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The electron paramagnetic resonance parameters (g factors g‖,g⊥ and hyperfine structure con-
stants A‖,A⊥) of PbTiO3: Cu2+ are calculated from the complete diagonalization method and the
perturbation theory method. The calculated results obtained by the complete diagonalization method
are close to that obtained by the perturbation theory method, and in good agreement with the
experimental values. In the complete diagonalization method, the complete diagonalization proce-
dure is established based on the 3d9 electron system in tetragonal field. From the calculation of the
electron paramagnetic resonance parameters, the local defect structure of the [CuO6]−10 cluster can
be determined as D4h with Rx = Ry = 0.1952 nm, Rz = 0.2076 nm.
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1. Introduction

The PbTiO3 (PTO) crystal is a kind of ferroelec-
tric and piezoelectric material with perovskite struc-
ture [1]. Doping of this crystal can change its nature
significantly [2 – 5]. For example, the dielectric prop-
erties usually depend on the oxygyen octahedral struc-
ture, and it is found that PTO’s dielectric property
will be changed when Fe3+ ions are doped in it [4].
Eichel et al. [6] and Dimza et al. [7] reported the exper-
imental electron paramagnetic resonance (EPR) spec-
tra of PTO: Cu2+, and obtained the EPR parameters
from experiments under different conditions. Ravi [8]
and other researchers have used the perturbation the-
ory method (PTM) to calculate the EPR parameters of
paramagnetic ion doped crystal materials, the calcu-
lated values are in agreement with those obtained by
experiment. But when we use the PTM to calculate the
EPR parameters, there is no way to calculate all or-
der perturbation values. This article uses the complete
diagonalization method (CDM) and PTM to calculate
the EPR parameters values of PTO: Cu2+ crystalline
material and compares these two methods.

Cu2+ is a 3d9 configuration ion. When paramagnetic
ions Cu2+ are doped to PTO, Cu2+ will replace the

position of Ti4+ ions. Since both Cu2+ ions and the
replaced ions are different in charges and ionic radii,
the ligand ions will make a certain displacement. Since
g‖ > g⊥ > 2.0023 [7], the ground state is the 2b1g state,
and Cu2+ ions are located in the elongated distorted
octahedral site (D4h).

2. Calculation

The Hamiltonian including the electron-electron re-
pulsion, the spin-orbit interaction, and the crystal-field
potential is given by H = He + HCF + HSO. For a 3d9

configuration ion, a cubic crystal field will split the 5-
fold degenerate energy level into an orbital doublet 2eg
and triplet 2t2g. In the tetragonal crystal field, the dou-
blet 2eg level splits into two nondegenerate orbital sin-
glets 2a1g and 2b1g, and the 2t2g splits into a doublet
2eg and a singlet 2b2g. We let the three orbital singlets
2a1g, 2b1g, 2b2g, and a doublet 2eg be the basis func-
tions of Sugano strong field. The spin-orbit coupling
matrix elements of the 3d9 ions can be calculated by
〈ψ|HSO|ψ〉, where HSO = ∑

n
i=1 HSO(i) = ∑

n
i=1 ζd lll(i) ·

sss(i), and ζd is the spin-orbit coupling coefficient. Ac-
cording to the covalence reduction effect for 3dn ions
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in crystals, ζd = N2ζ0, in which N is the average cova-
lency factor, and ζ0 is the corresponding value of the
free 3dn ion. For a free Cu2+ ion, ζ0 = 829 cm−1 [9].

Using the Sugano strong field bases, the crystal field
potential matrix elements in tetragonal symmetry are
derived as:

〈a1g|HCF|a1g〉=−6Dq+2Ds+6Dt,

〈b1g|HCF|b1g〉=−6Dq−2Ds+Dt,

〈b2g|HCF|b2g〉= 4Dq−2Ds+Dt,

〈eg|HCF|eg〉= 4Dq+Ds−4Dt.

(1)

According to the Newman’s superposition model [10],
the crystal field parameters Dq,Ds, and Dt for the stud-
ied system can be expressed as:

Dq =
4
3

Ā4(R0)
( R0

R⊥

)t4
,

Ds =−4
7

Ā2(R0)
[(R0

R‖

)t2
−
( R0

R⊥

)t2]
,

Dt =−16
21

Ā4(R0)
[(R0

R‖

)t4
−
( R0

R⊥

)t4]
.

(2)

Ā4(R0) and Ā2(R0) are the intrinsic parameters,
Ā2(R0) ≈ nĀ4(R0), n ≈ 9 ∼ 12 [10, 11] for 3dn

ions. Here we take Ā2(R0) = 12Ā4(R0), Ā4(R0) =
615 cm−1 [10, 11]. For PTO: Cu2+,RH

‖ ≈ 0.2076 nm,
RH
⊥ ≈ 0.1952 nm [2, 3, 5 – 7], corresponding reference

bond length R0 = (2RH
‖ +4RH

⊥)/6≈ 0.1993 nm. t2 and
t4 are the power-law exponents for 3dn ions, t2 ≈ 3,
t4 ≈ 5 [10, 11]. The impurity-ligand distances R⊥ can
be calculated from the approximate formula [12]

R⊥ ≈ RH
⊥+

ri− rh

2
, (3)

where ri and rh are the ionic radii of impurity and
that of the replaced host ion, respectively. In the PTO:
Cu2+,ri(Cu2+)≈ 0.072 nm, rh(Ti4+)≈ 0.068 nm, and
rh(Pb2+) ≈ 0.12 nm [13]. The value of R⊥ is deter-
mined by (3), and remains invariant in the fitting cal-
culation. For fitting the calculated g‖, g⊥, A‖, and A⊥
to the observed values, we take N,R‖ (or 4R‖) as ad-
justable parameters.

Neglecting the contribution of the ligand spin-orbit
coupling and diagonalizing the complete energy ma-
trix (10× 10), we obtained the ground state to be b1g
which is consistent with the fact that the eigenvectors
are Kramers degenerate. The formulas of g factors for

a 3d9 ion in tetragonal symmetry can be expressed as:

g‖ = 2〈+|klz +2.0023sz|+〉,
g⊥ = 2〈+|klx +2.0023sx|−〉,

(4)

where |+〉 and |−〉 are the diagonalized wavefunc-
tions of ground states, k is the orbital reduction factor,
k = N2, lz, and lx the operators of the orbital angular
momentum, sz and sx the operators of the spin angular
momentum. According to the work of [14], the forms
for the Cu2+ hyperfine structure constant A are given
by

A‖ = P
[(
−κ− 4

7

)
+(g‖−gs)+

3
7
(g⊥−gs)

]
,

A⊥ = P
[(
−κ +

2
7

)
+

11
14

(g⊥−gs)
]
,

(5)

where gs(≈ 2.0023) is the free-electron spin g-
value. P is the dipole hyperfine coupling constant. κ ,
the core polarization constant. For PTO: Cu2+, P =
N2P0,P0(Cu2+)≈ 388 ·10−4 cm−1 [15].

According to the high-order perturbation
method [16], the third-order perturbation formu-
las of g factors for a 3d9 ion in tetragonal symmetry
can be expressed as [12]:

g‖ = gs +
8N2ζ

E1
− (gs +N2)ζ 2

E2
2

− 4N2ζ 2

E1E2
,

g⊥ = gs +
2N2ζ

E2
− (gs/2−N2)ζ 2

E2
2

− 2gsζ
2

E2
1

.

(6)

The energy separations E1 and E2 can be written as
E1 = E(b2g)−E(b1g) = 10Dq,E2 = E(eg)−E(b1g) =
10Dq + 3Ds− 5Dt. In the calculation, the fitting pa-
rameters are taken as N = 0.8265,R‖ = 0.213 nm,κ =
0.2937.

The original tetragonal symmetry of the PTO crys-
tal is distorted to D4h after Cu2+ is doped. Accord-
ing to the calculation, Cu2+ may replace the Ti4+, and
the bond lengths become Rx = Ry = 0.1952 nm,Rz =
0.2076 nm.

The calculated EPR parameters together with the
experimental values are shown in Table 1.

The A factor is an absolute value in the experiment.

Table 1. EPR parameters of PTO : Cu2+.

g‖ g⊥ A‖(10−4 cm−1) A⊥(10−4 cm−1)
PTM 2.343 2.058 −133 9
CDM 2.340 2.058 −133 9
Exp. [7] 2.340 2.058 131.0 9
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3. Discussion

It can be seen easily from Table 1 that the values of
g‖,g⊥, and A⊥ calculated by CDM are in good agree-
ment with the experimental values; the absolute value
of A‖ is also in agreement with the experimental one,
but the sign is negative. In fact, the sign of the hyper-
fine structure constants is very difficult to determine.
Thus, many experiments give it as a positive one. From
the above calculation, we take the sign of A‖ as nega-
tive, which is consistent with the values in many other
materials given in [14]. The EPR parameters obtained
by PTM are also in good agreement with the observed
values (see Table 1).

In this paper, we use two methods to calculate the
EPR parameters of PTO: Cu2+, one is the perturba-
tion theory method (PTM), whereas the other is the

complete diagonalization method (CDM). We used
the 3d9 electron system in tetragonal field to build
diagonalization procedure. As seen from Table 1,
the results obtained by CDM are very close to that
obtained by PTM, and agree well with the experi-
mental values. We can determine the bond lengths to
Rx = Ry = 0.1952 nm, Rz = 0.2076 nm and the local
defect structure of PTO: Cu2+ to be D4h from the EPR
parameters calculation.
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and M. J. Hoffmann, Phys. Rev. Lett. 100(9), 095504
(2008).

[7] V. I. Dimza, Phys. Status Sol. A. 140, 543 (1993).
[8] S. Ravi and P. Subramanian, Physica B. 393, 275

(2007).

[9] S. Sugano, Y. Tanabe, and H. Kamimura, Multiplets
of Transition-Metal Ions in Crystals. Academic Press,
New York 1970.

[10] D. J. Newman and B. Ng, Rep. Prog. Phys. 52, 699
(1989).

[11] W.-L. Feng, J.-J. Chen, L.-C. Deng, H.-C. Wu, and S.-
Q. Gao, J. Synthetic Cryst. 35(6), 1368 (2006).

[12] T.-H. Chen, Y. Wu, and P. Luo, Radiat Eff. Defects
Solids 162, 633 (2007).

[13] R. C. Weast, CRC Handbook of Chemistry and Physics.
CRC Press. F187, Boca Raton 1989.

[14] A. H. Maki and B. R. McGarvey, J. Chem. Phys. 29, 31
(1958).

[15] B. R. McGarvey, J. Phys. Chem. 71, 51 (1967).
[16] J. S. Griffith, The Theory of Transition-Metal Ions.

Cambridge University Press, London 1964.

http://dx.doi.org/10.1063/1.339293
http://dx.doi.org/10.1063/1.339293
http://dx.doi.org/10.1103/PhysRevLett.101.247604
http://dx.doi.org/10.1103/PhysRevLett.101.247604
http://dx.doi.org/10.1063/1.2906359
http://dx.doi.org/10.1063/1.2906359
http://dx.doi.org/10.1107/S0365110X56000309
http://dx.doi.org/10.1107/S0365110X56000309
http://dx.doi.org/10.1103/PhysRevLett.100.095504
http://dx.doi.org/10.1103/PhysRevLett.100.095504
http://dx.doi.org/10.1103/PhysRevLett.100.095504
http://dx.doi.org/10.1002/pssa.2211400225
http://dx.doi.org/10.1016/j.physb.2007.01.014
http://dx.doi.org/10.1016/j.physb.2007.01.014
 http://dx.doi.org/10.1088/0034-4885/52/6/002
 http://dx.doi.org/10.1088/0034-4885/52/6/002
http://dx.doi.org/10.1080/10420150701195459
http://dx.doi.org/10.1080/10420150701195459
http://dx.doi.org/10.1063/1.1744456
http://dx.doi.org/10.1063/1.1744456
http://dx.doi.org/10.1021/j100860a007

	Study of the Electron Paramagnetic Resonance Parameters for Copper Ions in Lead Titanate Crystal
	1 Introduction
	2 Calculation
	3 Discussion


