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Explanation of the Optical Spectra and Spin-Hamiltonian
Parameters for Nickel(II) in Cadmium Bromide Crystal
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Based on crystal- and ligand-field theory, double-spin–orbital coupling approach was used to analyze the
crystal-field energy levels and spin-Hamiltonian parameters of Ni2+ ion at trigonal site in CdBr2. The local lattice
distortion (∆R and τNi2+) is estimated from the crystal field parameters; the crystal field energy Hamiltonian was
diagonalized in the full basis consisting of 45 wave functions of the Ni2+ ion. Results of calculations are in good
agreement with experimental data. The reasonableness of the theoretical results is discussed.

PACS: 71.70.Ch, 75.10.Dg, 61.72.Bb, 76.30.Fc

1. Introduction

CdBr2 is an important metal dihalide compound in
which the Cd2+ plane is sandwiched between two Br−
anions planes (see Fig. 1) [1, 2]. Its crystal structure is
rhombohedra and it belongs to the space group D5

3d [1, 2].
Because there are good transparent and dielectric char-
acteristics of CdBr2 crystal, various theoretical and ex-
perimental methods were used to study its physical and
chemical properties and microstructure [3–5]. The op-
tical and electron paramagnetic resonance (EPR) spec-
tra [i.e., the spin-Hamiltonian (SH) parameters includ-
ing the anisotropic g factors and zero-field splitting D]
of CdBr2:Ni2+ was measured for the substitutional Ni2+
center [4, 5]. Since the SH parameters of paramagnetic
ions depend sensitively on the structural parameters R
and θ, it will be useful to determine these parameters
with a transition-metal ion as the probe. The EPR
study of Ni2+ ions in CdBr2 has been done by Fang
et al. [6]. They calculated the EPR parameters with
the high-order perturbation formulae. As much as we
know, however, there is no unified theoretical analysis
for both optical and EPR spectra of these experimen-
tal data of CdBr2:Ni2+ crystal. The lattice structure
data of these impurity centers have not been acquired
yet by the unified calculation method. In fact, since
the spin–orbit coupling coefficient of the ligand Br− (e.g.
ζ0
p = 2460 cm−1 [7]) is bigger than that of the central
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Ni2+ (e.g. ζ0
d = 640 cm−1 [8]), the ligand influence should

be included in the analysis of the optical and EPR spec-
tra data. In this work, the full energy matrix based on
the basis consisting of 45 wave functions of the Ni2+ ion
are established and then applied to Ni2+ center in CdBr2
crystal. In the calculations, the contributions from the
ligands p orbitals and the local angle distortions due to
the mismatch of ionic radius between the host and im-
purity are taken into account with the double-spin–orbit
coupling approach.

Fig. 1. The local structure around Ni2+ centers in
CdBr2:Ni2+ crystals, including the angle θ used in the
calculation.
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2. Calculations

2.1. Double-spin–orbital coupling approach model

According to the molecular orbital (MO) theory, the
single electron wave function can be reasonably well de-
scribed by the following form:

|γ〉 = Nγ(|dγ〉 − λγ |pγ〉) , (1)

where γ = t2g or eg is the irreducible representation
of the Oh group. |dγ〉 is a metal orbital and |pγ〉 is a
symmetry-adapted linear combination of valence orbital
of the involved ligand. Nγ and λγ are, respectively, the
normalization coefficients and the mixing coefficients of
the atomic orbits.

Using the double-spin–orbit coupling approach, the
spin–orbit coupling operator for two-electron Hamilto-
nian (HSO) is taken as

HSO =
∑

i

ζd(rd)lisi +
∑

i

ζp(rp)ljsj . (2)

Here the first term corresponds to spin–orbit coupling
effect of the central ion while the second term refers to
that of the ligand.

The MO coefficients Nγ and λγ can be estimated by
a semi-empirical method [9]. According to this method,
the approximation relation and the normalization corre-
lation can be given as

B/B0 ≈ N2
γ

[
1− 2λγSdp(γ) + λ2

γS2
dp(γ)

]
,

Nγ

[
1− 2λγSdp(γ) + λ2

γ

] ≈ 1 , (3)

where B/B0 is the rate between the electrostatic
Coulomb energy of the transition-metal ions in the crys-
tal and of the free ions. Sdp(γ) is the group overlap inte-
gral of dγ and pγ orbitals.

2.2. The full energy matrix and EPR
(SH parameters) formulae

For a 3d8 ion in a trigonal crystal field, the full energy
Hamiltonian can be written as

H = Hee(B,C) + HCF(Dq,Dτ,Dσ)

+HSO(ζ+, ζ−) , (4)
where Hee(B, C), HCF (Dq,Dτ,Dσ) and HSO(ζ+, ζ−),
are the electrostatic interaction, B and C (≈ BC0/B0,
B0 ≈ 1084 cm−1 and C0 ≈ 4831 cm−1 [8]) are the Racah
electrostatic parameters characterized with the electro-
static Coulomb interaction as mentioned above, the crys-
tal field and the spin–orbit Hamiltonian of the central-
-metal ion (3d) and the ligand ion (4p) interactions, re-
spectively.

Based on the double-spin–orbit coupling approach, the
two spin–orbit parameters ζ+, ζ− and two orbital reduc-
tion factors k+, k− can be written as [10, 11]:

ζ+ = Nt(ζ0
d + λ2

t ζ
0
p/2) ,

ζ− = (NtNe)1/2(ζ0
d − λtλeζ

0
p/2),

k+ = Nt

[
1− 2λtSdp(t2g) + λ2

t /2
]
,

k− = (NtNe)1/2

×[
1− λtSdp(t2g)− λeSdp(eg)− λtλe/2

]
. (5)

Considering the equivalence between the SH parameters
and the Zeeman terms, we have

D = E
(∣∣t62e2 3A2 ± 1e2

〉′)− E
(∣∣t62e2 3A20e2

〉′)
,

g‖ =
〈
t62e

2 3A21e2

∣∣′k±Lz + gsSz

∣∣t62e2 3A21e2

〉′
,

g⊥ =
√

2
〈
t62e

2 3A20e2

∣∣′k±Lx + gsSx

∣∣t62e2 3A21e2

〉′
,

(6)
where |3A2(t62e

2),Ms〉′ and E(|3A2(t62e
2),Ms〉′) are, re-

spectively, the eigenfunction and eigenvalue of the ground
state 3A2 with spin Ms obtained by diagonalizing the
above complete energy matrix. Lj (j = x, y, z) and Sj

represent the operators of orbit and spin angular mo-
menta. gs (≈ 2.0023) is only the spin value.

The trigonal field parameters Dτ and Dσ in the en-
ergy matrix are calculated from the Newman superposi-
tion model [12]. From the model, for the trigonal dn ions
in octahedral, we have

Dτ = −2
7
A4(R)

×(
35 cos4 θ − 30 cos2 θ + 3 + 7

√
2 sin3 θ cos θ

)
,

Dσ = −6
7
A2(R)

(
3 cos2 θ − 1

)
, (7)

in which the intrinsic parameters Ā2(R) and Ā4(R) are
related to the reference distance R. R value can be esti-
mated from the empirical formula R ≈ Rh + (ri − rh)/2
[13, 14]. From literature [1, 15], we have the bond length
of the host crystal (Rh ≈ 2.71 Å), the radius of the
impurity Ni2+ (ri(Ni2+) ≈ 0.69 Å), the radius of the
host ion Cd2+ (rh(Cd2+) ≈ 0.97 Å), thus, R ≈ 2.57 Å
can be obtained. For a dn ion in octahedral complex,
Ā4(R0) ≈ (3/4)Dq [16–19], where Dq is the cubic field
parameter which is often obtained from the optical spec-
tra of the studied system. Dq ≈ 640 ÷ 720 cm−1 [4]
is found for (NiBr6)4− octahedra in crystals, we take
Dq ≈ 660 cm−1 here. By studying the optical and
EPR spectra for 3dn ions in many crystals, the ratio
Ā2(R)/Ā4(R) is found to be in the range of 8÷12 [16–21],
we take Ā2(R)/Ā4(R) = 9. The group overlap integrals
Sdp(eg) ≈ 0.0269332 and Sdp(t2g) ≈ 0.0079138 are ob-
tained from the Slater-type SCF functions [22, 23] and
the metal–ligand distance R.

Thus, in the full energy matrix of 3d8 electronic con-
figurations, there are only two unknown or adjustable
parameters θ and B. They can be obtained by matching
the calculated optical spectra and SH parameters (g‖, g⊥,
and D) to the experimental values. From the calculations
using the full energy matrix with the double-spin–orbit
coupling approach, we obtain for (NiBr6)4− cluster in
CdBr2:Ni2+ crystal
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θ ≈ 54.814◦, B ≈ 832 cm−1. (8)

The coefficient Nγ and the parameters in Eq. (3) calcu-
lated from the above λγ are collected in Table I. The
comparison between the calculated and experimental op-
tical spectra and SH parameters are shown in Table II
and Table III.

TABLE II
The SH parameters of CdBr2:Ni2+ crystal.

g‖ g⊥ D [cm−1]
Calc.a 2.2797 2.2773 −0.3246
Calc.b 2.1900 2.1881 −0.2200

Expt. [5] 2.19(2) 2.18(2) 0.220(5)
a Taking no account of the effect of the ligand.
b Taking account of the effect of the ligand.

TABLE I

The group overlap integral, the molecular orbital coefficients and orbital reduction
factors for CdBr2:Ni2+ crystal.

Sdp(eg) Sdp(t2g) Nt Ne λt2g λeg k+ k−
0.0269332 0.0079138 0.8787 0.8853 0.3795 0.3878 0.9367 0.8053

TABLE III
The energy levels (or optical spectra) of CdBr2:Ni2+ crystal.

Levels Energy [cm−1] Levels Energy [cm−1]
Cubic D3 Cal. Expt. [4] Cubic D3 Cal. Expt. [4]

t62e
2 3A2 E 0 0 t52e

3 1T 2 A 19342 19200
A −0.2200 E 19374

t52e
3 3T 2 E 6312 t52e

3 3T 1 E 21081
A 6399 E 21334
E 6408 6645–7200 A 21369 20580–22200
E 6812 A 21391
A 6819 t62e

2 1A1 A 21423
A 7014 t52e

3 3T 1 E 21465
t42e

4 3T 1 A 10478 A 21476
A 10879 t52e

3 1T 1 A 24072
E 10896 10616–11416 E 24079
E 11445 t42e

4 1E E 28745
E 11530 t42e

4 1T 2 E 29144
A 11543 A 29188

t62e
2 1E E 13716 11820–13210 t42e

4 1A1 A 53630

3. Discussions and results

(a) If we assume that the Sdp(γ) = 0, λγ = 0 and
ζp = 0, which the case is for the single-spin–orbit cou-
pling, from Table II, the calculation a shows that the
theoretical results are in poor agreement with the ex-
perimental values if without regard to the effect of the
ligand. In fact, the mixing parameter λγ (about 0.38) in
Table I also shows that the contribution from the ligand
cannot be omitted.

(b) From Table II and III, the sign of zero-field splitting
D is suggested as negative. According to the approximate
relation D = − ζd

4 (g‖−g⊥) for 3d8 electron configurations
in trigonal symmetry [24], the ζd > 0 and g-shift ∆g =

g‖−g⊥ > 0, thus, the negative sign of D can be regarded
as reasonable.

(c) Because the ionic radius and electronegative prop-
erty of Ni2+ are different from those of the Cd2+, there-
fore the Ni2+ in the bromine octahedral has a small
change of the lattice structure. The shift of bond length
∆R (≈ R − Rh) ≈ −0.14 Å, and bond angle distortion
τNi2+ (≈ θ − θh = 54.814 − 57.30◦[1]) ≈ −2.486◦ can
be obtained from the investigation. This case shows that
the CdBr2:Ni2+ crystal possesses a compressed distortion
comparing with the host CdBr2.
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