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INVESTIGATION OF THE OPTICAL SPECTRA 
AND SPIN-HAMILTONIAN PARAMETERS FOR VANADYL 
IN ZINC PHOSPHATE GLASS

 C.-D. Feng, H.-X. Huang, W.-B. Xiao, and H.-M. Zhang* UDC 535.34:549.691.1

The optical absorption spectra and spin-Hamiltonian parameters (g factors g||, g⊥ , and hyperfi ne structure constants 
A||, A⊥ ) of vanadyl in zinc phosphate glass are investigated, using the high-order perturbation formulas for a 3d1 
ion in tetragonally compressed octahedra. In the calculations, the required crystal-fi eld parameters are estimated 
from the superposition model, and the optical absorption bands and spin-Hamiltonian parameters are linked with 
the tetragonal distortion (characterized by ΔR = R⊥  – R||, where R⊥  and R|| denote the bond lengths perpendicular 
and parallel to the C4 axis). Based on the calculations, the tetragonal distortion ΔR (≈1.795 Å) was obtained, and 
negative signs of the hyperfi ne structure constants A|| and A⊥  are suggested. 
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Introduction. Phosphate glass shows interesting photoconducting [1], spectra and laser [2, 3], structure [4], and optical 
and thermal properties [5, 6] when doped with transition or rare me tal (TM or RM) ions. Generally, the doping ions occupy either 
octahedral or tetrahedral sites in glasses, and the above-mentioned properties are sensitive to the internal electric, local structure, 
and the surrounding ligand fi eld of the doping ions. Electron paramagnetic resonance (EPR) spectra of TM ions in glasses can 
give valuable information on the structure and dynamics of the host lattice [7, 8]. The optical absorption method reveals the 
crystal-fi eld parameters and the energy level structure of the TM ions [9, 10]. Therefore, EPR and optical absorption studies are 
two powerful tools for investigating the point symmetry and dynamic properties of the paramagnetic ions in the host crystals. 
Vanadyl (VO2+) is one of the most stable cations among some molecular paramagnetic TM ions and is use d extensively as an 
impurity probe for EPR studies, which are sensitive to the crystal environment [11–13]. Many spectroscopic studies for phosphate 
glass containing TM ions have been carried out [14–17]. For example, Ravikumar et al. measured the optical absorption 
bands and the spin-Hamiltonian (SH) parameters (i.e., g factors g|| = 1.9329, g⊥ = 1.9824 and hyperfi ne structure constants 
A|| = 157×10–4 cm–1, A⊥ = 52×10–4 cm–1) of VO2+ in zinc phosphate glass by the EPR technique [18]. Howe ver, a theoretical 
study of the obtained results has not been made, and the local structure of VO2+ ion in zinc phosphate glass has not been 
obtained either. In this work, the four SH parameters and three optical absorption bands of VO2+ in zinc phosphate glass are 
theoretically investigated using the high-order perturbation formulas. In the calculations, tetragonal fi eld parameters Ds and 
Dt are determined from the superposition model and correlated with the local structure of the V4+ center; the contributions 
from the ligand orbital and spin-orbit coupling interactions are taken into account. The local structure around V4+ ions in zinc 
phosphate glass has been determined in the calculations.

Calculation. For a 3d1 ion in tetragonally compressed octahedra, its higher orbital doublet 2Eg in the original cubic 
case would split into two orbital singlets 2B1g and 2A1g, while the original lower orbital triplet 2T2g would be separated into an 
orbital doublet 2Eg and a singlet 2B2g, wher  e the latter is the lowest lying [19, 20] (Fig. 1). Based on the crysta l-fi eld theory, 
the d–d transitions of the three optical absorption bands can be expressed as
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From the superposition model [21] and the geometrical relationship of the V 4+ center in zinc phosphate glass, the 
crystal-fi eld parameters Dq, Ds, and Dt can be determined as follows:
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Here t2  ≈ 3 and t4 ≈ 5 are the power-law exponents [22–25] and Ā2(R) and Ā4(R) are the intrinsic parameters, with the average 
reference bond length R. For the studied (VO6)8– cluster, R ≈ R⊥ ≈ 1.97 Å [26] and R||

 ≈ R⊥ – ΔR, where ΔR is the tetragonal 
compression caused by the static Jahn–Teller effect. 

From the perturbation theory, the perturbation formulas of the SH parameters for 3d1 ions in the tetragonal compressed 
symmetry can be described as follows [20, 23]:
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where gs (≈2.0023) is the spin-only g value of the free electron; ζ (or ζ′), k (or k′), and P (or P ′) are the spin-orbit coupling 
coeffi cients, the orbital reduction factors, and the dipolar hyperfi ne constants, respectively, which denote the diagonal (and 

Fig. 1. Energy level splitting schemes of octahedral 3d1 clusters with tetragonal 
compression distortion. Ei (i = 1, 2, 3) are the corresponding energy differences.
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off-diagonal) matrix elements of the spin–orbit coupling and the orbital angular momentum operators for the states T2g and 
Eg under an octahedral 3d9 cluster. That is, ζ, k, and P are due to the interaction only within T2g orbitals, ζ′, k′, and P ′ are due 
to the interaction between T2g and Eg orbitals, and κ denotes the core polarization constant. Comparing the core polarization 
constant (≈0.6–1 [20, 24–26]) for VO2+

 (or V4+) in various glasses, we estimate κ ≈ 0.64 for the studied system here. 
Based on the cluster approach, the electron wave functions containing the contributions from p- and s-orbitals of 

ligands can be described as [20]

1/2 ( )Ψ = φ − λ χt t t t ptN ,

 1/2 ( )Ψ = φ − λ χ − λ χe e e e pe s sN  .                                                          (4)

Here the subscript γ (=t and e) denoting the irreducible representations T2g and Eg of Oh group, respectively, χpγ and 
χs are the p-orbital and s-orbital of the ligands, Nγ represent the normalization factors, and λγ (and λs) are the orbital admixture 
coeffi cients.

Using the cluster approach [27], the spin–orbit coupling coeffi cients (ζ and ζ′), the orbital reduction factors (k and 
k′), and the dipolar hyperfi ne structure parameters (P and P ′) in Eq. (3) can be expressed as
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Here, ζd0 and ζp0 are the spin–orbit coupling coeffi cients of free 3d n ions and ligand ions, respectively; P0 (≈172 × 10–4 cm–1 
[28]) is the dipolar hyperfi ne structure constant of the free central ion, Nγ is the normaliza tion factor, and λγ (or λs) is the orbital 

admixture coeffi cients; A denotes the integral | | yR ns np
y

∂
∂

, with R being the reference impurity–ligand distance; Nγ and 

λγ (or   λs) can be determined from the normalization conditions:
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Here Sdpγ (and Sds) are the group overlap integrals. Generally, λγ (or λs) increase with increasing Sdpγ (or Sds), and the 
approximately relationship λe/Sdpe ≈ λs/Sds can be made within the same irreducible representation eg. The group overlap 
integrals Sdpt ≈ 0.0477, Sdpe ≈ 0.1239, Sds ≈ 0.0986, and A ≈ 1.0206 can be calculated from the Slater-type self-consistent fi eld 
(SCF) functions [29, 30] with the metal–ligand reference distance R of the studied system. Then, Nγ and λγ can be calculated 
by Eqs. (6) and (7). For the studied (VO6)8– cluster, we have ζd0 ≈ 248 cm−1 [31] and ζd0 ≈ 151 cm–1 [32]; then, the parameters 
ζ (ζ′) and k (k′) in formula (3) can be determined from Eq. (5): Nt = 0.812, Ne = 0.869, λt =  0.486, λe = 0.535, λs = 0.011, 
ζ = 215.8, ζ′ = 191.8, k = 0.908, and k′ = 0.728.

Therefore, only the parameters N, R||, Ā2(R0), and Ā4(R0) are unknown. By fi tting the calculated optical absorption 
bands and EPR parameters to the experimental data, we have
 N ≈ 0.81, R|| ≈ 1.795 Å, Ā2(R) ≈ 1503 cm–1, Ā4(R) ≈ 10013 cm–1 ,                       (8)

for the impurity VO2+ in zinc phosphate glass. The corresponding calculated optical and EPR parameters are compared with 
the experimental values in Table 1. 
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Results and Discussion. From Table 1, it can be seen that the calculated optical absorption bands and SH parameters 
for the VO2+ center in zinc phosphate glass are in reasonable agreement with the experimental values. This indicates that the 
method and the parameters used in this paper can be regarded as reasonable.

Based on the above calculation, the tetragonal distortion ΔR = R⊥− R|| ≈ 0.175 Å can be obtained. This indicates 
that (VO6)8– cluster is a tetragonal compressed distortion octahedral. The compressed distortion ΔR can be explained by the 
Jahn-Teller effect. In the compression, the ground state for the V4+ (3d1) ion is an orbit singlet, whereas in the elongation, the 
ground state is an orbit doublet, while the latter is unstable. Similar tetragonal distortion ΔR ≈ 0.2445 and 0.186 Å was found 
for VO2+ in MgKPO4·6H2O [33] and alkaline-earth aluminoborate glasses [34], respectively, caused by the Jahn–Teller 
effect.

The calculated hyperfi ne structure constants A|| and A⊥ listed in Table 1 are negative, whereas the values given 
by [18] are positive. Actually, the signs of the hyperfi ne structure constants A|| and A⊥ are very diffi cult to detect in the 
experiment [19, 28, 35]. So, the experimental results of the constants A|| and A⊥ are actually the absolute values. Muncaster 
and Parke [36] have confi rmed that the signs of A|| and A⊥ should be negative for VO2+ ions in glasses. Therefore, the signs 
of the hyperfi ne structure constants A|| and A⊥ obtained in this work can be regarded as reasonable. 

Conclusions. Based on the cluster approach and related equations used in this work, the three optical absorption 
bands and SH parameters as well as the local structural parameters of the VO2+ ion in zinc phosphate glass are theoretically 
investigated from the perturbation formulas for a 3d1 ion in tetragonally compressed octahedra. Based on the studied, the 
oxygen octahedra around V4+ are found to suffer the magnitude of tetragonal distortion is ΔR = R⊥ – R|| ≈ 0.175 Å. The 
negative signs of the constants A|| and A⊥ are also suggested in this work.
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