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Abstract
The high order perturbation formulas for spin-Hamiltonian (SH) parameters (g
factors g‖, g⊥ and zero-field splitting D) for 3d3 ions in tetragonal symmetry
are established using a cluster approach. In these formulas, not only is
the contribution to the SH parameters from the crystal-field (CF) mechanism
included, but so also is that from the charge-transfer (CT) mechanism (which
is neglected in the widely used CF theory). From these formulas, the g shifts
�g‖ (=g‖ − ge, where ge ≈ 2.0023, the value for the free electron), �g⊥
(=g⊥ − ge) and the zero-field splitting D for the tetragonal Fe5+ center in
SrTiO3 crystal are calculated. The results (in particular, the positive g shifts,
which cannot be explained on the basis of the CF mechanism) are in good
agreement with the observed values. The calculation results show that (i) the
sign of �gCT

i (i = ‖ or ⊥) due to the CT mechanism is opposite to that of
�gCF

i due to the CF mechanism, but the sign of DCT is the same as that of DCF

and (ii) the ratio |QCT/QCF| (which represents the relative importance of the
CT mechanism) takes values of about 143%, 143% and 114% for Q = �g‖,
�g⊥ and D, respectively. This suggests that the positive g shifts are due mainly
to the contribution of the CT mechanism; therefore for the high valence state
3dn ions in crystals, the contribution to SH parameters from the CT mechanism
should be taken into account. The defect structure of the Fe5+ center in SrTiO3

crystal is also obtained from the calculations. The result is consistent with the
expectations based on charge compensation and electrostatic interaction.
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1. Introduction

SrTiO3 is a classical displacive soft mode system where the ferroelectric phase is suppressed by
zero-point fluctuation of the soft mode leading to quantum paraelectricity [1, 2]. This crystal,
doped with transition metal impurities, shows photochromic behavior and has been investi-
gated using optical and electron paramagnetic resonance (EPR) spectra [3–5]. From the EPR
study [6], a tetragonal Fe5+ (3d3) impurity center was found in the cubic phase of SrTiO3. A
probable assignment of the tetragonal center would be as a substitutional Fe5+ ion (for Ti4+)
perturbed by an unknown diamagnetic ion Mn+ at a Ti site in an adjacent oxygen octahedron
(i.e., an Fe5+–O2−–Mn+ defect) [6]. However, the detail of Mn+ and the defect structure of
this Fe5+ center were not given [6]. Considering that the impurity Fe5+ carries extra charge
compared with the replaced Ti4+ ion, the charge compensation is required to maintain electric
neutrality. Thus we expect n < 4. Since the effective charge of Mn+ (n < 4) at the Ti4+ site is
negative, we also expect that the O2− ion intervening in the Fe5+ and Mn+ is displaced towards
the Fe5+ along the C4 axis by �R = R0 − R1 (where R1 is the distance between Fe5+ and the
intervening O2− ion and R0 is the Fe5+–O2− distance for the other five O2− ions in (FeO6)

7−
octahedron) and the tetragonal (C4v) Fe5+ center is formed. In order to confirm the expecta-
tions, the spin-Hamiltonian (SH) parameters (g factors g‖, g⊥ and zero-field splitting D) of
the Fe5+ center should be studied. The experimental values of g‖, g⊥ for the Fe5+ center are
greater than ge (≈2.0023, the value for the free electron). The positive g shift �gi (=gi − ge,
where i = ‖ or ⊥), cannot be explained by the conventional crystal-field (CF) theory [7, 8]
(where �gi ≈ − 8kςd

3�
, i.e., only the contribution to the g shift due to the spin–orbit (SO) cou-

pling parameter of the central 3dn ion is included, and so it is called the one-SO-parameter
model). As an improvement, a two-SO-parameter model [9–11] based on the cluster approach
was developed to explain the slightly negative and even positive g shift �g for 3d3 ions in octa-
hedral clusters. In the model, both the contribution to �g from the SO parameter of the central
3d3 ion and that from the SO parameter of ligand ion are considered, and the positive �g is
attributed to the large contribution due to the great SO parameter of the ligand. However, the
model is not effective in explaining the positive �gi in SrTiO3:Fe5+ because the SO parameter
ς0

p (≈150 cm−1 [7]) of the ligand ion O2− is much smaller than that (ς0
d ≈ 579 cm−1 [12])

of the central Fe5+ ion. So, one should consider the other cause here. It should be noted that
in both one- and two-SO-parameter models, only the contribution from the CF excited states
(i.e., the CF mechanism) to SH parameters is considered. In fact, not only CF excited states,
but also the charge-transfer (CT) excited states (i.e., the CT mechanism) can contribute to SH
parameters (including �gi) [13, 14]. Since in many cases the energy differences between the
CT excited states and the ground state are much larger than those between CF excited states
and ground state [15–17], the contributions of the CT mechanism to the SH parameters are
much smaller and can be omitted. However, for a 3dn ion having a high valence state (i.e.,
Fe5+) in crystals, the energy differences between CT excited states and the ground state may
become small [15] and so the contribution to SH parameters should be taken into account.
In this paper, we first establish the high order perturbation formulas including both CF and
CT mechanisms using a cluster approach for the SH parameters g‖, g⊥ and D for 3d3 ions in
tetragonal octahedral clusters. From these formulas, the SH parameters of SrTiO3:Fe5+ are
calculated. The results (including the defect structure of the tetragonal Fe5+ center based on
the above expectations and the relative importance of the CT mechanism) are discussed.

2. Calculation

The Hamiltonian including CF and CT mechanisms for 3d3 ions in tetragonal symmetry can be
expressed as

2
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H = H0 + H ′

H0 = He + Ha

H ′ = Hb + Htetra + H CF
SO + H CF

Ze + H CT
SO + H CT

Ze

(1)

in which He, Ha, Hb, Htetra, HSO and HZe denote, respectively, the 3dn ion in the cubic part of
the CF, the diagonal and off-diagonal terms of the electrostatic interaction, the tetragonal part of
the CF, the SO coupling Hamiltonian and Zeeman interaction terms. The superscripts CF and
CT stand for terms (or parameters) in CF and CT mechanisms, respectively. The one-electron
basis function related to both mechanisms is written as

|�γ 〉 = N X
γ (|dγ 〉 + λX

γ |pγ 〉), (2)

where the subscript X (=a or b) stands for the anti-bonding orbitals (related to the CF
mechanism) or bonding orbitals (related to the CT mechanism). The subscript γ (=t2g or
eg) denotes the irreducible representation of the Oh group. |dγ 〉 and |pγ 〉 are the d orbitals of
3dn ion and the p orbitals of ligands, respectively. N X

γ and λX
γ are the normalization coefficient

and orbital mixing coefficient.
From the above Hamiltonian and basis function, the high order perturbation formulas based

on the two-mechanism model for the SH parameters of 3d3 ions in tetragonal octahedral clusters
are derived by using the perturbation-loop method [18, 19]. They are

g‖ = ge + �gCF
‖ + �gCT

‖

�gCF
‖ = −8k ′

CFζ
′
CF

3E1
− 4k ′

CFζCFζ
′
CF

9E2
1

+ 2kCFζ
′2
CF

9E2
1

− 4geζ
′2
CF

9E2
1

+ 4kCFζ
′2
CF

9E2
3

− 8geζ
′2
CF

9E2
3

− 2kCFζ
2
CF

3E2
2

− 2geζ
2
CF

3E2
2

+ 4k ′
CFζCFζ

′
CF

9E1 E3
− 4k ′

CFζCFζ
′
CF

3E1 E2

+ 4k ′
CFζCFζ

′
CF

3E2 E3
+ 140k ′

CFζ
′
CF Dt

9E2
1

�gCT
‖ = 8k ′

CTζ ′
CT

3En
− 8k ′

CTζ ′
CT(2Ds + 6Dt)

3E2
n

g⊥ = ge + �gCF
⊥ + �gCT

⊥

�gCF
⊥ = �gCF

‖ − 210k ′
CFζ

′
CF Dt

9E2
1

�gCT
⊥ = �gCT

‖ + 8k ′
CTζ ′

CT(3Ds − 5Dt)

3E2
n

D = DCF + DCT

DCF = 35Dtζ ′2
CF

9E2
1

− 35Dtζ ′2
CF

9E2
3

− 35B DtζCFζ
′
CF

9E2 E2
3

DCT = 4(3Ds − 5Dt)ζ ′2
CT

9E2
n

,

(3)

where Ei (i = 1–3) are the zero-order energy denominators which can be calculated from the
cubic field parameters Dq and Racah parameters B and C in the systems studied [18, 19]. En

is the lowest level of CT bands. Ds and Dt are tetragonal field parameters. The SO coupling
parameters ζ , ζ ′ and the orbital reduction factors k, k ′ related to CF and CT mechanisms are

ζCF = Na
t Nb

t [ζ 0
d + λa

t λ
b
t ζ

0
p/2]

ζ ′
CF = Na

t Na
e [ζ 0

d − λa
t λ

a
eζ

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

e Sdp(eg) − λa
t λ

a
e /2]
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ζCT = Na
t Nb

t [ζ 0
d + λa

t λ
b
t ζ

0
p/2]

ζ ′
CT = Na

t Nb
e [ζ 0

d − λa
t λ

b
eζ

0
p/2]

kCT = Na
t Nb

t [1 + (λa
t + λb

t )Sdp(t2g) + λa
t λ

b
t /2]

k ′
CT = Na

t Nb
e [1 + λb

e Sdp(eg) + λa
t Sdp(t2g) − λa

t λ
b
e/2]

(4)

in which Sdp(γ ) is the group overlap integral.
For the compound studied, SrTiO3:Fe5+, we have [14, 20]

B ≈ 800 cm−1 C ≈ 3050 cm−1 Dq ≈ 2020 cm−1. (5)

Thus, the energy denominators Ei can be acquired. The CT energy level En ≈ 20 000 cm−1 for
the (FeO6)

7− cluster [21]. The group overlap integrals Sdp(eg) ≈ 0.0650 and Sdp(t2g) ≈ 0.0221
are calculated from the Slater-type SCF functions [22, 23] with the metal–ligand distance
R0 ≈ 1.95 Å [24] in SrTiO3. From equation (2), we have the normalization relationship

N X
γ [1 + 2λX

γ Sdp(γ ) + (λX
γ )2]1/2 = 1 (6)

and the orthonormal relation

λb
γ = −1 + λa

γ Sdp(γ )

λa
γ + Sdp(γ )

. (7)

Thus, if the parameter λa
γ is known, the remaining molecular orbital (MO) coefficients λb

γ ,
Na

γ and Nb
γ can be obtained. The parameter λa

γ (=λa
t = λa

e ) is an adjustable parameter.
From the superposition model [25], the tetragonal field parameters in the Fe5+ center in

SrTiO3 studied here can be expressed as

Ds = 2

7
Ā2(R0)

[
1 −

(
R0

R0 − �R

)]t2

Dt = 8

21
Ā4(R0)

[
1 −

(
R0

R0 − �R

)]t4

,

(8)

where the power-law exponents are t2 ≈ 3 and t5 ≈ 5 [25, 26]. The intrinsic parameter
Ā4(R0) ≈ (3/4)Dq for 3dn ions in octahedral clusters [25–27] and Ā2(R0) ≈ (9–12) Ā4(R0)

are obtained for 3dn ions in many crystals [26–29]. The mean value is used, i.e., Ā2(R0) ≈
10.5 Ā4(R0) here. Thus in the above formulas, only the parameters λa

γ and �R are not known.
By fitting the calculated SH parameters g‖, g⊥ and D to the observed values, we derive

λa
γ ≈ −0.736 �R ≈ 0.096 Å. (9)

Thus the coefficients λb
γ , Na

γ and Nb
γ can be calculated from equations (6) and (7). The

parameters in equation (4) obtained from these coefficients are

ζCF ≈ 411 cm−1, ζ ′
CF ≈ 365 cm−1, kCF ≈ 0.8208, k ′

CF ≈ 0.4512,

ζCT ≈ 238 cm−1, ζ ′
CT ≈ 305 cm−1, kCT ≈ 0.2398, k ′

CT ≈ 0.7407.
(10)

The comparison of the calculated and experimental SH parameters is shown in table 1.

3. Discussion

The above calculations show that in order to reasonably explain the SH parameters g‖, g⊥
and D for the tetragonal Fe5+ center in the cubic phase of SrTiO3, the O2− ion intervening
in Fe5+ and the unknown diamagnetic ion Mn+ should be displaced towards the Fe5+ ion by

4
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Table 1. Spin-Hamiltonian parameters (g factors g‖, g⊥ and zero-field splitting D, D in cm−1) for
the tetragonal Fe5+ centers in the cubic phase of SrTiO3.

�gCF‖ �gCT‖ g‖ (total) g‖ (expt. [6])

−0.0237 0.0338 2.0124 2.0132(10)

�gCF⊥ �gCT⊥ g⊥ (total) g⊥ (expt. [6])
−0.0221 0.0317 2.0119 2.0116(10)

DCF DCT D (total) D (expt. [6])
−0.1269 −0.1444 −0.2713 ±0.2705(5)

�R = 0.096 Å. The displacement �R is consistent with our expectations based on the charge
compensation (i.e. the charged state n < 4 for the diamagnetic Mn+ in the adjacent oxygen
octahedron) and the electrostatic interaction between Mn+ and the intervening O2− ion. In fact,
the Fe5+–O2−–Al3+ (i.e. Mn+ = Al3+) defect was found in cubic SrTiO3 [30]; it is a strong
validating indication of the above defect structure for the tetragonal Fe5+ centers in SrTiO3

crystal. So, the defect structure of the tetragonal Fe5+ center in SrTiO3 is reasonable.
The sign of the calculated �gCT

i is opposite due to the CF mechanism, and that of the
calculated DCT is the same due to the CF mechanism when compared with the corresponding
�gCF

i and DCF (see table 1). The relative importance of the CT mechanism (characterized by
|QCT/QCF|) takes values of about 143% and 114% for Q = �gi and D, respectively. That
is to say, the contributions to �gi and D due to the CT mechanism are greater than those due
to the CF mechanism. So, the positive g shift �gi is due mainly to the contribution from the
CT mechanism. It appears that for high valence 3dn ions in crystals the contribution from the
CT mechanism to the SH parameters is important, and so one should apply a two-mechanism
model (i.e. with CF and CT mechanisms) to explain the SH parameters.
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