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The EPR parameters (g factors g‖, g⊥ and hyperfine structure constants A‖, A⊥) of the tetragonal Ti3+–

O2−–VM centers in MgO and CaO crystals are calculated from the high-order perturbation formulae based on the
cluster approach. The calculated results are in reasonable agreement with the observed values. The local structural
parameters for the tetragonal Ti3+ centers in both crystals are also obtained from the calculation. These results
are discussed.
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1. Introduction

MgO and CaO are the important matrices in the stud-
ies of the optical and EPR spectra of transition-metal
(3dn) ions in crystals [1–6]. For example, the EPR spec-
tra of Ti3+(3d1) ions in MgO and CaO crystals were mea-
sured [6]. From the measurement, a tetragonal Ti3+ cen-
ter ascribed to the defect model Ti3+–O2−–VM (where
VM denotes a neighboring cation vacancy along 〈001〉
axis owing to charge compensation) was found in both
crystals and their EPR parameters (g factors g‖, g⊥ and
hyperfine structure constants A‖, A⊥) were obtained [6].
By fitting the calculated g factors from the simple per-
turbation formulae based on the classical crystal-field
theory to the observed values, Davies and Wertz [6]
found the energy separations E1 ≈ 10Dq ≈ 30000 cm−1,
E2 ≈ δ ≈ 5Dt − 3Ds ≈ 3000 cm−1 for MgO:Ti3+ and
E1 ≈ 22000 cm−1, E2 ≈ 4800 cm−1 for CaO:Ti3+. As
pointed out by them [6], these values of E1 and E2 are ex-
pected to be overestimated because in the classical crys-
tal field theory, the covalence effect in [TiO6]9− cluster
and hence the covalence reduction effect in the spin–orbit
coupling parameter are not considered. In addition, the
local geometry (or the local structure) of this tetragonal
Ti3+ impurity center in both crystals was not studied.
Considering that in MgO:Ti3+ and CaO:Ti3+ crystals,
the spin–orbit coupling parameter ζ0p (≈ 150 cm−1 [7]) of
the ligand O2− is very close to that (ζ0d ≈ 154 cm−1 [8])
of the central Ti3+ ion, the contributions to the EPR
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parameters from the spin–orbit coupling parameter ζ0p
via covalence effect should be included. Thus, the high-
order perturbation formulae of EPR parameters based
on the cluster approach should be used in the calculation
of EPR parameters of MgO:Ti3+ and CaO:Ti3+ crystals.
In these formulae, the covalence effect and hence the con-
tributions to EPR parameters from both the spin–orbit
coupling parameters ζ0d and ζ0p are considered. In this
paper, we calculate the EPR parameters of MgO:Ti3+
and CaO:Ti3+ by using the formulae based on cluster
approach. The local structural data of the Ti3+–O2−–
VM centers (and hence the local geometry of the Ti3+
centers) in both crystals are also estimated from the cal-
culations. The results are discussed.

2. Calculation

For a 3dn MX6 octahedral cluster, the one-electron ba-
sis function |ψγ〉 is the linear combination of the d orbital
|dγ〉 of 3dn ion and the p orbital |pγ〉 of the ligands,

|ψγ〉 = N
1
2 (|dγ〉 − λγ |pγ (1)

where γ = eg or t2g stands for the irreducible representa-
tion of Oh group. Nγ and λγ are the normalization factor
and the orbital mixing coefficient, respectively. They can
be related by the normalization relationship

Nγ(1− 2λγSdp(γ) + (λγ)2) = 1, (2)
in which Sdp(γ) is the group overlap integral.

For the above tetragonal Ti3+ centers, the ground or-
bital state is 2B2(|dxy〉). Thus, from the above basis func-
tion, the third-order perturbation formulae of 3d1 ion in
tetragonal symmetry based on the cluster approach can
be expressed as [9]:
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g‖ = gs − 8k′ζ ′/E1 − kζ2/(E2)2 − 4k′ζζ ′/(E1E2)
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with
ζ = Nt(ζ

0
d + λ2t ζ

0
p/2),

ζ ′ = (NtNe)
1
2 (ζ0d − λtλeζ0p/2),

k = Nt[1− 2λtSdp(t2g) + λ2t/2],

k′ = (NtNe)(1− λtSdp(t2g) + λeSdp(eg)− λtλe/2),

P = NtP0, P ′ = (NtNe)
1
2P0, (4)

where gs (≈ 2.0023) is the free-electron value. κ is
the core polarization constant. ζ0d and ζ0p are the spin–
orbit coupling parameter of d electrons of free 3d1 ion
and that of p electrons of free ligand ion, respectively.
P0 is the dipolar hyperfine structure constant of free
3d1 ion. For the MgO:Ti3+ and CaO:Ti3+ investigated,
the ζ0d and ζ0p are given in Sect. 1 and P0(Ti3+) ≈
−25.7× 10−4 cm−1 [10].

The group overlap integral Sdp(γ) is dependent upon
the impurity-ligand distance R0 in the studied system.
Since the size and/or nature of impurity ion are often
different from those of the replaced host ion, we esti-
mate reasonably the distance R0 by the approximate for-
mula [11, 12]:

R0 ≈ RH +
1

2
(ri − rh), (5)

in which ri and rh are the ionic radius of impurity and
that of the replaced host ion, RH is the corresponding dis-
tance in the host crystal. Thus, from ri(Ti3+) ≈ 0.76 Å,
rh(Mg2+) ≈ 0.66 Å, rh(Ca2+) ≈ 0.99 Å [13], RH (MgO)
≈ 2.1 Å, and RH (CaO)≈ 2.4 Å [13], we obtain the Ti3+–
O2− distances R0 in MgO:Ti3+ and CaO:Ti3+ crystals.
They are shown in Table I. Thus, from the Slater-type
SCF functions [14, 15] and the distances R0, the integrals
Sdp(γ) for both crystals are calculated and the results are
also shown in Table I.

TABLE I

The structural data, group overlap integrals, molecular
orbital coefficients, and core polarization constant for
the tetragonal Ti3+ centers in MgO:Ti3+ and CaO:Ti3+
crystals.

R0 [Å] ∆R [Å] Sdp(t2g) Sdp(eg) λγ Nt Ne κ

MgO 2.15 0.233 0.0395 0.1101 0.484 0.8361 0.8868 0.6
CaO 2.285 0.490 0.0259 0.0802 0.375 0.8920 0.9255 0.6

The energy separations Ei in Eq. (3) can be written as
E1 = E(2B1)− E(2B2) ≈ 10Dq,

E2 = E(2E)− E(2B2) ≈ 5Dt− 3Ds, (6)
where Dq, Ds, and Dt are the crystal-field parameters.
For the studied Ti3+–O2−–VM center, since the effective
charge of cation vacancy VM is negative, the O2− ion
intervening in the Ti3+ and VM is displaced towards the
Ti3+ ion by an amount ∆R = R0 − R1 (where R1 is
the distance between Ti3+ and the intervening O2− ion.
The distances between Ti3+ and the rest five O2− ions
are still R0) owing to the electrostatic repulsive force be-
tween this O2− and VM . Therefore, for the tetragonal
center, the crystal-field parameters in the superposition
model [16] can be expressed as

Dq ≈ 1
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, (7)

in which t2 (≈ 3 [17–19]) and t4 (≈ 5 [17–19]) are the
power-law exponents. A2(R0) and A4(R0) are the intrin-
sic parameters with the reference distance R0. A4(R0) =
3/4Dqc(R0) [16, 18, 19] for a cubic 3dn octahedral clus-
ter and A2(R0) ≈ (9−12)A4(R0) were obtained for 3dn
ions in many crystals [18–21]. We take the average
value A2(R0) ≈ 10.5A4(R0) here. The cubic field pa-
rameter Dqc(R0) can be obtained from the optical spec-
tra of the system studied. Since no optical spectra of
MgO:Ti3+ and CaO:Ti3+ were reported, we estimate
reasonably the values of Dqc(R0) from those of similar
[TiO6]9− clusters in other crystals. Since the parame-
ter Dqc(R0) ∝ R−n0 (where n ≈ 5 ± 1.5 [22–24]), from
the Dqc(R0) ≈ 1910 cm−1 [25] within the cubic approx-
imation with the Ti3+–O2− distance R0 ≈ 2.037 Å in
Al2O3:Ti3+ (note: R̄H ≈ 1.912 Å [26] in Al2O3:Ti3+
and Ri(Al3+) ≈ 0.51 Å [13]) and the Ti3+–O2− distance
R0 of MgO:Ti3+ and CaO:Ti3+ (see Table I), we ob-
tained Dqc(R0) ≈ 1500 and 1100 cm−1 for MgO:Ti3+

and CaO:Ti3+, respectively. Thus, we have A4(R0) ≈
1125 cm−1 with R0 ≈ 2.15 Å for MgO:Ti3+, and
A4(R0) ≈ 825 cm−1 with R0 ≈ 2.285 Å for CaO:Ti3+.
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It is difficult to obtain the orbital mixing coefficients
λγ , so we take them as the adjustable parameters. For
simplicity, we assume λγ ≈ λt ≈ λe. Thus, in the above
formulae, there are three adjustable parameters λγ , ∆R
and κ (which is used only in the calculations of A‖ and
A⊥). By fitting the calculated EPR parameters g‖, g⊥,
A‖ and A⊥ from the above formulae to the experimen-
tal values, these adjustable parameters for Ti3+ ions in
MgO and CaO can be obtained and are shown in Table I.
Thus, the normalization factor Nγ (see Table I) in both
crystals can be calculated by using Eq. (2) and so the
parameters in Eq. (4) are therefore obtained. The cal-
culated EPR parameters for both crystals are compared
with the observed values in Table II.

TABLE II

The EPR parameters of the tetragonal Ti3+ center in
MgO:Ti3+ and CaO:Ti3+ crystals. Upper values — calcu-
lated, lower values — experimental [6].

g‖ g⊥ A‖ [10−4 cm−1] A⊥[10−4 cm−1]

MgO
1.9530

1.95304(10)
1.8987

1.89878(10)
27

26.8(2)
9

10.0(5)

CaO
1.9426

1.9427 (1)
1.9366

1.9380 (1)
29

27.4(1)
8

9.9(15)

3. Discussion

From Table II, it can be seen that by considering suit-
able local structures, the calculated EPR parameters g‖,
g⊥, A‖ and A⊥ (from the third-order perturbation formu-
lae based on cluster approach) for the tetragonal Ti3+–
O2−–VM centers in MgO:Ti3+ and CaO: Ti3+ crystals
are in agreement with the observed values. In the cal-
culations, since the covalence effect is considered, the
required energy separations are E1 ≈ 16950 cm−1 and
E2 ≈ 2510 cm−1 for MgO:Ti3+ and E1 ≈ 15300 cm−1
and E2 ≈ 4210 cm−1 for CaO:Ti3+. These values are
indeed smaller than the corresponding values overesti-
mated in Ref. [6] (see Introduction) and can be regarded
as suitable. In addition, the direction of the displacement
∆R in both crystals is consistent with the expectation
based on the electrostatic interaction between the inter-
vening O2− and Ti3+ ions. The Ti3+–O2− distance R0 in
MgO:Ti3+ is smaller than that in CaO:Ti3+ and then the
interaction between Ti3+ and O2− ions in MgO:Ti3+ is
stronger than that in CaO:Ti3+. Therefore, it can be ex-
pected that the orbital mixing coefficient λγ in MgO:Ti3+
should be larger than that in CaO:Ti3+ and the displace-
ment ∆R in MgO:Ti3+ is smaller than that in CaO:Ti3+.
The above calculated results (see Table I) confirm the two
points. Therefore, they can be looked upon as reasonable.
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