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A theoretical study of the crystal-�eld parameters and zero-�eld splitting parameter of Mn2+-doped
zinc aluminate single crystals has been completed with the use of the perturbation theory and the
superposition model. The theoretical value of the zero-�eld splitting parameter D agrees well with
the experimental value. This validates the experimental outcome that Mn2+ ions substitute at the
Zn2+ site in zinc aluminate single crystal. Using the parameters of the crystal �eld and the crystal
�eld analysis program, the optical spectra of Mn2+-doped zinc aluminate crystal are calculated. The
calculated and experimental energy values agree with each other reasonably well. Thus, the theoretical
approach supports the experiment.

topics: inorganic compounds, single crystal and crystal �elds, optical properties, electron paramagnetic
resonance

1. Introduction

Electron paramagnetic resonance (EPR) provides
information about symmetry at the local site of
transition ions doped in di�erent crystals, as well
as about the distortions present in the lattice [1�3].
The above studies suggest that the transition ion
(d5) spin Hamiltonian (SH) parameters in crystals
are quite sensitive to local distortions. The above
parameters may be correlated using microscopic
spin Hamiltonian (MSH) theory with optical and
structural parameters.
The crystal-�eld (CF) parameters of the d5 ion

can be obtained using the superposition model
(SPM) [4�6]. After that, the CF parameters are
used to determine the zero-�eld splitting (ZFS) pa-
rameters [7, 8]. The Mn2+ ion of the iron group is
interesting due to its 6S5/2 ground state [9�11].
SPM was proposed [12] for calculating CF param-

eters based on the following assumptions:

1. CF at a paramagnetic ion can be expressed
as an algebraic sum of the contributions from
other ions in the crystal.

2. When the paramagnetic ion is at the origin
of a chosen coordinates system, all major CF
contributions from every ion in the crystal are
axially symmetric with respect to its position
vector.

3. Only neighboring or coordinated ions should
be considered for their CF contributions.

4. The CF contributions from a single ion (lig-
and) are transferable across di�erent host
crystals.

The �rst assumption implies the validity of the su-
perposition principle in the description of CF, while
the axial symmetry assumption (2) allows us to
freely transform one coordinate system to another.
However, a more restrictive form of assumption (3)
is often adopted, in which only the nearest neigh-
bor ions are considered. The last assumption (4)
on ligand transferability means that the CF con-
tributions from a single ligand depend only on the
ligand type and its distance from the paramagnetic
ion. In order to perform an SPM analysis of the
CF splitting, an almost pre-requisite condition is
to have a reliable set of polar coordinates (RL, θL,
ΦL) for all the ligands in question, as obtained from
X-ray data of the host crystal. If transition metal
ions are doped as impurities, they will probably pro-
duce a certain amount of local distortion or lattice
relaxation due to a mismatch in ionic charge, ionic
size, and/or inter-ionic bonding. If there is a suf-
�cient number of CF parameters, a linear or non-
linear least-square �t can be applied to these CF
parameters to �nd the �tted values of the SPM in-
trinsic parameters and the power-law exponents. A
critical analysis of the experimental spin Hamilto-
nian parameters for Mn2+ and Fe3+ in CaO and
MgO crystals has been made [13], verifying that
CF for 3d ions satis�es the superposition principle
and provides explicit values of the SPM parame-
ters for the EPR data. A rigorous lattice relaxation
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model was developed [14] to calculate locally dis-
torted ligand positions for Eu2+ at the orthorhom-
bic sites in various alkali halides. A similar ap-
proach was applied [15] to a reliable set of ligand
distances calculated for alkaline earth oxides to �nd
sets of the SPM intrinsic parameters (R0 = 2.0 Å)
for Mn2+- and Fe3+-doped MgO, CaO, and SrO.
The result was: b2 = (−1552 ± 48) × 10−4 cm−1

(for Fe3+) and b2 = (−6440 ± 113) × 10−4 cm−1

(for Mn2+) with �xed t2 = 16 for both ions; b4 =
(9.9± 0.8)× 10−4 cm−1 (for Fe3+ and Mn2+) with
�xed t4 = (16±4) for both ions. For the separate �t
of t2, the �tted values were 17.7 and 14.4 for Mn2+

and Fe3+, respectively.
Zinc aluminate, or ZnAl2O4, is a spinel-

structured semiconductor having a band gap of
Eg = 3.8 eV. It has been thoroughly investigated as
a luminophore host substance for various applica-
tions, e.g., in mechano�optical stress sensors, thin-
�lm electroluminescence displays, and stress imag-
ing apparatuses [16�19]. ZnAl2O4 spinel possesses
special properties such as improved di�usion, duc-
tility, and high thermal stability. Because of these
special properties, it is used as an optical coat-
ing material and at high temperatures. In addition,
ZnAl2O4 is also employed in a variety of catalytic
processes, including dehydration, cracking, hydro-
genation, and dehydrogenation [20�23]. The stud-
ies are carried out on ZnAl2O4 phosphors doped
with transition ions and rare earth ions [24�28],
where there is a broad range of potential industrial
uses. Mn2+ luminescence produces a cheap red- or
green-emitting phosphor. Mn-doped ZnAl2O4 thin
�lms prepared by spray pyrolysis exhibit vivid green
cathodoluminescence at low excitation voltage [26].
EPR measurements on Mn2+-doped zinc alumi-

nate (ZnAl2O4) single crystals at 300 K have been
reported [29]. The current investigation determines
the CF parameters using SPM, and these parame-
ters with MSH theory give the ZFS parameter for
the Mn2+ ions at the axial center in the ZnAl2O4

single crystal at 300 K. The experimental value and
the ZFS parameterD, as determined by SPM, agree
well [20].

2. Crystal structure

With �A� denoting a metal cation occupying a
tetrahedral site and �B� denoting Al occupying oc-
tahedral sites of a cubic crystal, ZnAl2O4 has the
general formula AB2O4. The cubic unit cell that
makes up the crystal spinel structure (AB2O4) is an
element of the space group Fd3m. AB2O4 patterns
are found in eight per unit cell. Only eight tetra-
hedral sites (on Wycko� positions 8a (1/8, 1/8, 1/8)
and sixteen octahedral sites (on Wycko� positions
16d (1/2, 1/2, 1/2)) in the direct spinel structure
are occupied by the A and B cations, respectively,
while the oxygen anions completely occupy the 32e

Fig. 1. Crystal structure of ZnAl2O4 together
with axes (SAAS � symmetry adopted axes sys-
tem).

positions [29, 30]. Zn2+ cations are found in the 8a
sites of ZnAl2O4, also known as gahnite, while Al3+

cations may occupy part of the 16d sites. The lattice
constant is a = 8.0891 Å [29]. The oxygen coordi-
nation around Zn2+ is shown in Fig. 1 (courtesy of
Menon et al. [31]). The site symmetry around Mn2+

ions may be taken to be axial (the point symmetry
group is D2d [32]), as indicated by the EPR study
of Mn2+-doped ZnAl2O4 [30].
The laboratory axes (x, y, z) are selected so that

they align with the crystallographic axes (a, b, c).
The symmetry adopted axes are labeled (X,Y, Z).
The principal Z axis of g and D tensors of Mn2+

ions is found to correspond to the crystallographic
c axis. The two other axes (X,Y ) are perpendic-
ular to the Z axis (Fig. 1). This suggests that
in the ZnAl2O4 crystal, Mn2+ takes the place of
Zn2+ with approximately axial symmetry. Mn2+

ion's ionic radius (0.066 nm, tetrahedral coordina-
tion) is marginally larger than Zn2+ ionic radius
(0.060 nm), indicating that Mn2+ ion can sit at the
position of Zn2+ with certain distortion.

3. Theoretical investigation

The SH of 3d5 ion in the axially symmetric crystal
�eld is given as [33�35]
H = HZe +HZFS +Hhfs =

µBB · gS +
∑
k,q

Bq
kO

q
k (Sx, Sy, Sz) +A(I · S) =

µBB · gS +D
{
S2
z−S (S+1)

}
+

a

6

[
S4
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z − 1

5
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(
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)]
+

F
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}
+A (I · S) ,

(1)
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TABLE IAtomic coordinates in ZnAl2O4 crystal and spherical polar coordinates of ligands (R, θ,Φ).

Position of Mn2+

(fractional)
Ligands [Å] Spherical co-ordinates of ligands

x y z R [nm] θ [degree] Φ [degree]

Site: Substitutional
Zn (0.125, 0.125, 0.125)

O1 0.2640 0.2640 0.2640 0.1947 54.73 45.00

O2 0.2640 −0.0140 −0.0140 0.1947 125.26 −45.00

O3 −0.2640 −0.2640 −0.2640 0.5450 125.26 45.00

O4 −0.2640 1.0140 1.0140 1.0645 47.50 −66.37

where Bq
k are the ZFS parameters associated with

the extended Stevens operators Oq
k [8], which de-

pend on the spin operators S = (Sx, Sy, Sz). The
very �rst term describes electronic Zeeman inter-
action, where the external magnetic �eld is B,
the Bohr magneton is represented by µB, and g
is the spectroscopic splitting factor. The second-
rank axial, fourth-rank cubic, and fourth-rank axial
ZFS terms are the second, third, and fourth terms,
respectively, in the third, fourth, and �fth lines
of (1) [10]. The hyper�ne interaction term is the �fth
term. The e�ective spin vector, second-order axial,
fourth-rank cubic, and fourth-rank axial ZFS pa-
rameters are denoted by the letters S, D, a, and F ,
respectively. The Zeeman electronic interaction is
taken to be isotropic for Mn2+ ions [10, 12, 36].
For a d5 ion, the Hamiltonian is provided as

H = H0 +Hcf +Hso, (2)

where
Hcf =

∑
kq

BkqC
k
q (3)

is the Hamiltonian of the crystal �eld, while Hso

and H0 are spin�orbit (SO) coupling and the free
ion Hamiltonian, respectively. Since the spin�spin
coupling is very small [37�39], its contribution is
neglected in (2). The perturbation term is the crys-
tal �eld of the SO interaction [40�42]. For 3d5 ions
in axial symmetry, the SO contribution to the ZFS
parameter D is provided as [41]

D(4)(SO) =
ξ2

P 2

[
14B2

44−5B2
40

63G
−3B20 (B20−14ξ)

70D

]
,

(4)
where P = 7(B + C), G = 10B + 5C, and D =
17B+5C. Here, P , G, andD provide the energy dif-
ferences between the ground sextet and the excited
quartets. The electron�electron repulsion is repre-
sented by the Racah parameters B and C. In (4),
only the fourth-order term is included because other
perturbation terms are insigni�cant [41, 42]. The
relations B = N4B0, C = N4C0, and ξ = N2ξ0
represent the parameters B, C, and ξ in terms of
the average covalency parameter N , where B0, C0,
and ξ0 are the Racah parameters and the spin-orbit
coupling parameter for free ion, respectively [43].
For Mn2+ ion, we take here B0 = 960 cm−1,
C0 = 3325 cm−1, ξ0 = 336 cm−1 [10]. Using equa-
tion

N =
1

2

(√
B/B0 +

√
C/C0

)
, (5)

N can be obtained by taking the values of Racah
parameters (B = 760 cm−1, C = 2714 cm−1) from
optical absorption of Mn2+ ion in ZnAl2O4 crys-
tal having oxygen ligands in tetrahedral coordina-
tion [31].
The ZFS parameter D is obtained from (4) af-

ter determining the CF parameters for Mn2+ in
ZnAl2O4 single crystal using SPM. A comparable
technique has been employed to �nd the ZFS pa-
rameters in many other works [44].
In order to interpret the crystal-�eld splitting

in various crystals, SPM is e�ectively used. Also,
the aforementioned model has been applied for 3dn

ions [41]. Using this model, the parameters Bkq

of the crystal �eld are determined from the equa-
tions [45, 46]

B20 = −2A2

(
R0

R10+∆R1

)t2

− 4A2

(
R0

R20+∆R2

)t2

,

(6)

B40 = 16A4

(
R0

R10+∆R1

)t4

+12A4

(
R0

R20+∆R2

)t4

,

(7)

B44 = 2
√
70A4

(
R0

R20 +∆R2

)t4

, (8)

whereR0 is the reference distance, which is typically
calculated as the axially symmetric mean of the four
bond lengths; ∆R1 and ∆R2 give the distortion pa-
rameters; A2, A4, and tk denote the intrinsic pa-
rameters and the power law exponent, respectively.

4. Results and discussion

The position of Mn2+ ion and spherical po-
lar coordinates of ligands are shown in Table I.
Two of the four Mn2+�O2− bond lengths have
an average value of R10 = 0.6296 nm, and the
remaining two have an average value of R20 =
0.3698 nm. In tetrahedral coordination, A4(R0) =

(− 27
16 )Dq [5]. The ratio A2

A4
for 3d5 ions is between

8 and 12 [41, 42]. For the Mn2+ ion, the power law
exponents are determined to be equal to t2 = 3 and
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TABLE II

Crystal-�eld parameters and zero-�eld splitting parameters of Mn2+-doped ZnAl2O4 single crystal.

∆R1

[nm]
∆R2

[nm]
R0

[nm]
Crystal-�eld parameters [cm−1] Zero-�eld splitting parameter

D (×10−4) [cm−1]B20 B40 B44

−0.11174 −0.11178 0.211 14802.64 −1886.85 −2604.57 301.0

0.00000 0.00000 0.211 5216.476 −155.31 −209.816 12.3

Exp. 301.0

TABLE III

Observed and calculated (CFA package) energy band positions [cm−1] of Mn2+-doped ZnAl2O4 single crystal.

Transition from 6A1g(S) to Observed [31] Calculated
4T1g(G) 20000 19135, 19225, 19492, 19571, 20624, 20784
4T2g(G) 22124 21468, 21492, 22674, 22679, 22684, 22685

4Eg(G)/4A1g(G) 23474 22698, 22739, 22802, 22888
4T2g(D) 25840 25129, 25136, 25459, 25490,25539,25596
4T1g(P ) 30148, 30420, 30554,30752, 31146, 31156
4A2g(F ) 35971 35789, 35955
4T1g(F ) 36213, 36496, 36678,36829, 37060, 37392
4T2g(F ) 38085, 38345, 38466, 38573, 38576, 38663

Input parameters: number of free ion parameters = 5; number of d shell electrons = 5; number of fold for rotational

site symmetry = 1; Racah parameters in A,B,C, spin�orbit coupling constant, and Trees correction are 0, 760, 2714,

336, and 76 cm−1, respectively; numbers of crystal-�eld parameters = 3; B20, B40, B44 are taken from Table II; spin�

spin interaction parameter M0 = 0.2917; spin�spin interaction parameter M2 = 0.0229; spin�other-orbit interaction

parameter M00 = 0.2917; spin�other-orbit interaction parameter M22 = 0.0229; magnetic �eld B = 0.0 Gauss; angle

between magnetic �eld B and Z-axis = 0.00 degree.

t4 = 7. To obtain the intrinsic parameter values in
SPM, semi-ab initio calculations are performed for
other transition ions; the same method is adopted
there.
The values of B, C, and Dq are derived from

the optical absorption study [31] and are 760, 2714,
and 378 cm−1, respectively. First, no local dis-
tortion is included when D's value is computed.
This can be accomplished by taking A2

A4
= 10 and

R0 = 0.211 nm, which is marginally larger than
the total ionic radii of Mn2+ = 0.066 nm and of
O2− = 0.138 nm (four coordination). The following
Bkq parameters are used: B20 = 5216.476 cm−1,
B40 = −155.31 cm−1, B44 = −209.816 cm−1. As
a result, the D value is |D| = 12.3 × 10−4 cm−1.
EPR study gives D the experimental value of D as
|D| = 301.0× 10−4 cm−1 [29]. From the above, it is
evident that the experimental value is greater than
the theoretical value.
Now, we take the local distortions as

∆R1 = −0.11174 nm and ∆R2 = −0.11178 nm,
R0 = 0.211 nm and ratio A2

A4
= 10. Table II shows

the calculated Bkq parameters and D being equal
to |D| = 301.0× 10−4 cm−1, which is in excellent
agreement with the experimental result, i.e.,
|D| = 301.0 × 10−4 cm−1. Taking Bkq parameters
and the CFA program [47, 48], the optical spectra of

Mn2+-doped ZnAl2O4 single crystal are calculated.
The energy levels of Mn2+ ion are computed by
diagonalizing the complete Hamiltonian within the
3dN basis of states in the intermediate crystal-�eld
coupling scheme. Table III provides the calculated
energy values (input parameters are given below
the table) along with the experimental values [31]
for comparison. It is found from Table III that
there is a reasonable agreement between the com-
puted and experimental results. The energy values
obtained without considering the distortion were
quite di�erent from the experimental values and
are therefore not given here. Thus, the theoretical
study con�rms the results of the experimental
investigation.

5. Conclusions

In ZnAl2O4 single crystal, the zero-�eld split-
ting parameter D for Mn2+ was calculated us-
ing the superposition model and perturbation the-
ory. The theoretical D value �ts nicely with the
experimental value when distortion is included
in the calculation. The theoretical investigation
shows that the Mn2+ ion occupies the Zn2+ site,
which supports the results of the experimental
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EPR study. It is found from the CF energy cal-
culation that there is a reasonable agreement be-
tween the computed and experimental energy val-
ues. Thus, the theoretical study con�rms the exper-
imental results. The procedure applied here may be
used in several other ion-host systems to explore
scienti�c and industrial applications of di�erent
crystals.
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