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Abstract: This paper describes a computational study of extrinsic defect and optical properties 

of SrAl12O19 induced by trivalent rare earth dopants. Solution energies for a range of possible 

doping mechanisms are calculated, and predictions made of doping sites and charge-

compensation schemes. Atomistic modelling is used to calculate the symmetry and detailed 

geometry of the dopant ion-host lattice system, and this information is then used to calculate the 

crystal field parameters. It is found that the preferred doping mechanism for Pr is a substitution 

at Sr
2+

 sites, with charge compensation by anti-site and for Eu is a substitution at the Al
3+

 site. 

Crystal field parameters have been calculated and the results discussed in terms of optical 

properties of the doped systems. B
k
q values indicate that the site symmetry is D2h. The transition 

levels are then calculated for the Pr
3+

 and Eu
3+

-substituted material, and comparisons made 

with experimental results have a good agreement. 
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1. Introduction 

 

In recent years, optical properties in rare earth-activated aluminate phosphors have 

been extensively investigated for many potential applications. For example, such as 

lamps, colour displays radiation dosimetry and X-ray imaging. The Strontium 

aluminates represent one of the classes of materials that may exhibit long lasting 

phosphorescence and luminescence when doped with trivalent rare-earth ions. 

Different crystalline compounds exist in the SrO-Al2O3 system and have been used as 

hosts for optical device materials, e.g. SrAl2O4:Eu2+,Dy3+,B3+[1], 

Sr4Al14O25:Eu2+,Dy3+,B3+[2], SrAl4O7:Eu2+,Dy3+[3], Sr2Al6O11: Eu2+[4]. 

In particular, SrAl12O19 phosphors have interesting optical properties when doped by 

rare-earth and transition metal ions. SrAl12O19:Mn is a green-emitting phosphor for 

plasma display panels [5]. SrAl12O19:Pr3+ shows good laser properties [6]. 
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SrAl12O19:Eu2+,Dy3+ [7] are reported to exhibit high brightness and long-lasting 

phosphorescence.  

 

SrAl12O19 is observed in hexagonal form [8] with the P63 space group. There is one 

strontium site and large coordination number (12) and large distances to nearest-

neighbour oxygen ions (2.750–2.785 Å). There are five different aluminium sites. For 

the other strontium aluminates different crystallographic forms are observed depending 

on the SrO:Al2O3 ratio. 

In the present paper a hybrid computer modelling method was employed, based on a 

combination of crystal field calculations, and energy minimisation. The method uses 

energy minimisation to predict the location of the dopant ion, and the relaxed positions 

of the surrounding ions. This information is then input into a crystal field calculation 

which obtains the crystal field parameters, Bk
q, which are then used to calculate the 

energies of the electronic transitions of Pr and Eu ions, which are then compared with 

recent experimental results. 

 

2. Methodology 

 

In this paper a hybrid modelling method was employed based on a combination of 

three different and complementary techniques: defect calculations based on energy 

minimisation, crystal field calculation via the simple overlap model and transition 

energy calculations.  

For the first one, the methodology uses lattice energy minimisation, where the 

interactions between the ions present in the material are parameterised via interatomic 

Buckingham potentials supplemented by electrostatic interaction terms. The three 

constants involved in the Buckingham potentials for each pair of ions were obtained 

using empirical fitting methods embodied in the GULP code [9]. SrAl12O19 was 

modelled using the potential derived by Rezende et al. [10], and the structure 

determined by Lindop et al. [8]. The potentials for the trivalent rare earth ion–oxygen 

interactions were obtained from Araujo et al. [11]. Calculations of rare earth doping 

were performed using the Mott–Littleton method [12] 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 which obtains the crystal field parameters, Bk
q, 

using the simple overlap model (SOM) [13]. 



3 
 

In the third step, the Bk
q’s were used to calculate the energies of the electronic 

transitions via the modified crystal field theory based on the Judd-Ofelt theory [14,15]. 

In this theory, the interaction between the rare-earth ion and the surrounding (host 

crystal) ions is given by crystal field Hamiltonian HCF: 

,

k k

CF q q

k q

H B C     (1) 

where the Ck
q terms are the Racah spherical tensors and the Bk

q terms are the crystal 

field parameters. The electronic structure of the dopant ions were evaluated using the 

following Hamiltonian [16–18]: 

free ion CF

4 2 7

0,2,4,6 2,3,4,6,7,8 0,2,4

2,4,6

( 1) ( ) ( )i i i

i f SO i i

i i i

i

i CF

i

H H H

F f A L L G G G R T t M m

P p H

   
  



  

      

 

  



 (2) 

All first terms are free ion parameters (ζ, α, β, γ, Ti, Mi and Pi) and were taken from [19]. 

The last term HCF is the crystal field Hamiltonian given by (1). The energy levels were 

then computed within this framework, using the SPECTRA code [20]. 

 

3. Results and discussion  

 

Doping of europium and praseodymium into SrAl12O19 has been considered. In either 

case there is the possibility that the dopant ion can substitute at either the Al3+ or the 

Sr2+ site. For substitution at the Al3+ site, no charge compensation is needed, and the 

solution process was assumed to be (where M is a rare earth ion): 

2 3 2 30.5 0.5Al AlM O Al M Al O       (3) 

It should be noticed that there are five non-equivalent Al3+ ions in the SrAl12O19 

structure, labelled here as Al1, Al2, Al3, Al4 and Al5. So, there are five Al sites where 

the dopant could be located. 

For substitution at the Sr2+ site, more than one possible mode of charge compensation 

mechanisms is possible. The charge compensation can occur by anti-site, strontium 

vacancies, oxygen interstitials or aluminium vacancies. The solution process was 

assumed to be, respectively: 

 2 3 2 30.5 0.5Sr Al Sr AlM O Sr Al M Sr Al O         (4) 

 2 3 3 2 3Sr Sr SrM O Sr M V SrO        (5) 

 2 3 2 2 2Sr Sr iM O Sr M O SrO         (6) 
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 2 3 2 31.5 3 3 3 0.5Sr Al Sr AlM O Sr Al M V SrO Al O         (7) 

It should be noticed that there is one non-equivalent Sr2+ ion in the SrAl12O19 structure. 

Nevertheless, the doping mechanism involving charge compensating defects will have 

more than one non-equivalent way of arranging the basic defects in the lattice, giving 

rise to different configurations of the full defect. Table 1 displays the Sr2+ ions position 

and notation used in mechanism involving charge compensating defects. Defects 

involving Sr2+ ions thus have to be modelled taking these six possible site, labelled 

here as Sr(i), Sr(ii), Sr(iii), Sr(iv), Sr(v) and Sr(iv) (showed in the Figure 1). One possible 

configuration, for example, is arranging two rare earth dopants in the Sr(i) and Sr(ii), 

sites accompanied by one Sr(iii) vacancy as charge compensation. The other defects 

just follow the same general idea.  

In calculating the energetics of doping by rare earth ions, the defect formation energy is 

first calculated (see table 2). Then, the solution energy is calculated, which includes all 

the terms in the thermodynamic cycle involved when the solution process occurs, 

according to the following equation (substitution at the Al3+ site): 

2 3 2 3
0.5 0.5Solution D Al O M OE E E E       (7) 

32OAlE , SrOE and 
32OME terms are lattice energies, DE  terms are defect formation 

energies, and Kroger–Vink notation [21] is employed for the defect formation energies. 

The interstitial site used is (1/3, 1/6, 1/8) that was easily found by simple inspection. 

This is possible due to the high symmetry in the lattice. 

The formation energies reported in table 2 were calculated for a configuration 

consisting of the dopant and charge-compensating defects in neighbouring positions, 

meaning that the energies include the contribution of the binding energy of the defect. 

From table 3 it can be seen that for doping mechanism, involving Eu3+ and Pr3+ there is 

different behaviour. The Pr3+ ion is preferred to be incorporated at Sr2+ sites, with 

charge compensation by anti-site at 0 K, and at 293 K. Based in the lower energy 

value, the most likely mechanism involves a Pr ion in one Sr site plus a Sr at an Al3+ 

site. The other hand, the Eu3+ ion is preferred to be incorporated at the Al3+ site, at 0 K, 

and at 293 K.  

The next stage involves calculation of the crystal field parameters Bk
q. These 

parameters are obtained using the non-relaxed lattice and relaxed positions of the 

nearest-neighbour ions to the rare earth dopant. The main difference between the two 

sets of Bk
q values is that in the non-relaxed lattice case the dopant ion is substituted at 

the host site without any relaxation of either the dopant ion or the surrounding ligand 

ions. For the relaxed lattice values, the ligand-dopant ion distances and positions are 
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obtained from the output of the defect calculation more provable obtained from 

atomistic simulation described above. 

In table 3, the values of Bk
q parameters for the Pr3+ and Eu3+ ions are quoted for both 

the non-relaxed lattice and relaxed cases and the values are compared with those from 

reference [22]. It is worth stressing that the calculated values are true predictions using 

the Bk
q values obtained for the relaxed lattice surrounding the dopant, without any 

necessary previous knowledge of the spectra of the real system. The difference in Bk
q 

values between non-relaxed and relaxed systems show that the influence of relaxation 

in the neighbourhood of the dopant is important and should to be considered in the 

energy levels prediction. 

Also in Table 3, it is clear that the values of calculated Bk
q’s in this study and those 

presented in [22] are quite different. That occurs because of the way of the 

phenomenological measurements are performed in [22]. While in this paper we set out 

only the final positions of dopants and his first neighbors, Zandi et al. [22] part from the 

prior knowledge of the energy levels, a different theory of calculation is used and there 

is a co-doping with Mg2+, which makes for example the final symmetry around the 

dopant to be calculated as D3h and D2h [23] in this work. The Bk
q’s values can be better 

judged by using them to calculate transition energies, as has been done using the 

procedure described in methodology. 

The B2
0 parameter provides an indication of the strength of the electric dipole 

mechanism, and if B2
0=0, no transitions allowed by the electric dipole mechanism are 

expected, because this means that the luminescent site has an inversion centre. 

Therefore the magnitude of the crystal field parameters provides an indication of the 

relative intensity of the absorption spectra and the photoluminescence. The relative 

magnitude of B2
0 suggests that Pr3+ doped system shows a stronger optical transition 

than Eu3+ doped system. 

The crystal field parameters Bk
q also can give an indication of the local symmetry of the 

dopant ion. From table 3 it is noted that some parameters are zero at both 

temperatures, indicating that the symmetry of the substitution site is higher. The non-

zero values of Bk
q are an indication that a site symmetry involving a D2h element is the 

most probable one [23]. In SrAl12O19, the incorporation of dopant into the lattice does 

not cause a large deformation that contributes to the loss of local symmetry. This is due 

to there being relatively large space at the strontium site in SrAl12O19 compared with 

other aluminates. In SrAl12O19 the polyhedral volume of the europium and first 

neighbour ligand ions is 50.54 Å3 [8]. On the other hand, in the BaAl2O4 lattice, the 

typical polyhedral volume of europium and first neighbour ligand ions is 40.72 Å3. The 
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incorporation of europium into the BaAl2O4 lattice, for example, causes a large 

deformation resulting in a low symmetry [24]. 

In table 4 the comparison of the predicted and experimental transition energy of Pr3+ in 

the SrAl12O19 matrix are shown, assuming that the substitution is at the Sr2+ site 

accompanied by lattice distortion. It can be seen that the differences between the 

predicted and the experimental [22] transition energies are small. In addition, the model 

also provided the right number of states per transition energy, since some of these are 

hard to identify experimentally.  

A better comparison between of the predicted and experimental results was the 

calculated energy average of each transition. It can be seen from table 5 that the 

difference between the predicted energy average and experimental is small for all 

transitions. The same analysis is done for the Eu3+ doped system. In table 6 is shown 

the comparison of the predicted and experimental transition energy for any transition of 

Eu3+ in SrAl12O19 structure. In this case, is not possible to compare all transitions due 

the difficulty of obtaining all transitions in experimental measurement.  

 

4. Conclusion  

 

This paper has presented a computational study of defect and optical properties in 

SrAl12O19. The results were obtained through a combination of three different and 

complementary techniques: defect calculations through the modelling techniques, 

crystal field calculation via the simple overlap model and transition energy calculations. 

The results showed that the Pr preferred to be incorporated at Sr2+ sites, with charge 

compensation by anti-site and Eu3+ ion is preferred to be incorporated at the Al3+ site. 

Crystal field parameters have been calculated and the results discussed in terms of 

optical properties of the doped systems. The transition energy of the Pr3+ and Eu3+ ions 

have been calculated and transition energy of Eu3+. Bk
q values indicate that the site 

symmetry is D2h. The comparison of the predicted transition to the experimental ones 

gave good agreement in all transition in both rare earths. 
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Table 1 – Fractional coordinates of the strontium ion in SrAl12O19. 

 Fractional coordinates 

Strontium x y z 

Sr(i) 2/3 1/3 1/4 

Sr(ii) 5/3 1/3 1/4 

Sr(iii) 8/3 1/3 1/4 

Sr(iv) 2/3 4/3 1/4 

Sr(v) 5/3 4/3 1/4 

Sr(vi) 2/3 7/3 1/4 

Interstitial position 1/3 1/6 1/8 
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Figure 1 – (a) Positions of strontium ions cited in table 1 (b)Substitution of Pr3+ ion at 

Sr2+ sites with charge compensation by anti-site in SrAl12O19. 
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Table 2 – Defect formation energies and solution energy per dopant for Pr and Eu ions 

at 0 K and 293 K (all energies in eV). 

 Formation energy Solution energy 

 Pr Eu Pr Eu 

 0K 293K 0K 293K 0K 293K 0K 293K 

1AlM  19.60 18.78 17.99 17.21 5.51 4.79 2.70 4.54 

2AlM  14.28 13.40 13.12 12.27 0.19 -0.59 0.65 -0.40 

3AlM  14.13 13.33 12.98 12.21 0.03 -0.66 0.24 -0.46 

4AlM  18.70 17.92 17.20 16.44 4.61 3.93 2.46 3.77 

5AlM  15.34 14.37 14.09 13.16 1.25 0.38 1.36 0.49 
)(

1)(

i

AlSr
SrM i   18.89 18.12 18.23 17.48 4.80 4.13 5.41 4.81 

)(

2)(

i

AlSr
SrM i   14.70 13.82 14.12 13.25 0.61 -0.17 1.30 0.58 

)(

3)(

i

AlSr
SrM i   13.94 13.08 13.31 12.47 -0.16 -0.91 0.49 -0.20 

)(

4)(

i

AlSr
SrM i   18.38 17.52 17.74 16.90 4.29 3.53 4.92 4.23 

)(

5)(

i

AlSr
SrM i   16.17 15.28 15.54 14.65 2.08 1.29 2.72 1.98 

)()()( iiiiii SrSrSr
VMM   -23.77 -27.05 -25.06 -28.21 1.49 -0.13 2.12 0.54 

)()()( iivii SrSrSr
VMM   -23.95 -24.56 -25.25 -25.82 1.40 0.70 2.02 1.74 

)()()( vivii SrSrSr
VMM   -23.77 -26.02 -25.06 -27.22 1.49 0.21 2.12 1.04 

iSrSr
OMM iii  )()(  -59.88 -59.17 -59.96 -60.88 0.65 0.94 1.88 1.41 

iSrSr
OMM vii  )()(  -55.85 -59.44 -57.51 -61.85 2.66 0.80 3.11 0.92 

iSrSr
OMM vi  )()(  -58.23 -60.43 -58.33 -60.59 1.47 0.31 2.70 1.55 

1)()()( AlSrSrSr
VMMM iiiiii   -10.42 -11.05 -12.35 -12.90 0.75 0.54 5.49 1.24 

2)()()( AlSrSrSr
VMMM iiiiii   -11.25 -12.15 -13.33 -14.18 0.47 0.17 1.05 0.81 

3)()()( AlSrSrSr
VMMM iiiiii   -10.86 -12.68 -12.78 -14.38 0.60 -0.01 1.23 0.75 

4)()()( AlSrSrSr
VMMM iiiiii   -10.45 -11.34 -12.36 -13.21 0.73 0.44 1.37 1.14 

5)()()( AlSrSrSr
VMMM iiiiii   -9.05 -8.28 -10.93 -11.71 1.20 1.46 1.85 1.64 

1)()()( AlSrSrSr
VMMM vvii   -10.10 -11.40 -12.03 -13.21 0.85 0.42 1.48 1.14 

2)()()( AlSrSrSr
VMMM vvii   -10.88 -12.54 -12.98 -14.47 0.59 0.04 1.16 0.72 

3)()()( AlSrSrSr
VMMM vvii   -10.81 -12.19 -12.73 -13.96 0.62 0.16 1.25 0.89 

4)()()( AlSrSrSr
VMMM vvii   -10.28 -11.20 -12.05 -12.93 0.79 0.49 1.47 1.23 

5)()()( AlSrSrSr
VMMM vvii   -7.55 -9.72 -9.59 -11.52 1.70 0.98 2.29 1.70 

1)()()( AlSrSrSr
VMMM vivii   -10.43 -11.01 -12.35 -12.86 0.74 0.55 1.37 1.25 

2)()()( AlSrSrSr
VMMM vivii   -11.38 -12.22 -13.46 -14.25 0.43 0.15 1.00 0.79 

3)()()( AlSrSrSr
VMMM vivii   -10.86 -12.84 -12.79 -14.52 0.60 -0.06 1.23 0.70 

4)()()( AlSrSrSr
VMMM vivii   -10.50 -11.36 -12.42 -13.38 0.72 0.43 1.35 1.08 

5)()()( AlSrSrSr
VMMM vivii   -9.05 -9.95 -9.37 -11.74 1.20 0.90 2.37 1.63 
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Table 3– Bk
q values (cm-1) for the relaxed lattice at 293 K in strontium sites. 

 

 Pr Eu 

Bk
q No-relax. Relax. Fen. [22] No-relax. Relax. Fen. [22] 

B2
0 189.60 332.55 -155 144.12 278.99 -147 

B2
1 0.00 0.00 - 0.00 0.00 - 

B2
2 2.53 -17.17 - 1.93 -20.36 - 

B4
0 449.88 481.71 763 267.12 286.10 571 

B4
1 0.00 0.00 - 0.00 0.00 - 

B4
2 4.69 -14.38 - 2.78 -10.81 - 

B4
3 0.00 0.00 - 0.00 0.00 - 

B4
4 -0.73 -4.86 - -0.43 -3.61 - 

B6
0 -1332.50 -1693.35 -1792 -640.87 -844.11 -1195 

B6
1 0.00 0.00 - 0.00 0.00 - 

B6
2 2.94 -28.29 - 1.41 -17.74 - 

B6
3 0.00 0.00 - 0.00 0.00 - 

B6
4 -0.50 -22.05 - -0.24 -12.08 - 

B6
5 0.00 0.00 - 0.00 0.00 - 

B6
6 756.42 930.80 -1419 363.80 459.85 -946 
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Table 4 – Comparison of the predicted and experimental energy (nm) transition of Pr3+ 

in the SrAl12O19 matrix at 293K. 

 

Term Cal. Theory Exp.[22] Term Cal. Theory Exp.[22] 

1S0→
4H4 

213.0 - - 

1S0→
3F4 

249.8 249.7 - 

213.0 213.3 - 249.9 250.0 250.0 

213.7 213.6 - 250.0 - - 

213.7 - - 250.0 - - 

213.9 213.9 - 250.1 250.4 250.4 

214.0 214.0 214.0 250.1 250.6 - 

214.0 214.1 - 250.5 251.2 251.1 

214.7 - - 250.7  - 

215.2 215.7 - 250.7 251.3 - 

1S0→
4H5 

223.1 - - 

1S0→
1G4 

268.4 269.0 - 

223.1 - - 268.5 - 268.8 

223.6 223.8 - 269.9 269.5 - 

223.7 223.9 - 270.0 270.0 270.0 

223.7 224.0 224.0 270.3 - - 

224.1 - - 270.4 270.7 - 

224.1 224.0 224.1 271.0 272.9 - 

224.5 - - 272.9 - - 

224.6 224.2 224.3 273.0 273.7 273.8 

224.7 225.3 225.3 

1S0→
1D2 

333.4 331.9 - 

224.7 225.5 - 333.5 332.9 332.9 

1S0→
4H6 

233.8 - - 333.7 - - 

233.8 234.1 234.1 334.7 334.2 334.2 

234.0 234.2 - 334.8 - - 

234.5 234.5 234.5 1S0→
3P0 383.8 382.6 382.6 

234.6 234.6 - 

1S0→
1I6 

389.5 390.7 - 

235.5 235.4 - 389.6 390.7 390.8 

235.8 235.6 - 392.0 391.2 - 

235.8 - - 392.2 - - 

236.1 - - 
1S0→

3P1 
392.2 392.7 392.7 

236.1 - - 392.5 393.1 393.2 

236.2 236.3 236.4 1S0→
1I6 392.5 393.7 - 
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236.8 236.8 236.9 392.6 - - 

236.8 237.2 - 393.9 394.3 - 

1S0→
3F2 

239.5 239.6 239.8 394.2 394.3 394.3 

239.5 - - 395.6 294.5 - 

239.6 - - 395.8 - - 

239.6 240.1 240.0 395.9 - - 

239.6 240.2 240.0 396.2 397.7 397.8 

1S0→
3F3 

246.8 246.5 - 396.7 - - 

247.3 247.0 247.0 396.7 398.4 - 

247.3 - - 

1S0→
3P2 

411.9 410.7 410.5 

247.4 247.4 - 412.1 410.7 - 

248.1 247.9 - 412.2 - - 

248.2 247.1 - 414.2 412.4 - 

248.2 -  414.2 - 412.6 
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Table 5 – Comparison between average calculated energy (nm) and experimental and 

other theory transition to Pr3+:SrAl12O19. 

 

Term Average calculated 
Experimental and other 

theory transition 

1S0→
4H4 213.9 

220[25] 

215[27] 

214.0(t)[22] 

214.1(e)[22] 

1S0→
4H5 224.0 

224.4(t)[22] 

224.4(e)[22] 

1S0→
4H6 235.4 

235.5(t)[22] 

235.4(e)[22] 

1S0→
3F2 239.6 

239.9(t)[22] 

239.9(e)[22] 

1S0→
3F3 247.6 

247.0(t)[22] 

247.4(e)[22] 

1S0→
3F4 250.2 

253.4[29] 

254[27] 

253[28] 

250.5(t)[22] 

250.5(e)[22] 

1S0→
1G4 270.5 

273.6[28] 

276.6[25] 

275[27] 

273.6[28] 

270.9(t)[22] 

271.0(e)[22] 

1S0→
1D2 334.0 

342[25] 

343.4[28] 

333.5(t)[22] 

333.0(e)[22] 

1S0→
3P0 383.8 

382.6(t)[22] 

382.6(e)[22] 

1S0→
1I6 390.8 

402[29] 

404[25] 
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403[26] 

402(e)[27] 

 406.3(e)[28] 

390.8(t)[22] 

390.9(e)[22] 

1S0→
3P1 392.4 

392.9(t)[22] 

392.9(e)[22] 

1S0→
1I6

 395.0 
396.0(t)[22] 

395.5(e)[22] 

1S0→
3P2

 412.9 
411.6(t)[22] 

411.3(e)[22] 
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Table 6 – Comparison between average calculated energy (nm) and experimental and 

other theory transition to Eu3+:SrAl12O19. 

 

Term Cal. Average Cal. Experimental 

5D0→
7F0 563.8 563.8 - 

5D0→
7F1 

578.8   

579.4 580.0 592[30]; 578[31] 

581.8   

5D0→
7F2 

602.2   

602.2   

603.8 603.0 616[30] 

604.6   

604.7   

 


