
Abstract
Steven’s model has been used for computing the covalent binding parameters in octahedral complexes doped with transition metal 
ions. This model is further used to interpret the g-factors in various single crystals containing paramagnetic VO2+ ions. Theoretical 
expressions were given for the g-factors of Vanadyl ions in the crystalline field of cubic nature with components of tetragonal symmetry. 
The g-factors have been given in terms of covalent binding parameters Κ || and ⊥Κ taking into account the tetragonal crystalline field 
and covalent binding. Computations show that ⊥Κ should be less than 0.064 in order to fit the experimental g-values. Crystal field 
theory has determined the ground state wave functions (GSWF) for VO2+ ions in different single crystals. It is found that GSWF is in dxy 
state with a slight admixture of excited states dx

2
-y

2, dxz and dyz. The hyperfine interaction parameter P and Fermi contact term X have 
also been calculated.
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INTRODUCTION
Vanadyl complexes have been the subject of interest to 
different researchers due to fact that the electronic state of 
VO2+ ion having vanadium ion V4+ and a closed shell oxide 
O2- is 3d1. A number of workers Assour et al (1965); Assour 
(1965); Radhakrishna (1983); Selvin (1965); Manoogian and 
Mackinnon (1967); Rao et al. (1968); Manoharan and Rogers 
(1968); Flowers et al. (1973); Jain (1979); Oversluizen  and   
Metselaar R (1982) have done earlier EPR studies of Vanadyl 
ion doped in different single crystals because tetravalent 
vanadium exists as a stable Vanadyl. It is found that the 
configuration of a single unpaired electron of Vanadyl ion 
is similar to the d1 configuration of Ti3+ or d9 configuration of 
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Cu2+. It was shown by Tapramaz et al. (2000) that in Vanadyl 
ion V-O bond has considerable covalent bonding nature 
which is inversely proportional to the EPR parameters g|| and 

⊥g . Earlier investigations show that VO2+ ion always occurs 
coordinated to other groups, whether in the solid state or 
in the solution form. This ion’s electronic state is mainly 
dependent on the 3d1 electron. Hence the energy levels 
of VO2+ ion can be taken as that of the V4+ ion. Therefore 
it is interesting to see whether it is possible to explain the 
experimental data obtained from the EPR spectra of VO2+ ion 
doped in different diamagnetic lattices as well as to find the 
bonding character of vanadium complexes on the basis of 
theoretical analysis of the behavior of a single 3d1 electron. 

It was suggested earlier by Gerritsen and Lewis 
(1960) that expressions of g- factors in the parallel and 
perpendicular orientations, as given by Bleaney et al. 
(1955) could not explain the experimental g values due the 
presence of the crystalline field of lower symmetry and the 
factors not taken into analysis by Bleany et al. (1950). The 
model for covalent bonding given by Stevens (1953) may be 
a better tool for the explanation of experimental g-values 
in the presence of tetragonal crystalline field. In the present 
study I try to find out whether the g-values determined 
from the EPR experiment and also the bonding character for 
VO2+ ion doped different single crystals can be explained by 
Steven’s (1953) model of covalent bonding. It is clear from 
the theoretical observations that in order to have better 
fit the experimental g-factors, one of the covalent binding 
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factors should be taken as less than one. If EPR parameters 
g and A are known by experiment, then spectroscopic and 
magnetic character can be obtained from ground state wave 
functions. The hyperfine splitting parameter P and Fermi 
contact term X can be evaluated using g and A values. In the 
present work, using crystal field theory, the covalent binding 
factors and ground state wave functions along with P and 
X of VO2+ ion in different single crystal lattices. 

Theory and Calculation
If Vanadylion VO2+ doped in a single crystal is subjected 
in the octahedral symmetry of crystalline field having 
tetragonal distortion because of surrounding ligands. In 
such a field the equivalent Hamiltonian operator is given 
as follow (Abragam and Bleaney 1970):
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In the above equation (1) term B4 represents the magnitude 
of the octahedral field and the remaining two terms give the 
tetragonal distortions for the second and fourth degree in 
the potential, respectively. The expressions of g|| and ⊥g  
for (de)5 in an octahedral field with tetragonal distortion 
were given by Stevens (1953). The states in the ground state 
doublet for d electron can be expressed as:

 +−−=Ψ+ ,, cSinbCos bb  (2)
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Here l  is the spin-orbit coupling constant and the energy 
gap between the states 5Γ and 3Γ is ∆ . In the present 
investigation for d electrons a , b and c  become 1 , 1−
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Where κ  is defined as κ  = aLa Z  and it is assumed that 
covalent binding is isotropic, that is, same in all directions. 
If covalent binding is assumed to be anisotropic in nature, 
the g-factors are determined as follows: 

Where ||κ and ⊥κ  are the covalent binding parameters are 
defined by the following relations:

 ||κ  = 11 ZL
 
and =⊥κ 2 01 xL with aLa z=κ .

The above equations (4) and (5) can be used for the estimation 
of the binding parameters along with experimental 
values g-factors taken from the different research papers 
mentioned in Table 1.

The 2D term splits into three singlets and one doublet in 
an octahedral field with tetragonal distortion. The splitting 
of 2D term is shown in Figure 1. It is found that the form of 
spin-orbit coupling matrix has form ψψ l

Ji
SL. (Poole and 

Farach 1972). The wave function of the ground state can be 
easily written by using the first-order perturbation theory 
and following Zapirov and Chirkin (1968). In the present case 
wave function is as follows:

2
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The coefficient C1, C2 and C3 gives the admixture of dxy state 
with slight admixture of excited states dx

2
-y

2, dxy states to the 
ground state dxy due to the spin-orbit coupling. If we know 
these coefficients C1, C2 and C3 the ground state can be easily 
calculated. These constants are determined by solving the 
following equations-
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The coefficients C1, C2 and C3 are easily determined by 
substituting the experimental values of g|| and ⊥g  in the 
equations (10) and (11) along with the equation (9). Now 
in equation (8) the values of constants C1, C2 and C3 are 
substituted to obtain the ground state wave function. The 
hyperfine structure constants are now calculated using 
the estimated ground state wave function (Abragam and 
Bleaney 1970).
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The values of calculated coefficients C1, C2 and C3 along 
with the experimental values g||, ⊥g , A|| and ⊥A for different 
diamagnetic lattices taken from different references (Table 
1) are substituted in equations (12) and (13) to get hyperfine 
interaction parameter P and Fermi contact term X. The 
calculated ground sate wave functions along with the values 
of P, X, binding factors and parametric angle b are given in 
Table 1. The values of P and X are determined in both cases 
i.e. positive and negative values of A|| and ⊥A . In case A|| /

⊥A <0, the obtained values of P and X do not match with the 
results using molecular orbital theory therefore, these values 
are not included in the present work. The reasonable values 
for P and X are taken for the small unpairing or polarization 
due to inner electron as a result of an interaction with an 
unpaired d electron. 

Results and Discussion
If VO2+ ion is doped in different single crystals, then observed 
EPR spectra are usually described by a very strong octahedral 
ligand field with tetragonal distortion due to covalent 
bonding between central metal ion and the surrounding 
ligands. The calculated values of A|| and ⊥A and ground state 
wave functions, X and P are given in Table 1. In the presence 
of a tetragonal field, there is no shifting of the doublet in t2g 
and higher doublet eg; therefore, covalent binding factors 
are found to be less than 1. Since l is not exactly known, 
multiple values of ||κ , ⊥κ  and parametric angle b have been 
determined. Angle b can not be fixed here as exact value for 
l is not known. If l is exactly known the parametric angle b 
can be fixed and the parameters corresponding to fixed b 
will give the proper result for the system. The present study 
computation shows that by taking value of ⊥Κ <0.064 the 
best fit to the experimental g values can be obtained. If the 
value of covalent binding factor is small then an electron 
will migrate to its neighboring atoms. 

The parameters g|| and ⊥g  depends upon nature of covalent 
binding and the factors ||κ and ⊥κ . This dependency 
confirms the inverse relation between ||κ and g||. If the value 
of ||κ  decreases then g|| increases and covalency decreases, 
indicating that the complex will have more ionic character. 
At the same time there is direct proportionality between 
and showing different nature of the binding for a particular 
system. The present work shows that rate of decrease of

||κ is more than ⊥κ so that compound can be considered 
to be more ionic in nature. Therefore there will be more 
migration of electrons to neighboring atoms indicating 
that there must be the possibility of transfer of net amount 
of charge, which is also observed in the crystal field theory 
for ionic compounds. 

The ground state wave functions of different complexes 
doped with VO2+ estimated in present study is of the dxy type 
with some admixture of excited states dx

2
-y

2, dxz and dyz. The 
same result was also obtained by Kivelson and Lee (1964) 
using theory of Ballhausen and Gray (1962). ESR spectra 
of complexes used in my study also confirm that ground 
state is dxy. Spectra also support my calculations. Parameter 
X shows the contribution of unpaired s-electron to the 
hyperfine structure splitting. According to Abragam (1950) 
hyperfine splitting is originated from interaction because of 
configuration. Major contribution to the hyperfine structure 
splitting by virtue of core polarization parameter (Fermi 
contact term) is due to unpaired s-electron therefore, slight 
admixture in ground state wave function is necessary for 
the explanation of splitting. A regular variation in P with 
covalency was observed by Wieringen (1955). There is direct 
relation between ionic character of crystal and splitting. 
The single crystal with more ionic character shows larger 
splitting. If A|| / ⊥A >0 the estimated values of P and X are 
more suitable because the condition P/P0 is satisfied only 
for the positive ratio of A|| and ⊥A . Here P0 having a value 
of 200×10-4 cm-1 is free ion hyperfine interaction. A relation 
between P and P0 is given by the relation:

 
00 l
lα

P
P

In above relation l  is spin-orbit coupling constant for 
paramagnetic ion in a crystal, 0l is the free ion value. It is 
found thatl < 0l .
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Figure 1: Energy level splitting of 2D state of vanadium V4+ with 
octahedral field in Configuration d1 by tetragonal distortion
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Table 1: Ground state wave function, hyperfine interaction parameter P, Fermi contact term X, Covalent binding factorsΚ ||, ⊥Κ and parametric 
angle b for Vanadyl ion in different crystals
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