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Abstract. The EPR parameters (g factors g‖, g⊥ and zero-field splitting D) of Mn4+ ion
in h-BaTiO3 crystal are calculated from the complete high-order perturbation formulas
based on a two-mechanism model for the EPR parameters of 3d3 ions in trigonal symmetry.
In the model, not only the widely used crystal-field mechanism, but also the charge-transfer
mechanism (which is not considered in crystal-field theory) are included. The calculated
results are in reasonable agreement with the experimental values. The relative importance
of charge-transfer mechanism to EPR parameters and the defect structure of Mn4+ centre
in h-BaTiO3 crystal obtained from the calculations are discussed.
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1. Introduction

Barium titanate (BaTiO3) represents a material system of fundamental importance
for a wide range of technical applications (e.g., in optical computing and metrol-
ogy [1–3]). There are two polymorphic forms of BaTiO3, one is the well-known
perovskite type and the other is the hexagonal polytype BaTiO3 (h-BaTiO3) [4].
The latter crystallizes in the space group p63/mmc at room temperature [4]. In
h-BaTiO3 crystal, there are two crystallographically different Ti4+ lattice sites.
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Both Ti4+ sites are surrounded by different trigonally distorted oxygen octahedra.
The EPR spectra of h-BaTiO3:Mn4+ were measured [5]. From the measurement,
the Mn4+ ion is found to occupy Ti4+(1) site (where the Ti4+–O2− distances R in
(TiO6)8− octahedron are equal [4,5]) and its EPR parameters (g factors g‖, g⊥ and
zero-field splitting D) were given [5]. No theoretical explanations for these EPR
parameters have been made. Since the g-shifts ∆gi (=gi − ge, where i =‖ and ⊥,
ge = 2.0023, the value of free electron) in h-BaTiO3 are very small, the perturba-
tion formulas based on the one-spin-orbit (SO)-parameter model (where only the
contribution to EPR parameters due to the SO coupling parameter of central 3dn

ion is included) in the conventional crystal-field (CF) theory [6–8] is not effective to
explain these EPR parameters. Recently, a two-SO-parameter model is used to ex-
plain the small g-shifts of 3d3 ions in crystals [9,10]. In the model, the contributions
to EPR parameters due to both the SO coupling parameter of 3dn ion and that of
ligand ion are considered. The model can explain the small g-shifts of 3d3 clusters
with ligand having large SO coupling parameter [9,10]. However, it does not hold
true for h-BaTiO3:Mn4+ because the SO coupling parameter ζ0

p (≈ 150 cm−1 [10])
of ligand ion O2− is smaller than that (ζ0

d ≈ 405 cm−1 [11]) of central Mn4+ ion.
In fact, in both one- and two-SO-parameter models, only the contributions to EPR
parameters due to the interaction of CF excited states with the ground state via SO
coupling (i.e., CF mechanism) are contained. Considering that the charge-transfer
(CT) energy levels lower with the increasing valent state of 3dn ion [12], in the
system having high valent state 3dn ion (e.g., the studied h-BaTiO3:Mn4+), the
contribution to EPR parameters due to the interaction of CT excited states with
the ground state (i.e., CT mechanism) becomes important and should be taken into
account. Thus, the complete perturbation formulas should include the contribu-
tions from both CF and CT mechanisms. In this paper, we establish the complete
high-order perturbation formulas based on the two-mechanism model for the EPR
parameters of 3d3 ions in trigonal symmetry. From these formulas, the EPR pa-
rameters and the defect structure of Mn4+ in Ti4+(I) site of h-BaTiO3:Mn4+ are
studied. The results are discussed.

2. Calculation

In the two-mechanism model, the one-electron basis function |Ψγ〉 should contain
the anti-bonding (related to CF mechanism) and the bonding orbitals (related to
CT mechanism). Thus, for 3dn octahedral clusters, we have

|Ψγ〉 = NX
γ (|dγ〉+ λX

γ |pγ〉), (1)

where the subscript γ (=t or e) denotes the irreducible representation t2g or eg of
Oh group. The superscript X (=a or b) represents the anti-bonding or bonding
orbitals. |dγ〉 and |pγ〉 are the d orbitals of 3dn ion and the p orbitals of the
ligand ions. NX

γ and λX
γ are the normalization coefficients and the orbital mixing

coefficients.
The Hamiltonian for 3d3 ions in trigonal symmetry in the two-mechanism model

is given as
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H = H0 + H ′

H0 = He + Ha

H ′ = Hb + Htri + HCF
SO + HCF

Ze + HCT
SO + HCT

Ze , (2)

where He, Ha, Hb, Htri, HSO and HZe indicate, respectively, the 3d3 ions in the
cubic part of CF, the diagonal and off-diagonal terms of electrostatic interaction,
the trigonal part of CF parameters, the SO coupling interaction and the Zeeman
interaction terms. According to the basis functions and Hamiltonian, the high-
order perturbation formulas based on the two-mechanism model for the EPR pa-
rameters of 3d3 ions in trigonal octahedral clusters are established by applying the
Macfarlane’s perturbation-loop method [7,8]. They are

g‖ = ge + ∆gCF
‖ + ∆gCT

‖
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(3)

in which Ei (i = 1–5) are the zero-order energy denominators depending upon the
cubic field parameter Dq and Racah parameters B and C [7,8]. v and v′ are the
trigonal field parameters. En is the CT energy level. For the (MnO6)8− cluster, we
have En ≈ 30,000 cm−1 [13,14]. The SO coupling parameters ζ, ζ ′ and the orbital
reduction factors k, k′ concerning both mechanisms are
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ζCF = (Na
t )2[ζ0

d + (λa
t )2ζ0

p/2],

ζ ′CF = Na
t ·Na

e [ζ0
d − λa

t λa
eζ0

p/2],

ζCT = Na
t ·N b

t [ζ0
d + λa

t λb
tζ

0
p/2],
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t ·N b

e [ζ0
d − λa

t λb
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0
p/2],

kCF = (Na
t )2[1 + 2λa

t Sdp(t2g) + (λa
t )2/2],

k′CF = Na
t ·Na

e [1 + λa
t Sdp(t2g) + λa

eSdp(eg)− λa
t λa

e/
√

2],

kCT = Na
t N b

t {1 + (λa
t + λb

t)Sdp(t2g) + λa
t λb

t/2],

k′CT = Na
t N b

e [1 + λb
eSdp(eg) + λa

t Sdp(t2g)− λa
t λb

e/2], (4)

where Sdp(γ) is the group overlap integrals. For the (MnO6)8− cluster in the studied
h-BaTiO3:Mn4+, from the Slater-type SCF functions [15,16] and the metal–ligand
distance R ≈ 1.96 Å [4], we obtain Sdp(t2g) ≈ 0.02701 and Sdp(t2g) ≈ 0.07745.

From eq. (1), the molecular orbital (MO) coefficients NX
γ and λX

γ can be related
by the normalization correlation

NX
γ [1 + 2λX

γ Sdp(γ) + (λX
γ )2]1/2 = 1 (5)

and the orthonormal relation

λb
γ = −1 + λa

γSdp(γ)
λa

γ + Sdp(γ)
. (6)

Thus, the coefficients λb
γ , Na

γ and N b
γ can be calculated from the coefficient λa

γ . We
take λa

γ (=λa
t = λa

e) as the adjustable parameter.
No optical spectra of h-BaTiO3:Mn4+ were reported. So, we estimate the optical

spectra parameters Dq, B and C from those obtained in similar system. Mn4+ in h-
BaTiO3 and SrTiO3 crystals replace the Ti4+ ion and the metal–ligand distances R
in both crystals are close to each other (for SrTiO3, R ≈ 1.95 Å [17]). Considering
that for 3dn clusters, the Racah parameters B and C decrease slightly with the
increasing distance R [18,19] and the cubic field parameter Dq ∝ R−n (n = 5± 1.5
[20,21]), from the optical spectra parameters of SrTiO3:Mn4+ [22], we obtain for
h-BaTiO3:Mn4+,

Dq ≈ 1780 cm−1, B ≈ 738 cm−1, C ≈ 2820 cm−1. (7)

Thus, the energy denominators Ei can be calculated.
From the superposition model [23], the trigonal field parameters in the studied

system can be calculated from the following formulas:
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in which the intrinsic parameter Ā4(R0) ≈ 3/4Dq [23–25] validated for 3dn ions in
octahedral clusters and the intrinsic parameter Ā2(R0) ≈ (8–12)Ā4(R0) are found
for 3dn ions in many crystals [24–27]. We take Ā2(R0) ≈ 9Ā4(R0) here. θ is the
angle between the direction of distance R and C3-axis. Since the nature of impurity
Mn4+ differs from that of the replaced host ion Ti4+, the local angle θ in the Mn4+

impurity centre may be unlike the corresponding angle θh in the host crystal. We
introduce an impurity-induced angular distorted factor t and assume θ = tθh (t = 1
represents the angle θ being uncharged). Thus, we have two adjustable parameters
λa

γ and t in the above formulas. By fitting the calculated EPR parameters g‖, g⊥
and D to the experimental values, we yield

λa
γ ≈ −0.633, t ≈ 0.964. (9)

The parameters in eq. (4) used in the calculations can be obtained from the MO
coefficients. They are ζCF (cm−1) = 318.4, ζ ′CF (cm−1) = 281.0, kCF = 0.8534, k′CF
= 0.5498, ζCT (cm−1) = 145.5, ζ ′CT (cm−1) = 210.7, kCT = 0.2277, k′CT = 0.7183.
The comparison of EPR parameters between the calculation and experiment are
shown in table 1.

3. Discussion

The above calculations show that the angular distorted factor t 6= 1, suggesting that
the defect structure of Mn4+ impurity centre is different from the corresponding
structure in the host h-BaTiO3 crystal.

The sign of D was not given in ref. [5]. From the above calculations, we suggest
that D is negative. The relative importance of CT mechanism to EPR parameter Q
(=∆g‖, ∆g⊥ or D) can be characterized by |QCT/QCF|. The values of |QCT/QCF|

Table 1. The EPR parameters g‖, g⊥ and D (cm−1) for Mn4+ at Ti4+(I) site
of h-BaTiO3.

∆gCF
‖ ∆gCT

‖ g‖ (total) g‖ (expt. [5])

−0.0242 0.0134 1.9915 1.9901(8)
∆gCF

⊥ ∆gCT
⊥ g⊥ (total) g⊥ (expt. [5])

−0.0237 0.0135 1.9921 1.9932(8)
DCF DCT D (total) D (expt. [5])
−0.1179 0.0026 −0.1154 −0.1160∗

∗The sign is not given in ref. [5].
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are about 55, 56 and 2.2 for Q = ∆g‖, ∆g⊥ or D, respectively. The large differ-
ence between |∆gCT

i /∆gCF
i | and |DCT/DCF| is due to the values of ∆gi in both

CF and CT mechanisms coming mainly from the second-order perturbation terms,
but those of D from the third-order perturbation terms. From eq. (3), one can
find that the value of |∆gCT

i /∆gCF
i | is roughly related to the ratio |E1/En|, but

that of |DCT/DCF| to |E1/En|2. Since |E1/En| < 1, the large difference between
|∆gCT

i /∆gCF
i | and |DCT/DCF| can be understood. In fact, the large difference

between |∆gCT
i /∆gCF

i | and |DCT/DCF| can also be found for 3d2 ions in trigonal
tetrahedral clusters in crystals [28]. In addition, in the expressions of ∆gCT

i and
∆gCF

i , the dominant second-order terms are independent of the trigonal field para-
meters. So, the relative importance of |∆gCT

i /∆gCF
i | is insensitive to the trigonal

distortion and so the value of |∆gCT
‖ /∆gCF

‖ | is close to that of |∆gCT
⊥ /∆gCF

⊥ |. How-
ever, the zero-field splitting D is caused by the trigonal (or other low symmetry)
distortion. According to eq. (3), it can be seen that DCF depends on the trigonal
field parameters v and v′, but DCT depends on only the parameter v′. So, the
relative importance in magnitude and ever in sign may be related to the trigonal
distortion of the studied system.
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