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The exchange charge model of crystal field theory has been used to analyze the ground and excited state absorption of 
octahedrally coordinated Ni2+ ion in MgAl2O4. The parameters of the crystal field acting on the Ni2+ ion are calculated from 
the crystal structure data. The obtained energy level schemes were compared with experimental ground and excited state 
absorption spectra; a good agreement with experimental data is demonstrated. From the analysis of the experimental 
spectra, the Stokes shift, the effective phonon energy and the zero-phonon line position all were evaluated. 
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1. Introduction 
 
Ni2+-doped crystals exhibit broad absorption bands in 

the visible and infrared spectral range [1]. As a rule, 
divalent nickel enters octahedral sites in the crystals, 
though in some garnets like Gd3Ga5O12 [1, 2] and 
Ca3Sc2Ge3O12 [3] tetrahedrally coordinated Ni2+ ions were 
detected as well resulting in more complicated spectra due 
to the overlap of the absorption bands arising from 
different centers. The emission lifetime of octahedral Ni2+ 
ions is of the order of ms [1] and from the point of view of 
the potential laser application the Ni2+-doped crystals seem 
to be very attractive. With this aim in view, Y3Al5O12:Ni2+ 
and Gd3Sc2Ga3O12:Ni2+ have been proposed in [4] as 
promising materials for solid-state lasers. However, no 
laser oscil lation was obtained at room temperature so far 
[1], and the main reason is due to a strong excited state 
absorption (ESA), which overlaps with the fluorescence 
band. The ESA measurements from the 3T2 (3F) first 
excited state of Ni2+ in various crystals (MgO, MgF2, 
Gd3Ga5O12) were reported in [5–7]. 

Among other Ni2+-doped crystals, spinel MgAl2O4 
was reported in [8, 9], and ESA studies of MgAl2O4:Ni2+ 
were performed in [10]. In the present paper we analyze 
both ground state absorption (GSA) and ESA of 
MgAl2O4:Ni2+ using the exchange charge model (ECM) 
[11] of crystal field. We calculate the crystal field 
parameters using the crystal structure data [12], compute 
the crystal field splitting of the Ni2+ terms using only one 
fitting parameter of the ECM, and determine the Stokes 
shift, the effective phonon frequency and the zero-phonon 
line energy from the experimental absorption and emission 
spectra [10]. 

 
2. Spectroscopic and crystal structure data  
    for MgAl2O4:Ni2+ 
 
According to [12] MgAl2O4 belongs to the Fd-3m 

space group with lattice constant a = 8.0806 Å. After 

doping, Ni2+ ions substitute for Al3+ at the octahedral sites. 
Experimental measurements of the GSA and ESA in [10] 
revealed three strong broad absorption bands at 970 nm, 
595 nm, and 365 nm which were unambiguously ascribed 
to the spin-allowed transitions from the 3A2 (3F) ground 
state to the orbital triplets 3T2 (

3F),  3T1 (
3F), and 3T1 (

3P), 
respectively. Two additional small peaks in the GSA 
spectrum at 770 nm and 430 nm were assigned to the spin-
forbidden transitions to the 1E (1D) and 1T2 (1D) levels. 
From the experimental positions of these bands, the 
authors of Ref. [10] estimated the values of the Racah 
parameters B, C, and crystal field strength Dq to be (in          
cm-1): 865, 3254, and 1040. A small ratio BDq = 1.2 
indicates the weak crystal field case is realized in the 
considered host. The emission spectrum exhibits one broad 
band with a peak at around 1180 nm, and it is due to the 
3T2 (3F) �  3A2 (3F) transition. Both absorption and 
emission bands appear structureless; in addition, no zero-
phonon lines were detected either in emission or in 
absorption spectra. These facts serve as an experimental 
proof for strong electron-vibronic coupling in the 
considered material. Detailed ESA measurements 
performed in [10] at room temperature lead to the 
detection of three broad absorption bands centered at about 
1700 nm, 750 nm, and 580 nm. The first band was 
ascribed to the 3T2 (

3F) �  3T1 (
3F) transition; the second 

and the third – to the 3T2 (
3F) �  1T1 (

1D) and 3T2 (
3F) �  

3T1 (
3P), respectively.  
In the next sections these experimental results will be 

confirmed by detailed crystal field calculations. 
 
 
3. Crystal field calculations for MgAl2O4:Ni2+  
 
Energy levels of the Ni2+ ion in this work are 

represented by the eigenvalues of the following crystal 
field Hamiltonian [11]:     
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where k
pO are the linear combinations of irreducible 

tensor operators acting on angular parts of the Ni2+ ion 

wave functions, and k
pB are crystal field parameters 

containing all information about geometrical structure of 
an impurity center. As formulated in [11], these 
parameters can be written as a sum of two terms: 
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The first contribution is due to the electrostatic 

interaction between optical electrons of an impurity ion 
and ions of crystal lattice (treated at point charges, without 
taking into account their electron structure), and the 
second one is proportional to the overlap of the wave 
functions of an impurity ion and ligands. In other words, 
this term includes all effects of the covalent bond 
formation and exchange interaction. Inclusion of these 
effects significantly improves an agreement between 
calculated and experimentally observed energy levels. 
Expressions for calculating both contributions to the 
crystal field parameters in the case of 3d-ion are as follows 
[11]: 
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The sums are carried out over lattice ions denoted by i 

with charges qi; )(),(),( iiiR ϕθ  are the spherical 
coordinates of the i-th ion of crystal lattice in the system of 
reference centered at the impurity ion. The averaged 

values pr  of p-th power of the impurity ion electron 

radial coordinate can be found in Ref. [13]. The values of 

the numerical factors p
k
pK γ,  and expressions for the 

polynomials k
pV are given in [11]. The overlap integrals 

between d-functions of the central ion and p- and s-

functions of the ligands are denoted by πσ SSSs ,, (they 

correspond to the following integrals (in ''mllm  

notation): )1p1dS,0p0dS,0s0dSs === πσ . 

πσ GGGs ,,  are dimensionless adjustable parameters of 

the model, which are determined from the positions of the 
first three absorption bands. For practical purposes, it is 
sufficient to assume them be equal to each other: 

GGGGs === πσ  (in this case only the first 

absorption band is required to determine the value of G ), 

and in this paper we use this simplified model. The strong 
advantage of the ECM is that if the G parameter is 
determined to fit the first absorption band, the other energy 
levels, located higher in energy, will also fit experimental 
spectra fairly well. 

The ECM has been successfully applied for the 
calculations of the energy levels of both rare earth [11,14–
17] and transition metal ions in different hosts as well [18–
23] and analysis of the electron-phonon coupling and non-
radiative transitions [24–26]. 

Since the second rank point charges parameters k
qB ,2  

decrease not so fast as the fourth rank parameters k
qB ,4  (as 

31 R and 51 R , respectively), the contribution of the 
ligands from the second and further coordination spheres 
can be quite significant. To increase accuracy in 
calculating the point charge contribution to the crystal 
field parameters, we considered large cluster consisting of 
791 ions, namely 1 Ni2+, 223 Al3+, 123 Mg2+, and 444 O2-. 
This cluster enables to take into account the contribution 
of ions located at the distances up to 15.117 Å. For the 
exchange charge parameters (Eq. (4)) only the nearest 
ligands were taken into account, since the overlap between 
an impurity ion and l igands from other than the first 
coordination sphere can be safely neglected. The overlap 
integrals between the Ni2+ and O2- ions needed for 
calculating the exchange charge contribution k

SpB ,  to the 
crystal field parameters were computed numerically using 
the radial wave functions of the Ni2+ ion given in [27] and 
O2- ion given in [28].  The dependence of the overlap 
integrals on the interionic distance r (in atomic units; 
3.3 < r < 4.3) is given by the following exponential 
approximations: 

 

)66179.0exp(71284.000 rsdSs −−== ,   (5) 

 )0.68325(0.84696exp00 rpdS −==σ ,        (6) 

)86486.0(1.13280exp11 rpdS −==π .  (7) 

 
Using Eqs. (1) – (4), crystal structure data from [12], 

and exponential approximations of the Ni2+ − O2− overlap 
integrals from Eqs. (5) – (7), we obtained the values of the 
crystal field parameters, which are given in Table 1. The 
point and exchange charges contributions are shown 
separately to stress out an importance of the overlap 
effects and their influence on the crystal field parameters 
values. The crystal field Hamiltonian (1) was diagonalized 
in the space of 25 wave functions of the spin-triplet terms 
3F, 3P and the spin-singlet terms 1S, 1D, 1G of the Ni2+ ion. 
The Racah parameters B and C which define the energy 
separation between the above terms were chosen to be (in 
cm−1): 865 and 3254, respectively [10]. This parameters 
are reduced with respect to those for a free Ni2+ ion 
( =B 1068 cm−1, =C 4457 cm−1 [29]) due to the covalent 
effects. Such a reduction serves as a firm justification of 
application of the ECM for the considered case. The 
adjustable parameter G was defined by fitting the 
calculated splittings to the experimental ones, and turned 
out to be 0.375. Finally, the obtained energy levels are 
listed in Table 2, in comparison with experimental 
measurements [10].  
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Table 1. Crystal field parameters (in cm−1) of octahedral 
Ni2+ in MgAl2O4. 

 

Parameter 
Point 

charges 
contribution 

Exchange 
charges 

contribution 
Total value 

2
2
−B  – 211 – 831 – 1042 

1
2
−B  808 – 1663 – 855 

0
2B  – 15 0 – 15 

1
2B  – 808 1663 855 

2
2B  0 0 0 

4
4
−B  0 0 0 

3
4
−B  117 1592 1709 

2
4
−B  33 455 488 

1
4
−B  – 17 – 227 – 244 

0
4B  882 1821 2703 

1
4B  17 227 244 

2
4B  0 0 0 

3
4B  117 1592 1709 

4
4B  4410 9103 13513 

 

Fig. 1 shows the Tanabe-Sugano diagram [30] for Ni2+ 
in octahedral environment calculated for the used in the 
calculations values of the Racah parameters. For the 
convenience, the spin-triplet states are shown by solid 
lines, the spin-singlet states – by crosses. The ratio 

BDq  = 1.19, which corresponds to MgAl2O4:Ni2+ is 

shown by a vertical line.    
Since the absorption bands of the Ni2+ ion are very 

broad [10], we calculated the averaged values of energy 
for the groups of states, arising from the orbitally 
degenerated states after they are split by the low-symmetry 
component of crystal field. As seen from Table 1, there 
exists very good correspondence between positions of the 
calculated energy levels and observed in GSA experiments. 

  From the averaged position of the 3T2 (3F) energy 
level we estimated the crystal field strength Dq  to be 
equal to 1031 cm–1 for MgAl2O4, what is in a favorable 
agreement with the results of Ref. [10] (1040 cm–1).  

Comparison between the energies for the ESA 
transitions from the calculated energy level scheme and 
experimental results is shown in Table 3. Again, the 
averaged energies for all transitions were found and 
compared to their experimental counterparts. Again, the 
correspondence is satisfactory good, since the ESA bands 
were also very broad. 

 

 
Fig. 1. The Tanabe-Sugano diagram for a 3d8 ion in an ideal octahedral field. BC = 3.76. The vertical line 

corresponds to the position of Ni2+ ion in MgAl2O4. 
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Table 2. Positions of energy levels (in cm−1) of 

                    octahedral Ni2+ in MgAl2O4. 
 

Calculated 
(this work) 

Experimental 
values 

(GSA,[10]) 

Oh irrep. 
Repress. 

 Averaged  
3A2 (

3F) 0 0 0 
10251 
10290 3T2 (

3F) 
10390 

10310 10309 

1E (1D) 13099  12987 
15997 
16898 3T1 (

3F) 
16971 

16622 16807 

1A1 (
1G) 21857   

22809 
22967 1T2 (

1D)  
23263 

23013 23256 

26783 
27169 3T1 (

3P) 
27945 

27299 27397 

27137 
27181 1T1 (

1G) 
27268 

27195  

35180 
35342 1T2 (

1G) 

35458 
35237  

35855 1E (1G) 
35920 

35888  
1A1 (

1S) 57364   
 
 

Table 3. ESA transitions (in cm−1) of octahedral Ni2+ in 
MgAl2O4. 

 
Calculated 
(this work) 

Experimental 
values (ESA,[10]) 

Transitions 
from the 

lowest 3T2 (
3F) 

level to: 
 Averaged  

5746 
6647 3T1 (

3F) 
6720 

6371 

Peak at 5882 cm-1, 
a broad band from 
4762 cm-1 to 1150 

nm 8696 cm-1  
12558 
12716 1T2 (

1D)  
13012 

12762 13333 

16532 
16918 3T1 (

3P) 
17694 

17048 17241 

 
 

4. Electron-phonon coupling in MgAl2O4:Ni2+  
     and emission band shape modeling 
 
Following the authors of Ref. [10], the system in 

question is referred to as exhibiting a strong electron-
phonon coupling. In this section we estimate the value of 
Stoks shift S and effective phonon energy, employing a 
single-coordinate configurational model in harmonic 
approximation [31]. The two main parameters which 
describe the electron-phonon coupling are the Huang-Rhys 
parameter S and the effective phonon energy ω�

. The 

former is defined as the number of phonons of the energy 
ω�

 excited in the absorption transition [31]: 
 

ω� disE
S =                                 (8) 

 
where Edis is defined in Fig. 2. S and ω�

 are related to the 
difference between the first absorption and corresponding 
emission bands peaks E∆  by the following expression 
[31–33]: 
 

( ) ω
�

12 −=∆ SE .                       (9) 

 
The second equation which is required for to calculate 

the values of S and ω�
 is [31]:   

 

��
��	


=Γ
kT

ST
2

coth35.2)(
ωω

��
,             (10) 

 
where )(TΓ  is the full width at half maximum (FWHM) 
of the emission band at the absolute temperature T. In 
order to solve the equations (9) and (10) we used the 
spectroscopic data from [10]. According to these data, the 
energetical Stokes shift E∆  is about 1835 cm-1, and the 
FWHM of the 3T2 

�  3A2 emission band at 4.2 K is about 
1037 cm-1. Solving Eqs. (9) and (10) yields S = 5.28, 

ω�
 = 192 cm-1. Indeed, the value of S is rather large (for 

example, for Cr4+ ions, whose electron configuration is d2 
has the same LS terms as the d8 configuration of Ni2+) this 
value is about 2 in various compounds [1]), thus 
confirming the conclusion about strong electron-phonon 
coupling in the system in question [10]. The Ni2+ 
3T2 

�  3A2 emission l ifetime was shown in [10] to increase 
from 0.4 ms at room temperature to 1.5 ms at 77 K. This 
change is not so significant, as, for example, in 
Y3Al5O12:Cr4+, where the Cr4+ emission l ifetimes at room 
temperature and 0 K differ by the order of magnitude [34]. 
Therefore, the role of the non-radiative relaxation in 
MgAl2O4:Ni2+ is not so important, and this can be 
explained by low effective phonon energy ω�

. It is less 
than 200 cm-1, whereas, for example, for Sc2O3:Cr3+it is 
499 cm-1 [20], for Y3Al5O12:Cr4+ it is 400 cm-1 [34]. A 
small value of the effective phonon energy implies a large 
number of the phonons bridging the gap between the 
ground and first excited states (more than 40) in the 
studied system, and this leads to a small value of the non-
radiative transition probability and, as a consequence, a 
weak thermal dependence of the emission l ifetime. 

The zero-phonon line was not observed in [10], but its 
position can be estimated by means of the emission band 
shape modeling. The shape of the broad band can be 
reproduced by the envelope of the lines given by the 
equation [31,35]. 
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where I is the band intensity, E0 is the zero-phonon energy, 
E is the photon energy, m is an integer (this is the number 
of phonons involved into the transition) and all other 
quantities entering Eq. (11) are defined above. The “–
“ sign relates to the emission transition, and the “+” sign 
relates to the absorption transition. The only parameter 
which has not been defined yet and which is allowed to 
vary freely is E0. The best fit of the predicted by Eq. (11) 
emission band shape with the experimental spectra [10] 
was obtained with the above defined values of S and 

ω�
and value of the zero-phonon line energy 

E0 = 9310 cm-1 (Fig. 2).    

 
Fig. 2. Theoretical (solid line) and experimental (crosses, 
[ 2] ) band shapes of the 3T2 �  3A2 emission transition in  
                                         MgAl2O4:Ni2+. 

 
 

4. Conclusion 
 
Calculations of the crystal field parameters and energy 

level structure of the octahedrally coordinated Ni2+ ion in 
MgAl2O4 were performed in the framework of the 
exchange charge model of crystal field with one adjustable 
parameter G , describing the overlap between the wave 
functions of the central ion and its nearest environment. 
Results of the energy levels calculations performed in the 
present paper are in a good agreement with experimental 
measurements of both GSA and ESA. The exchange 
charge model with its possibili ty of explicit inclusion of 
the overlap integrals into the expression for calculating the 
crystal field parameters provides an adequate description 
of the energy levels scheme of the Ni2+ in the studied 
crystal. The Stokes shift S = 5.28 and the effective phonon 
energy ω�

 = 192 cm-1 have been deduced from the 
experimental spectra of emission and absorption of 
MgAl2O4:Ni2+. The Ni2+ 3T2 

�  3A2 emission band shape 
was calculated using the single configuration coordinate 
model. Fitting of the calculated bands shapes to the 

experimental spectra allowed for estimating the zero-
phonon energy of the above transition to be 9310 cm-1. 
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