
EPR Theoretical Study of the Local Lattice Structure of Fe3+

Doped in MgTiO3 and LiTaO3

Lei-Lei Pana, Xiao-Yu Kuanga,b, Guang-Dong Lia, and Hui Wanga

a Institute of Atomic and Molecular Physics, Sichuan University, Chengdu 610065, China
b International Centre for Materials Physics, Academia Sinica, Shenyang 110016, China

Reprint requests to X.-Y. K.; E-mail: panlei225@163.com

Z. Naturforsch. 62a, 101 – 106 (2007); received November 9, 2006

The EPR zero-field splittings of Fe3+ doped in MgTiO3 and LiTaO3 are studied by diagonalizing
the complete energy matrices of the electron-electron repulsion, ligand-field and spin-orbit coupling
interactions for a d5 configuration ion in a trigonal ligand-field. It is shown that, when Fe3+ is doped
in a MgTiO3 or LiTaO3 crystal, the local lattice structure around the octahedral Fe3+ center has an ob-
vious distortion along the C3 axis. By simulating the second- and fourth-order EPR parameters D and
(a−F) simultaneously, the local structure parameters of Fe3+ doped in MgTiO3 and LiTaO3 crystals
are determined, which reveal that Fe3+ occupies both the Mg2+ and Ti4+ sites in the MgTiO3:Fe3+

system and occupies the Li+ site rather than the Ta5+ site in the LiTaO3:Fe3+ system. The results
accord with the ENDOR and EPR experiments. – PACS numbers: 71.70.Gm; 75.30.Et; 71.70.Ch.
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1. Introduction

The ABO3 type (A = Mg, Li, K, La; B = Ti, Ta,
Nb, Al) pervoskite structure is one of the typical struc-
tures of ion crystals, which are extensively applied
in the industry [1, 2]. MgTiO3 and LiTaO3 crystals,
belonging to the ABO3 type like Al2O3 [3], are im-
portant dielectric materials. Their crystals, doped with
Fe3+ are of great interest because of their application
in ceramic multilayer capacitors, electro-optic, wave-
guide and nonlinear optical devices [4 – 6]. In partic-
ular, the impurity ion Fe3+ plays an important role in
the photorefractive effect [7]. Therefore, it is necessary
to know the local lattice structure of the impurity cen-
ters. From ENDOR and EPR experiments [8 – 10, 15],
one knows that Fe3+, doped in MgTiO3 crystals, re-
places both Mg2+ and Ti4+ sites, and their zero-field
splitting parameters were measured on the basis of the
angular dependence of EPR spectra. As for Fe3+ doped
in LiTaO3, according to the EPR parameter D [8 – 16],
it replaces the Li+ site rather than the Ta5+ site. Un-
til now, however one can not explain satisfactorily the
interrelation between the local lattice structure and the
EPR spectrum of Fe3+ doped in MgTiO3 and LiTaO3
crystals.

It is well known that for a d5 configuration ion in a
trigonal ligand-field the high-spin ground-state is the
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6A1 state. In order to describe the 6A1 ground state
splitting, the spin Hamiltonian should include the three
EPR parameters a, D and (a−F). The parameter a re-
lates to a fourth-order spin operator and represents a
cubic component of the crystalline electric field. The
parameters D and (a− F) relate to the axial ligand-
field. So, generally speaking, the EPR parameters D
and (a− F) should be simultaneously considered in
the determination of the local distortion structures for
Fe3+ doped in crystals. In the present paper we study
the crystal structure around an Fe3+ ion located at an
octahedral site in MgTiO3 and LiTaO3 by simulating
the EPR parameters D and (a−F) simultaneously.

2. Theoretical Method

The perturbation Hamiltonian of an ion of d5 con-
figuration in a trigonal ligand-field can be expressed
as [17]

Ĥ = Ĥee + ĤSO + ĤLF

= ∑
i< j

e2

ri, j
+ ζ ∑

i
lisi +∑

i
Vi,

(1)

where the first term is the electron-electron repulsion
interaction, the second one is the spin-orbit coupling
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interaction, and the third one is the ligand-field inter-
action.

Vi is the potential function that may be expressed as

Vi = γ00Z00 + γ20r2
i Z20(θi,ϕi)

+ γ40r4
i Z40(θi,ϕi)+ γc

43r4
i Zc

43(θi,ϕi)

+ γs
43r4

i Zs
43(θi,ϕi),

(2)

where ri, θi and ϕi are the spherical coordinates of the
i-th electron. Zlm, Zc

lm and Zs
lm are defined as

Zl0 = Yl0, Zc
lm =

(
1/

√
2
)

[Yl,−m +(−1)mYl,m],

Zs
lm =

(
i/
√

2
)

[Yl,−m − (−1)mYl,m].
(3)

The Yl,m in (3) are the spherical harmonics. γl0, γc
lm and

γs
lm are associated with the local structure around the

d5 configuration ion by the relations

γl0 = − 4π
2l + 1

n

∑
i=1

eqi

Rl+1
i

Zl0(θi,ϕi),

γc
lm = − 4π

2l + 1

n

∑
i=1

eqi

Rl+1
i

Zc
lm(θi,ϕi),

γs
l0 = − 4π

2l + 1

n

∑
i=1

eqi

Rl+1
i

Zs
lm(θi,ϕi),

(4)

where θi and ϕi are the angular coordinates of the lig-
and, i and qi represent the i-th ligand ion and its ef-
fective charge, respectively. Ri denotes the impurity-
ligand distance.

Three 84×84 energy matrices for a d5 configuration
ion, corresponding to the perturbation Hamiltonian (1),
have been derived, based on the irreducible represen-
tations Γ 4(Γ 5) and Γ 6 of C3

∗ point group [17]. The
matrix elements are functions of the Racah parameters
B and C, Trees correction α , seniority correction β , the
spin-orbit coupling coefficient ζ , and the ligand-field
parameters B20, B40, Bc

43. For Fe3+ doped in MgTiO3
crystal or LiTaO3 crystal, the ligand-field parameters
have the forms

B20 =
3
2
[
G2(p1)(3cos2 θ1 −1)

+ G2(p2)(3cos2 θ2 −1)
]
,

B40 =
3
8
[
G4(p1)(35cos4 θ1 −30cos2 θ1 + 3)

+ G4(p2)(35cos4 θ2 −30cos2 θ2 + 3)
]
,

(5)

Bc
43 =

3
4

√
35

[
G4(p1)cosθ1 sin3 θ1

+ G4(p2)cosθ2 sin3 θ2
]
,

where

G2(pi) = qeG2(pi), G4(pi) = qeG4(pi),

Gk(pi) =
∫ Rpi

0
R2

3d(r)r
2 rk

Rk+1
pi

dr

+
∫ ∞

Rpi

R2
3d(r)r

2 Rk
pi

rk+1 dr.

(6)

We use p1, p2 to represent the ligand ions in the up and
down pyramids in the MgTiO3:Fe3+ or LiTaO3:Fe3+

system and use θ1, θ2 to represent the corresponding
angles between the metal-ligand bonds and the C3 axis,
respectively. Since the bond lengths in the octahedron
in MgTiO3:Fe3+ or LiTaO3:Fe3+ are different [18], we
may predict that

G2(p1) �= G2(p2), G4(p1) �= G4(p2). (7)

According to the Van Vleck approximation of the
Gk(pi) integral [19], we can obtain the relations

G2(Pi) =
A2

RPi
3 , G4(Pi) =

A4

RPi
5 , (8)

where

A2 = −eqτ〈r2〉, A4 = −eqτ〈r4〉, A2/A4 = 〈r2〉/〈r4〉.
The ratio of 〈r2〉/〈r4〉 = 0.097 is obtained from the ra-
dial wave function of Fe3+ in complexes [20]. A4 as a
constant for an octahedral [FeO6]9− cluster can be de-
termined from the optical spectra and the Fe-O bond
length of the α-Fe2O3 crystal [21, 22]. In this way, we
derive A4 = 27.6967 au and A2 = 2.6870 au for an oc-
tahedral [FeO6]9− cluster, and we will take them in the
following calculation.

The EPR spectra of a d5 configuration Fe3+ ion in a
trigonal ligand-field can be analyzed by employing the
spin Hamiltonian [23, 24]

ĤS = β�S ·g ·�B0 +
1
3

b0
2O0

2 +
1

60
(b0

4O0
4 +b3

4O3
4), (9)

where bq
k are the EPR zero-field splitting parameters

and Oq
k are the standard Stevens spin operators. The

Oq
k can be expressed as [24]

O0
2 = 3S2

z −S(S + 1),
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O0
4 = 35S4

z −30S(S + 1)S2
z + 25S2

z

−6S(S + 1)+ 3S2(S + 1)2,

O3
4 = 1/4[Sz(S3

+ + S3
−)+ (S3

+ + S3
−)Sz]. (10)

From the spin Hamiltonian, the splitting energy levels
in the ground state 6A1 for a zero magnetic field are
given as [25, 26]

E±1/2 = (1/3)b0
2 +(3/2)b0

4∓ (1/6)[(18b0
2−3b0

4)
2

+ (9/10)(b3
4)

2]1/2,

E±3/2 = −(2/3)b0
2 −3b0

4,

E±5/2 = (1/3)b0
2 +(3/2)b0

4± (1/6)[(18b0
2−3b0

4)
2

+ (9/10)(b3
4)

2]1/2.

(11)

Then, the zero-field splitting energies ∆E1 and ∆E2,
which are energies between three Kramers doublets of
the 6A1 ground state, can be explicitly expressed as a
function of the EPR parameters b0

2, b0
4, and b3

4:

∆E1 = (±1/3)[(18b0
2−3b0

4)
2 +(9/10)(b3

4)
2]1/2,

∆E2 = −b0
2 − (9/2)b0

4± (1/6)[(18b0
2−3b0

4)
2

+(9/10)(b3
4)

2]1/2.

(12)

The positive and negative signs in (12) correspond to
b0

2 ≥ 0 and b0
2 < 0, respectively. Here exists the simple

relationship between the b0
2, b0

4, b3
4 parameters and the

EPR parameters D, a, (a−F):

D = b0
2, a = − 3

20
√

2
b3

4, a−F = −3b0
4.

Corresponding to the relation D � a, Kuang had
shown that the low-symmetry EPR parameters D and
(a−F) are almost independent of the EPR cubic pa-
rameter a for Fe3+ in the Al2O3:Fe3+ system [17]. We
note that this conclusion is also suitable for Fe3+ doped
in MgTiO3 and LiTaO3 crystals. Therefore, we can fix
the parameter a when we study the relationship be-
tween the low-symmetry EPR parameters D, (a−F)
and the local structure distortion in the MgTiO3:Fe3+

or LiTaO3:Fe3+ system. Meanwhile, the local distor-
tion structures of Fe3+ doped MgTiO3 and in LiTaO3
crystals are determined by diagonalizing the complete
energy matrices.

3. Calculations

The lattice structures of MgTiO3 and LiTaO3 crys-
tals are similar to the trigonal one of Al2O3. When

the Fe3+ ion is doped in MgTiO3 or LiTaO3 crystals,
the local lattice structure displays a trigonal distortion.
This can be described by use of the two parameters
∆θ1 and ∆θ2. Here we use an approximate relationship
to evaluate the Fe-O bond lengths in MgTiO3:Fe3+ and
LiTaO3:Fe3+:

R1 = R10 + ∆R, R2 = R20 + ∆R, (13)

where R10 = 2.19 Å and R20 = 2.04 Å are the
Mg-O bond lengths in MgTiO3; R10 = 2.12 Å and
R20 = 1.89 Å are the Ti-O bond lengths in MgTiO3;
R10 = 2.307 Å and R20 = 2.041 Å are the Li-O
bond lengths in LiTaO3. To our knowledge, no optical
spectra data were reported for Fe3+ in MgTiO3:Fe3+

and LiTaO3:Fe3+ but one can estimate it from the
spectra data of α-Fe2O3. Thus, the values of ∆R =
−0.08 Å for Fe3+ replacing Mg2+ and ∆R = 0.04 Å
for Fe3+ replacing Ti4+ in MgTiO3:Fe3+ and ∆R =
−0.17 Å for Fe3+ replacing Li+ in LiTaO3 are de-
termined approximately by fitting the optical spec-
tra of α-Fe2O3 [27, 28]. Then in MgTiO3:Fe3+ or
LiTaO3:Fe3+, the angles between the Fe-O bonds and
the C3 axis can be written as

θ1 = θ10 + ∆θ1, θ2 = θ20 + ∆θ2, (14)

where θ10, θ20 represent the angles between the M(Mg,
Ti, Li)-O bond and the C3 axis in the up and down pyra-
mids of the host MO6 octahedron. The trigonal ligand-
field parameters (B20, B40, Bc

43) are functions of the dis-
tortion parameters ∆θ1 and ∆θ2. In order to reduce the
number of adjustable parameters and to reflect the ef-
fect of covalence, we take an average covalence factor
N and use the following relations:

B = N4B0, C = N4C0,

α = N4α0, β = N4β0, ζ = N2ζ0,
(15)

where B0 = 1106 cm−1, C0 = 3922 cm−1, α0 =
81 cm−1, β0 = −29 cm−1, ζ0 = 470 cm−1, are the
free ion parameters of Fe3+ [29]. Then, by diagonal-
izing the complete energy matrices, the optical and
EPR spectra of the MgTiO3:Fe3+ and LiTaO3:Fe3+

systems can be simulated with use of the distortion
parameters ∆θ1, ∆θ2 and the covalence factor N. As
for Fe3+ in MgTiO3:Fe3+ or in LiTaO3:Fe3+, here we
take a typical covalence factor N (N = 0.91) as found
in MgO:Fe3+ [29]. In order to calculate accurately, a
reasonable variation range of the covalence factor N
(0.91 ∼ 0.92) has been employed in the calculation.
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∆θ1 (deg) ∆θ2 (deg) ∆E1 ∆E2 D (a−F)
0.854 −0.82 7648.20 2715.57 1268 107

−1.82 6279.37 2266.69 1040 111
−2.82 4778.41 1774.37 789 116
−3.82 3163.00 1243.48 519 121
−4.82 1462.59 686.99 234 127

1.854 −0.82 7958.30 2822.88 1320 109
−1.82 6597.98 2376.90 1093 114
−2.82 5107.88 1886.86 844 118
−3.82 3507.20 1361.20 577 123
−4.82 1820.70 808.19 294 128

2.854 −0.82 8306.39 2943.31 1378 112
−1.82 6958.20 2500.53 1153 116
−2.82 5483.82 2016.11 907 121
−3.82 3901.48 1495.90 642 125
−4.82 2235.41 948.22 364 130

Expt. [5] 5107.48 1886.74 844 118

Table 1. Ground-state zero-
field splittings ∆E1, ∆E2 and
EPR parameters D and (a−F)
for Fe3+ occupying Mg2+ in
MgTiO3:Fe3+ as a function of
the distortion angles ∆θ1, ∆θ2.
Values are given in 10−4 cm−1

(except ∆θ1, ∆θ2), N = 0.91.

∆θ1 (deg) ∆θ2 (deg) ∆E1 ∆E2 D (a−F)
3.02 −3.68 7535.02 2711.22 1248 128

−4.68 5927.89 2180.60 980 131
−5.68 4224.82 1618.50 695 134
−6.68 2454.61 1036.11 399 138
−7.68 707.28 471.57 100 145

4.02 −3.68 7979.70 2861.90 1322 129
−4.68 6400.99 2341.31 1058 133
−5.68 4727.82 1789.02 779 136
−6.68 2990.11 1215.29 488 139
−7.68 1236.38 641.10 193 144

5.02 −3.68 8463.82 3027.80 1403 132
−4.68 6917.00 2516.10 1144 135
−5.68 5278.32 1973.61 871 137
−6.68 3575.90 1411.82 586 140
−7.68 1847.88 842.59 296 143

Expt. [8] 4727.83 1788.91 779 136

Table 2. Ground-state zero-
field splittings ∆E1, ∆E2 and
EPR parameters D and (a −
F) for Fe3+ occupying Ti4+ in
MgTiO3:Fe3+ as a function of
the distortion angles ∆θ1, ∆θ2.
Values are given in 10−4 cm−1

(except ∆θ1, ∆θ2), N = 0.91.

∆θ1 (deg) ∆θ2 (deg) ∆E1 ∆E2 D (a−F)
3.48 −4.621 19502.98 6739.50 3241.38 152.93

−5.621 18980.90 6580.51 3153.82 162.58
−6.621 18174.02 6328.39 3018.71 173.39
−7.621 17082.02 5980.42 2836.10 183.67
−8.621 15708.92 5539.13 2606.60 194.18

4.48 −4.621 19844.90 6864.40 3297.99 159.96
−5.621 19324.91 6707.12 3210.74 170.26
−6.621 18516.88 6453.10 3075.49 180.10
−7.621 17420.92 6104.20 2892.21 190.63
−8.621 16043.28 5661.20 2661.96 201.02

5.48 −4.621 20203.48 6995.39 3357.35 167.34
−5.621 19690.82 6840.52 3271.32 177.62
−6.621 18886.03 6588.02 3136.61 187.74
−7.621 17791.86 6239.59 2953.62 198.18
−8.621 16414.99 5795.90 2723.54 207.97

Expt. [15] 18516.70 6453.07 3075.46 180.12

Table 3. Ground-state zero-
field splittings ∆E1, ∆E2 and
EPR parameters D and (a −
F) for Fe3+ occupying Li+ in
LiTaO3:Fe3+ as a function of
the distortion angles ∆θ1, ∆θ2.
Values are given in 10−4 cm−1

(except ∆θ1, ∆θ2), N = 0.91.

The comparison between the theoretical values and the
experimental data are listed in Tables 1 – 4.

From Tables 1 – 4, we can see that the experimen-
tal findings of the EPR parameters D and (a − F)

can be satisfactorily explained by the distortion pa-
rameters ∆θ1 and ∆θ2. The local distortion parame-
ters ∆R = −0.08 ∼ −0.098 Å, ∆θ1 = 1.854 ∼ 3.177◦,
∆θ2 = −2.82 ∼ −3.17◦ for Fe3+ replacing Mg2+ in
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N ∆R ∆θ1 (deg) ∆θ2 (deg) ∆E1 ∆E2 D (a−F)
MgTiO3:Mg2+ 0.91 −0.08 1.854 −2.82 5107.88 1886.86 844 118

0.915 −0.089 2.483 −2.98 5107.50 1886.79 844 118
0.92 −0.098 3.177 −3.17 5107.50 1886.52 844 118

Expt. [5] 5107.48 1886.74 844 118
MgTiO3:Ti4+ 0.91 0.04 4.02 −5.68 4727.82 1789.02 779 136

0.915 0.03 4.282 −5.79 4727.48 1788.29 779 136
0.92 0.02 4.747 −5.97 4727.40 1788.41 779 136

Expt. [8] 4727.83 1788.91 779 136
LiTaO3:Li+ 0.91 −0.17 4.48 −6.621 18516.88 6453.10 3075.49 180.10

0.915 −0.178 4.998 −6.748 18516.92 6453.10 3075.50 180.09
0.92 −0.187 5.154 −6.901 18516.92 6453.10 3075.50 180.09

Expt. [15] 18516.70 6453.07 3075.46 180.12

Table 4. The EPR parameters
D and (a − F) for Fe3+ in
MgTiO3 and LiTaO3:Fe3+ as a
function of the covalence factor
N, where ∆E1, ∆E2, D and (a−
F) are in units of 10−4 cm−1.

Fig. 1. Local structure distortion of an octahedral Fe3+ center
in MgTiO3 or LiTaO3. M represents the Mg2+ or Li+ ion.

MgTiO3; ∆R = 0.04 ∼ 0.02 Å, ∆θ1 = 4.02 ∼ 4.747◦,
∆θ2 = −5.68 ∼ −5.97◦ for Fe3+ replacing Ti4+ in
MgTiO3; ∆R = −0.17 ∼ −0.187 Å, ∆θ1 = 4.48 ∼
5.154◦, ∆θ2 = −6.621 ∼ −6.901◦ for Fe3+ replac-
ing Li+ in the LiTaO3 system are determined. The re-
sults show that there exist two opposite effects in the
MO6:Fe3+ system. The first is that the local structures
of Fe3+ replacing Mg2+ in MgTiO3 and replacing Li+

in LiTaO3 exhibit compression distortions as shown
in Figure 1. This tendency is mainly due to the fact
that the effective charge of Fe3+ is larger than that
of Mg2+ and Li+. The second result is that the lo-
cal structure of Fe3+ replacing Ti4+ in MgTiO3 ex-
hibits an elongation distortion as shown in Figure 2.
The physical reasons may be attributed to the fact that
the radius and effective charge of Fe3+ are smaller
than those of Ti4+ (ri = 0.68 Å). Based on our cal-
culated results, we may conclude that Fe3+ may oc-
cupy the Mg2+ or the Ti4+ site in the MgTiO3:Fe3+

system, while Fe3+ will occupy the Li+ site rather
than Ta5+ site in the LiTaO3:Fe3+ system. The results

Fig. 2. Local structure distortion of an octahedral Fe3+ center
in MgTiO3. M represents the Ti4+ ion.

are in consistent with the ENDOR and EPR experi-
ments.

4. Conclusion

The local structures when Fe3+ is doped in MgTiO3
and LiTaO3 have been studied by diagonalizing
the complete energy matrices and considering the
second- and fourth-order EPR parameters D and
(a − F) simultaneously. It was shown that when
Fe3+ replaces Mg2+ in MgTiO3 and Li+ in LiTaO3,
the local lattice structure exhibits a compression;
whereas, when Fe3+ replaces Ti4+ in MgTiO3, the
local lattice structure exhibits an extension. The
local structure parameters R1 = 2.11 ∼ 2.092 Å,
R2 = 1.96 ∼ 1.942 Å, θ1 = 47.054 ∼ 48.377◦,
θ2 = 60.98 ∼ 60.63◦ for Fe3+ replacing Mg2+

and R1 = 2.16 ∼ 2.14 Å, R2 = 1.93 ∼ 1.91 Å,
θ1 = 51.02 ∼ 51.747◦, θ2 = 59.02 ∼ 58.73◦ for Fe3+

replacing Ti4+ in MgTiO3:Fe3+; R1 = 2.137∼ 2.12 Å,
R2 = 1.871 ∼ 1.854 Å, θ1 = 47.52 ∼ 48.194◦,
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θ2 = 65.959 ∼ 65.679◦ for Fe3+ replacing Li+ in
LiTaO3:Fe3+ have been determined, respectively, and
the EPR parameters D and (a−F) can get a reasonable
explanation.
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