
1 556 �988

B2
2 50 981

B4
0 184 �351

B4
1 83 �485

B4
2 47 389

B4
3 126 �532

B4
4 32 �103

B6
0 �196 85

B6
1 �88 384

B6
2 �38 �314

B6
3 197 �93

B6
4 152 294

B6
5 51 �539

B6
6 16 �95
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and Al ions have the same oxidation number, but the distortion
caused by the large different between ionic radii between the
dopant ion and the aluminum ions (0.947 and 0.39 Å [26],
respectively) are quite large increasing the energy cost to accom-
modate the Eu3þ at Al lattice site.

From the atomistic calculations, relaxed positions of the
europium ions and the surrounding lattice ions are obtained. This
information is then used to calculate the crystal field parameters,
Bk

q, which are given in Table 3. The crystal field parameters were
calculated for the incorporation of the europium in both stron-
tium sites (Sr1 and Sr3), which is due to a great possibility
of europium incorporation in both the sites, confirmed for the
solution energy given in Table 1. From Table 4, it is noted that all
parameters are non-zero in both sites, indicating that the sym-
metry of the substitution site is low and that the deformation
caused for incorporation of europium in the lattice is large. This is
due a little space in the strontium site in SrAl2O4 compared with
other strontium aluminates Fig. 1.

The XRD patterns of SrAl2O4 powders obtained at 1100 1C/4 h
are shown in Fig. 2. The comparison of the experimental XRD
pattern with the standard pattern [7] indicates that single phase
crystallites were obtained.

Fig. 2 shows the emission spectra of the SrAl2O4:Eu3þ sample
calcined at 1100 1C for 4 h excited at 265 nm at room temperature
and at 13 K. Typical emission peaks of Eu3þ can be observed in
the range of 13000–18000 cm�1 and assigned to the transitions
from 5D0 to 7FJ (J¼0, 1, 2, 3, 4).

There are two peaks at about 17352.2 and 17392.1 cm�1 that
are due to the 5D0-

7F0 transition, indicating that Eu ion can be
substituted into the two non-equivalent sites. This result agrees
well with the prediction obtained from computer simulation that
the Eu ion can be substituted into two different Sr sites for both
temperatures.

It is also noticeable that among all emission peaks, the one at
16226.0 cm�1 due to the electric dipole transition of 5D0-

7F2 is
the strongest. It is well known that this Eu3þ ion is especially
sensitive and it is strongly influenced by the surrounding envir-
onment [27]. When Eu3þ ions occupy the sites with higher
symmetry, the emission from the 5D0-

7F2 transition is usually
very weak; otherwise, the emission will be strong [28]. The
existence of this dominant emission shows that the Eu3þ sites



Table 4
Comparison of the predicted and experimental energy transition of Eu3þ in the

SrAl2O6 matrix at low temperature. Assuming substitution at both strontium sites.

Eu1 site Eu3 site Eu1 site Eu3 site

Transition Energy theo.

(cm�1)

Energy theo.

(cm�1)

Energy exp.

(cm�1)

Energy exp.

(cm�1)

5D0-
7F0 17808.2 17832.4 17352.2 (1) 17392.1 (1)

5D0-
7F1 17576.3 17697.6 17218.1 (1) 17141.0 (10)

17470.5 17457.7 16971.4 (7) 16946.9 (5)

17127.4 16907.9 16935.6 (1) 16918.9 (9)

5D0-
7F2 16864.9 16680.2 16204.8 (200) 15943.7 (5)

16859.0 16742.4 16307.1 (3) 15868.6 (2)

16631.5 16432.2 16168.3 (5) 15811.1 (5)

16609.7 16418.8 16135.0 (2) 15635.2 (2)

16487.8 16248.7 15993.4 (4) 15594.5 (1)

5D0-
7F3 15148.8 (6)

15939.2 15995.7 15396 (118)

15938.4 15942.6 15422.2 (50)

15929.4 15735.1 15339.2 (2)

15845.8 15653.9 15311.8 (1)

15842.9 15559.2 15222.9 (2)

15749.2 15549.0 15189.4 (1)

15722.4 15431.3 14423.4 (2)

5D0-
7F4 15371.4 (122)

14908.5 14880.8 14526.9 (7)

14903.1 14844.6 14484.7 (3)

14891.6 14795.0 14365.9 (1)

14823.4 14714.5 14337.7 (10)

14820.1 14624.4 14232.3 (7)

14817.5 14595.6 14199.2 (2)

14805.3 14551.2 14065.6 (5)

14778.9 14536.1 14002.1 (30)

14776.0 14471.2 13913.5 (6)
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have low symmetry. This result agrees well with the predictions
obtained from computer simulation that the dopant occupies the
strontium sites, that is already a low symmetry site, but is even
further lower due to the interstitial O2� ion nearby. This result is
also supported after calculating the Bk

q parameters and showing
that all of them are non-zero, for all Eu3þ sites. Electron para-
magnetic resonance (EPR) study on SrAl2O4:Eu2þ by Kaiya et al.
[29] found that the Eu ions occupy the strontium sites with lower
symmetry, which is consistent with the theoretical and experi-
mental results presented wherein.

Emission spectra measurements taken at 300 K , shown in the
Fig. 2, exhibits the following peaks associated to the following
transitions: one peak due to 5D2-

7F2 at 20576.1 cm�1, one peak
due to 5D2-
7F3 in 19685.0 cm�1, one peak at 17730.5 cm�1 due

to the 5D0-
7F0 transition, three peaks around 17513.1, 17452.0

and 16920.5 cm�1 related to the 5D0-
7F1 transitions, four peaks

corresponding to the 5D0-
7F2 transition, two peaks to the

corresponding to the 5D0-
7F3 transition and five peaks corre-

sponding to the 5D0-
7F4 transitions.

The room temperature measurements are not ideal to identify
all transitions related to the Eu3þ ions in the SrAl2O4 matrix. This
problem can been resolved measuring the emission spectra at low
temperature. In Fig. 2, the emission spectra obtained at 13 K and
300 K are also shown.

The inset in Fig. 2 shows the region between 17320 and
17450 cm�1, where it can be seen that there are two peaks due to
the 5D0-

7F0 transition. This observation is in agreement with the
modeling prediction that the Eu3þ should be in 2 different sites.

The asymmetric ratio R is defined as the ratio of the intensity
of the 5D0-

7F1 to the 5D0-
7F2 transitions. The higher the R value

the stronger the covalence of Eu3þ–O2� ions and the lower the
site symmetry [30]. In SrAl2O4:Eu3þ , the R value is about
2.1 indicating that Eu3þ site-symmetry is lower and the chemical
bonds have a quite high degree of covalence. In the case of
lanthanides, as the interaction between the central ion and its
ligating ions is essentially ionic, the low symmetry should play
the dominant role for this system.

In Table 4 the difference between the predicted and the experi-
mental energy transition of Eu3þ in the SrAl2O4 lattice are shown.
The theoretical transition energies were obtained for Eu3þ ions at
both Sr1 and Sr3 for 0 K. The experimental transition energies were
obtained after fitting the experimental curves to Gaussian shape
profiles. Comparing the theoretical and experimental values for the
5D0-

7F0 transition, it can be seeing that the peak at 17352 cm�1,
that correspond to the stronger 5D0-

7F0 transition is due to the
Eu3þ ions substituting at the Sr1 site, while the weaker 5D0-

7F0

transition related to the peak at 17392.0 cm�1 is due to the Eu3þ

ions at Sr3 site. The average difference between the predicted and
the experimental values of the energies for the 5D0-

7F0 and
5D0-

7F1 transitions is around �3%.
The 5D0-

7F1 transitions is composed by three lines for each
Eu3þ site and in the emission spectra it was possible to identify
all of then connected to the 2 different sites of Eu3þ . That can be
done simply by comparison between the experimental and the
predicted values for each one of the transitions. The experimental
splitting of the 5D0-

7F1 transitions is about 250 cm�1, while
the predicted value is � 450 cm�1 for Eu3þ at the Sr1 site and
� 750 cm�1 for the Eu3þ at the Sr3 site. The splitting predicted



Table 7
Intensity parameters of SrAl2O4:Eu3þ and other selected matrixes.

Matrix O2 (10�20 cm2) O4 (10�20 cm2) Refs.

Fluoride glasses 0.51 4.19 [31]

LaF3:Eu3þ crystal 1.19 1.16 [32]

Sr(PO3)2 glasses 5.90 1.4 [33]

Phosphate glasses 6.91 5.01 [34]

Silicate glasses 9.65 5.58 [35]

Y2O3:Eu3þ 9.90 3.60 [36]

Y2O3:Eu3þ ,Co 11.06 – [37]

SrAl2O4:Eu3þ (Exp.) 26.592 5.7548 Present work

SrAl2O4:Eu3þ (SOM) site 1 26.400 5.7411 Present work

SrAl2O4:Eu3þ (SOM) site 2 29.204 5.7735 Present work
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for 5D0-
7F2 transitions is about 400 cm�1 for both Eu sites and

the experimental value is � 200 cm�1 for the Eu at the Sr1 site
and � 350 cm�1 for the Eu3þ at the Sr3 site.

The situation of the 5D0-
7Fj (j¼3,4) transitions is not so clear

and it is not possible to find all lines associated to the transitions for
each one of the Eu3þ sites. This is due to the superposition of a great
number of emission lines in a small range of the spectra. As an
example, when Eu3þ is at the Sr3 site, one should expect 7 lines
associated to the 5D0-

7F3 transition in the wave number interval of
�600 cm�1, between 15431.3 and 15995.7 cm�1. Taking into
account that the Eu3þ is located at 2 different sites, that would
make 14 lines within roughly the same range. It means that the
splitting would be only experimentally accessible with very high
resolution spectrometer, that is not the case here. Similar effect
happens for the 5D0-

7F4 transitions with the exception that one
should now expect 9 lines for each of the Eu3þ sites, making a total
of 18 lines in the range from 14400 to 14900 cm�1. In Table 5,
measured energies for these transitions were grouped as one single
group but the predicted values are separated according to their sites.
It is possible to observe that, despite the fact it was not possible to
separate the sites; the experimental wave numbers are in a reason-
able good agreement with the predicted values.

The coordinates of the ligand oxygen were taken from the
strontium aluminate data and the Eu–O distances have been used
to calculate the effective’s charges (g) and their polarizabilities
showed in Tables 5 and 6, for the Eu1 and Eu3 sites, respectively.
The integrated areas of the emission spectrum (Fig. 2) have been
used to calculate the intensity parameters, which allow a predic-
tion of the emission characteristics of the RE3þ ion in a particular
host [40]. Using Eqs. (3)–(6), the experimental or phenomenolo-
gical intensity parameters O2 and O4 could be evaluated. The O6

intensity parameter was not included in this study since the
5D0-

7F6 transition could not be observed and this transition
presents, in general, an extremely low intensity [41]. In addition,
O2 and O4 were also calculated using the modeling approach
described wherein via Eq. (1) and the crystal field parameters
obtained for each one of the Eu3þ sites in the matrix. This is the
first time that the absolute values of the intensity parameters (O2,
O4) are reported for aluminate crystals. These values are quoted
in Table 7 with other values of O2 and O4 found in the literature.
Table 5
Ligand coordinates for site one (R in units of 10�8 cm and angles of p/180) and

their polarizability (a in units of 10�24 cm3).

R y j a g

2.3475 40.5521 �5.3837 3.13 0.22997

2.6311 130.4116 5.5427þ180 4.28 0.28267

2.5509 71.6374 40.6431þ180 4.28 0.28267

2.3880 146.3510 82.2428 3.13 0.22997

2.2286 64.9108 �62.8027þ180 5.50 0.98736

2.5142 104.1068 �84.7505 5.40 0.98736

Table 6
Ligand coordinates for site two (R in units of 10�8 cm and angles of p/180) and

their polarizability (a in units of 10�24 cm3).

R y j a g

2.3080 70.6642 �6.8653 1.82 0.22997

2.4349 156.0441 5.5427þ180 4.30 0.28267

2.7742 48.4661 40.6431þ180 4.30 0.28267

2.3488 115.1548 78.5199 1.82 0.22997

2.5178 49.5681 �65.0518þ180 6.17 0.98736

2.3488 113.5996 �98.5199 6.17 0.98736
Judd-Ofelt intensity parameters reflect local structure and bonding
in the vicinity of Eu ions. For example, O2 exhibits the dependence on
the covalence between Eu ions and ligand anions and gives informa-
tion about the asymmetry of the local environment of Eu3þ site [38].
The three intensity parameters O2, O4 and O6 may be regarded as
phenomenological parameters characterizing the radiation transition
probabilities within the ground configuration [39].

The theoretical intensity parameters obtained by SOM and
electrostatic equilibrium theory [20,42] and the characteristic
emission spectra of Eu in this compound shows high value of
the O2 intensity parameters, reflecting the hypersensitive beha-
vior of the 5D0-

7F2 transition and indicating that the rare earth
ion is in a highly polarizable chemical environment. This result
suggests that the short distance effects are dominant. The O2 in
SrAl2O4 is larger than those of other materials quoted in Table 7.
The O4 values for SrAl2O4:Eu system, on the other hand, have
roughly the same values as the other materials, excepted for the
LaF3 matrix and the Sr(PO3)2 glass.

An interesting result is that the experimental intensity para-
meters obtained from the emission spectra agreed quite well with
the values obtained in the modeling part, with a difference
around 1% and 0.3% for O2 and O4 , respectively.
4. Conclusion

The proteic sol–gel route was found to be a reliable method for
the synthesis of europium doped SrAl2O4. XRD analysis shows that
the desired crystalline phase was obtained. Emission spectrum
indicates the presence of Eu3þ in the samples. The results indicate
that europium ion preferentially substitutes at both the Sr sites with
oxygen interstitial compensation charge defect. The crystal field
parameters, Bk

q, and the transition energies were calculated for each
Eu3þ site and the predicted values agreed quite well with the
experimental values, with a difference around 3%. Judd-Ofelt inten-
sity parameters O2 and O4 have been derived from the emission
spectrum and from the theoretical modeling based on the Electro-
static equilibrium theory and the agreement between the experi-
mental and the predicted values are very good. It is the first time
that the intensity parameters O2 and O4 are reported in the
literature for the case of SrAl2O4:Eu systems. As an overall conclu-
sion, the combination of different modeling techniques with experi-
mental results revealed interesting aspects of the optical activity of
Eu3þ ions in the SrAl2O4 matrix that could not be accessible as
separate works. The same strategy can be applied to a number of
other systems where samples were readily available.
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Table A1
Formation energy of different symmetries of the defect at 0 K and 293 K.

Configurations

A1 Al1 C4 MSr2–Sr2Al4 D6 MSr1–MSr3–O2i

A2 Al2 C5 MSr3–Sr2Al1 E1 MSr1–MSr2–MSr3–VAl1

A3 Al3 C6 MSr3–Sr2Al2 E2 MSr1–MSr2–MSr3–VAl2

A4 Al4 C7 MSr3–Sr2Al3 E3 MSr1–MSr2–MSr3–VAl3

B1 MSr1–MSr3–VSr4 C8 MSr3–Sr2Al4 E4 MSr1–MSr2–MSr3–VAl4

B2 MSr1–MSr3–VSr4 D1 MSr1–MSr3–O1i E5 MSr2–MSr3–MSr4–VAl1

B3 MSr2–MSr4–VSr3 D2 MSr1–MSr2–O2i E6 MSr1–MSr3–MSr4–VAl1

C1 MSr2–Sr2Al1 D3 MSr1–MSr3–O2i E7 MSr1–MSr3–MSr4–VAl2

C2 MSr2–Sr2Al2 D4 MSr3–MSr4–O2i E8 MSr1–MSr3–MSr4–VAl3

C3 MSr2–Sr2Al3 D5 MSr1–MSr4–O2i E9 MSr1–MSr3–MSr4–VAl4
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Appendix A. Explanation of symmetry notation used
in Table 1

In this appendix all the formation and solution energies
calculated for the mechanism of incorporation of trivalent rare
earth dopants in SrAl2O4 are presented. The explanation of
symmetry notation used in tables below is also given.

On doping the SrAl2O4 in the the monoclinic P21 phase two
issues should be considered: (i) there are 4 Al and 4 Sr sites where
the dopant could be present; and (ii) the doping mechanism
involving charge compensating defects will have more than one
non-equivalent ways of arranging the basic defects in the lattice
giving rise to different configurations of the full defect. These two
aspects were taken into account on computing the formation and
the solution energies.

Table A1 displays the symmetry notation used in all following
tables. The first four defects, A1 to A4, are just the trivalent
dopants in one of the four Al sites. This is the only type of defect
that does not need charge compensation accompanying defects.
Defects B1 to B3 are the possible ways of arranging two trivalent
dopants in the two Sr sites accompanied by one Sr vacancy as
charge compensation. Defects C1 to C8 are all the possibilities to
have the dopant in one of the Sr sites plus a Sr at any one of the
four Al sites. As an example, defect B1 is formed by 2 trivalent
dopants at Sr1 and Sr2 sites compensated by a vacancy of Sr4 site.
The other defects just follow the same general idea.
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Condens. Matter 19 (2007) 046211.
[19] N.F. Mott, M.J. Littleton, Trans. Faraday Soc. 34 (1938) 485.
[20] O.L. Malta, Chem. Phys. Lett. 88 (1982) 353.
[21] B.R. Judd, Phys. Rev. 127 (1962) 750.
[22] G.S. Ofelt, J. Chem. Phys. 37 (1962) 511.
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