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The anisotropicg-factorsgX , gY , andgZ for Co2+ in rutile crystal are studied from the second-
order perturbation formulas based on the cluster approach. In the studies, the contributions due to
covalency effects, the configuration interaction and the rhombic crystal field are taken into account.
The calculated values are close to the observed ones. The small discrepancy between calculation
and experiment is discussed.
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Introduction

Rutile (TiO2) is a useful material for applications in
optical communication, solid-state maser and in pho-
toelectrolysis of water [1 - 3]. Many EPR experiments
of transition-metal (3dn) ions in rutile have been
made. Among them, the anisotropicg factorsg

X
, g

Y
,

andg
Z

for Co2+-doped rutile were reported by various
researchers [4 - 5], however few theoretical studies
for these EPR parameters have been made. In order
to explain satisfactorily these EPR data, reasonable
and quantitative calculations for 3d7 (Co2+) in rhom-
bic octahedral crystals are required. Tinkham [6] gave
the first-order and Robbroeck et al. [7] developed se-
cond-order perturbation formulas ofg

i
(i = X;Y;Z)

for the 3d7 ion in rhombic octahedra. In these formu-
las, although the covalency effect is considered, the
configuration interaction due to the admixture among
the ground and excited orbital states is omitted and the
treatments of the contributions from covalency effect
and rhombic crystal field are oversimplified. On the
other hand, considering the configuration interaction,
Osaki and Uryu [8] extended the Abragam and Pryce
theory [9] to rhombic symmetry and gave implicit
formulas of g

i
. Unfortunately the covalency effect

and the fourth-order rhombic potential part were ne-
glected, and for the configuration interaction only the
admixture of the excited triplet4T2(F) to the ground
state4T1(F) was considered. In addition, several para-
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meters related to covalency effect, the configuration
interaction and rhombic crystal-field are adjustable.
So, the above formulas are incomplete and unsatisfac-
tory, and they cannot yield quantitative and reasonable
explanations ofg

i
for Co2+ in rhombic crystals. For

overcoming the weakness of [10], we present now a
cluster approach to the calculation ofg

i
for 3d7 (Co2+)

in rhombic octahedra. In these formulas, the contri-
butions of the covalency effect, the configuration in-
teraction and the rhombic field are considered and
the parameters related to the three important contri-
butions can be estimated from the optical spectra and
the structural data of the crystal under study. Based
on these formulas, the anisotropicg-factorsg

X
, g

Y
,

andg
Z

for Co2+ ion in rutile are calculated and the
results are discussed.

Calculation

The EPR spectra of Co2+ in octahedra are typical of
an effective spinS0 = 1

2, which arises from the split-
ting of the4F ground term into six Kramers doublets
by the spin-orbit interaction and low symmetry crys-
tal field. The EPR response comes from the lowest
lying doublet and yields anisotropicg factors [11].
Because of the large spin-orbit coupling coefficient
of Co2+, the Jahn-Teller effect is not important and
can be neglected for Co2+ in octahedra [11 - 12], as
done in many previous papers [6 - 9]. Thus from the
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cluster approach, the microscopic formulas ofg factors for 3d7 (Co2+) ions in rhombic octahedral clusters are
derived by using the following perturbation method [11]:
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where x can be determined from the rhom-
bic energy level splittings� (= Ef

4B1[4T1(F)]g
– Ef

4B3[4T1(F)]g) and � (= Ef
4B2[4T1(F)]g –

Ef
4B3[4T1(F)]g) of the 4T1 ground state using the

expression
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where E1X , E1Y , E1Z , E2X , E2Y , E2Z , and E3

are the energy differences between the ground
state4B3[4T1(F)] and the excited states4B3[4T2(F)],
4B2[4T2(F)], 4B1[4T2(F)], 4B3[4T1(P)], 4B2[4T1(P)],
4B1[4T1(P)], and4A[4A2(F)], respectively.E

ij
,�and

� can be calculated from the d-d transition energy
matrices for the 3d7 ion in rhombic symmetry. The
parametersf

ij
, q

ij
, �

i
and�i are related to the con-

figuration interactions due to the admixture among the
ground and excited states in rhombic symmetry and
so the rhombic crystal parametersDs, Dt, D�

, and
D

�
are included in the expressions of these configu-

ration interaction parameters [10] (for saving space,
these expressions, which can be seen in [10], are not
written here).� and�0 are the spin-orbit coupling co-
efficients.k andk0 are the orbital reduction factors.
From the cluster approximation, they are [10, 13, 14]
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where�0
d and�0

p are, respectively, the spin-orbit cou-
pling coefficient of the 3d7 ion and that of the ligand
in free state. For TiO2:Co2+ we have�0

d � 533 cm�1

[15] and�0
p � 136 cm�1 [16]. The normalization fac-

torsN



and the orbital mixing coefficients�



can be
estimated from a semiempirical LCAO method [10,
13, 14]. According to this method we have the nor-
malization condition

N


(1� 2�



Sdp(
) + �

2


) = 1 (5)

and the approximate relationship
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whereSdp(
) are the group overlap integrals. From
the Slater-type SCF functions [17, 18] and the aver-
age metal-ligand distance of rutile [19], we obtain for
TiO2:Co2+, Sdp(t2g) � 0.0170,Sdp(eg) � 0.0517.f




[� (B=B0 + C=C0)/2] is the ratio of the Racah pa-
rameters for a 3dn ion in a crystal to those of a free
ion. For free Co2+ [15], B0 � 1115 cm�1 andC0 �

4366 cm�1. Since the optical spectra of TiO2:Co2+

were not reported, we estimate reasonably the optical
spectral parameters (Racah parameters and the cubic
crystal field parameterDq) from the optical spec-
tra of a similar crystal. From the optical spectra of
MgO:Co2+ [20, 21] and in consideration of the aver-
age metal-ligand distance in TiO2 being smaller than
that of MgO, we estimate for TiO2:Co2+

Dq � 1220 cm�1
; B � 680 cm�1

; C � 3460 cm�1
:

(7)

Thusf



and henceN


, �



can be calculated from (5)

and (6). By using these parameters, we obtain� �

461 cm�1, �0 � 442 cm�1, k � 0.928 andk0 � 0.763
for Co2+ in TO2 from (4).

According to the superposition model [22], the
rhombic field parameters can be expressed as

Ds � (4=7)A2(R0)[(R0=R?)t2
� (R0=Rk)

t2];

D
�
� (4=7)A2(R0)(R0=R?)t2 cos�;

Dt � �(4=21)A4(R0) (8)

� [(7 cos 2� + 3)(R0=R?)t4 + 4(R0=Rk)
t4];

D
�
� (20=21)A2(R0)(R0=R?)t4 cos�;

where the power-law exponentst2 � 3 andt4 � 5
because of the ionic nature of bonds [10, 22].A2(R0)
andA4(R0) are the intrinsic parameters with the refer-
ence distanceR0 (=R). For the 3dn octahedral cluster,
A4(R0) � (3/4)Dq [10, 22]. Since the ratioA2(R0) /
A4(R0) is in the range of 9 - 12 for 3dn ions in many
crystals [10, 23, 24], we takeA2(R0) � 9.2A4(R0)
here. The structural parameterRk (�2) denotes the
apical metal-ligand distance, andR? (�4) the equato-
rial one.� is the angle between twoR? bonds. These
parameters of rutile crystal are [19]

Table 1. Anisotropicg factors for rutile with Co2+.

gX gY gZ

Calculation 6.20 (2) 2.051 (5) 4.04 (2)
Experiment* 5.88 (2) [4] 2.190 (5) [4] 3.75 (1) [4]

5.885 (1) [5] 2.079 (1) [5] 3.735 (5) [5]

* In the calculation, the axes are taken asXk[1̄ 1 0],Y k[0 0 1] and
Zk[1 1 0], which are different from those of the EPR experiment
coordination axes in [4, 5]. Therefore, we need a rotation of the
axes of the experiment coordination so that the experimental values
in [4, 5] can be compared with the theoretical results.

Rk�1:9800(9)Å; R?�1:9485(5)Å; ��81:21(4)�:

(9)

Substituting all these parameters into the above for-
mulas, we have calculated the anisotropicg-factors
for Co2+ in rutle. The results are close to the observed
values (see Table 1). The small discrepancy between
calculation and experiment may be due to the follow-
ing points:

(i) Approximations occur in the above formulas,
for example the small contributions due to the Jahn-
Teller effects and the admixture among the lowest
Kramers doubletJ 0 = 1/2 and the higherJ 0 = 3/2 and
J
0 = 5/2 states are neglected (note: for the latter, Choi

et al. [25] estimated that the contribution is smaller
than 3 % for LiNbO3:Co2+).

(ii) The optical spectrum parameters are approxi-
mately estimated from those of similar crystal.

(iii) The structural data are taken as the host ones.
Since the charge and size of Co2+ differ from those of
the replaced Ti4+ ion [26], the local structural param-
eters in the vicinity of Co2+ should be unlike those
of the host ones. Since the anisotropicg-factors are
sensitive to the local structural parameters, the ap-
plications of the host structural data should result
in calculation errors. In fact, for Co2+-doped rutile,
three other Co2+ defect centers attributed to the sub-
stitutional Co2+ ions combined with the nearest and
the second neighbour oxygen vacancies were reported
[6]. Their anisotropic g-factors are significantly dif-
ferent from those of the regular Co2+ center studied
in this paper and from center to center [6], because of
the different local structural parameters. So, the above
small discrepancy can be understood.
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