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INTRODUCTION 

Electron paramagnetic resonance (EPR) 

yields a great deal of information about the 

magnetic properties of paramagnetic ion in different 

single crystals and it also provides a detailed 

description of the ground state wave function of 

paramagnetic ions. EPR study can provide valuable 

information on the effective ligand field symmetry 

and orbital geometry as well as on the bonding of 

transition metal ions. It is used in the study of the 

biochemistry of metalloproteinase and inorganic 

metal complexes having at least one unpaired 

electron on the metal ion [1-2]. Presently, EPR is 

used as a tool for the characterization of transition 

metal ions and rare earth impurities in non linear 

optical and laser crystals [3-5]. Vanadium is an 

important trace element in nature that has been 

studied with EPR spectroscopy in different states. 

The common valance states of vanadium are +2, +3, 

+4, +5 [6-8]. The +5 state is diamagnetic and the +3 

state, although paramagnetic, is usually not 

observed by EPR due to internal electric field effects. 

+2 state is oxydatively unstable and easily yields the 

oxycation, VO
2+

.
 
Due to the remarkable stability and 

interesting spectral as well as magnetic properties of 

complex oxycations of the types MO
n+ 

and MO
n+

2, 

where M refers for the metal ion, a theoretical 

speculation has been presented about their 

electronic structure [9]. One of the simplest 

examples of this type is VO
2+

. It is formulated as 

having V
4+

, with the electronic structure 3d
1
, and an 

oxide ion. The paramagnetic behaviour of the 

vanadyl ion arises from single unpaired electron and 

its EPR spectrum is quite analogous to that of Cu
2+

 

ion [10-11].  In its tetravalent state, vanadium V
4+

 

exists as VO
2+

 ion with a single unpaired electron 

bound to an oxygen atom by a strong double bond 

so the VO
2+

 ion is the most stable cation among a 

few molecular paramagnetic transition metal ions 

which is used extensively as an impurity probe for 

electron paramagnetic studies.  
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In the present investigation, on the basis of 

theoretical  analysis of the behaviour of 3d
1
 single 

electron in VO
2+

 ion doped in different single crystals 

the ground state wave function and parameters a, b, 

c, u, v, w, fx, fy, fz are estimated with the help of EPR 

data. These EPR data are also used to evaluate the 

hyperfine interaction parameter P and Fermi contact 

term K in the presence of rhombic symmetry 

crystalline field. It is interesting to have a knowledge 

of the ground state wave function of paramagnetic 

ion doped in different host lattices to get 

information about the signs as well as magnitudes of 

EPR parameters g and A  and to evaluate the fine 

structure constant [12]. The Fermi contact term K, 

which is dimensionless constant, represents the 

amount of unpaired electron density at the 

vanadium nucleus and the hyperfine interaction 

parameter is important because of the fact that it 

enables to determine nuclear spins, magnetic and 

quadrupole moments of stable and radioactive 

nuclei and to explain the nature of chemical bonding 

in complexes [13-14]. The paramagnetic VO
2+

 ion in 

different host lattices is studied and reported [15-

32] but they have not assigned the correct signs and 

directions to spin Hamiltonian parameters which 

plays very important role in the determination of 

ground state wave function and the value of K and P 

of different host lattices to decide the signs as well 

as directions of the spin Hamiltonian parameters 

[33].  

Theory 

 The ground state of atomic V
4+ 

has five fold 

orbital degeneracy and is described by the term 
2
D. 

A predominantly cubic crystalline field splits this 

degeneracy in to a lower orbital Г5 and on upper 

orbital doublet Г3. The additional splitting of the 

orbital levels is caused by the non-cubic part of the 

crystalline field. A component of tetragonal 

symmetry splits the doublet into two singlets, and 

the triplet in to a singlet and a doublet. This doublet 

is split into two singlets by the crystalline field of 

rhombic symmetry so that the degeneracy of the 

orbital levels is completely removed. The position of 

upper two singlets is also modified by the crystalline 

field of lower symmetry. The energy level splittings 

are shown in Fig.1. 

The ground state wave function in crystalline field of 

rhombic symmetry can be written as, 

1/2 √5 f (r) (ax
2 

+ by
2 

+ cz
2
)                                         (1) 

with the condition    

  a + b + c = 0                                                                  (2) 

   a
2 

+ b
2 

+ c
2 

= 6 

The wave function of the orbital triplet may be 

represented as  

√15 f (r) yz, √15 f (r) zx, √15 f (r) xy                    (3) 

 their energies above the ground state will be 

denoted by Ex, Ey, Ez. Spin orbit coupling admixes 

some of the triplet wave function to the ground 

state and therefore, two components of the ground 

doublet take the general form 

1/2 √15M f(r){(ax
2 

+ by
2 

+ cz
2 

+ iRxy) 1 + ( iPyz - Qzx ) m} (4) 

 1/2 √15M f(r){( iPyz + Qzx) 1 + (ax
2 

+ by
2 

+ cz
2
- irxy ) m}  

  where l, m are the two spin functions quantized 

along the z-axis and M is a normalizing   

  factor, given by 

M
-2 

= 1 + (P
2 

+ Q
2 

+ R
2
)/12                             (5) 

For vanadium ion /Ex, /Ey, /Ez is positive and 

denoted by u, v, w, respectively. One can have 

correct to the first order in, 

P = u (b - c) 

Q = v ( c - a )                              (6)      

R = w (a - b) 

The expressions for g values in terms of P, Q, R are 

gx = 2 + 2/3 P (b-c) 

gy =2 + 2/3 Q (c-a)                         (7) 

gz =2 + 2/3 R (a-b) 

With the help of Eq.(4) one can express them 

directly in term of a, b, c. The magnetic hyperfine 

structure can be expressed simultaneously in terms 

of hyperfine interaction parameter and the Fermi 

contact term K, which represents the admixture of 

configurations with unpaired s-electron, in the form. 

Ax/Phf = - K+ 2/3 P (b-c) +1/7 (2a
2
- 4 + Rc - Qb) = - K+ 

fx 

Ay/Phf = -K + 2/3 Q (c-a) +1/7 (2b
2
- 4 + Pa - Rc) = -K+ 

fy                                                                                      (8) 

Az/Phf = -K + 2/3 R (a-b) +1/7 (2c
2
- 4 + Qb - Pa)  = -K+ 

fz 

 

The expressions for g values contain unknown 

parameters u, v, w, and a, b, c. a, b, c are   related by 
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Eq.(2) and can be expressed in terms of single 

parametric angle  as, 

a = cos  + √3 sin  

b = cos  - √3 sin                            (9) 

                               c = - 2 cos  

These three parameters a, b, c will be evaluated 

with the help of EPR data. The| xz and| yz levels 

may be treated as close since the uniaxial symmetry 

leading to rhombic part of the crystals is usually 

small. Therefore we can take easily u = v and from 

this approximation we can find the value of other 

parameters using expressions (6), (7) and (9). 

sin 2 = gy - gx / 4√ 3u 

 and                                           (10) 

cos2 = (gy+ gx- 4 / 4u) - 2 

From these two equations, a quadratic equation in 

terms of u is obtained and u can be easily 

determined. Putting the value of u in Eq.(10) we can 

evaluate the value of sin2 and cos2. With the help 

of Eqs.(7), (8) and (9) we can evaluate parameters a, 

b, c, P, Q, R and fx, fy, fz.. When a graph is plotted 

between the fi (i = x, y, z) and hyperfine structure 

constant Ai (i = x, y, z) with proper signs and 

directions, the points must lie on straight line [33]. 

The intersection of the line on fi axis gives the value 

of Fermi contact term K and the slope of the line 

gives the value of hyperfine interaction parameter 

Phf. 

Table 1. E PR parameter for vanadyl ion in selected crystals lattices. 
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Table 2. Ground state wave function for vanadyl ion in selected host lattices. 

 
Table 3. Fermi contact term, hyperfine interaction parameter, the percent ratio of   hyperfine interaction 

parameter (Phf) to  the value for free ion (Pi). 
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Table 4. Theoretically investigated EPR parameters. 

Result and discussion 

Different combinations have been tried 

giving different directions to gi and Ai values and 

assigning positive and negative signs to Ai in order to 

have a straight line on the Ai-fi diagram. The Ai-fi 

diagram thus obtained is shown in Fig. 2. With the 

help of proper signs and directions of the spin 

Hamiltonian parameters given in Table 1, the ground 

state wave function along with hyperfine interaction 

parameter, Fermi contact term and parameters u, v, 

w, fx, fy, fz for the selected host lattices are obtained. 

These are given in Tables 2, 3 and 4, respectively.  

The various points on the Ai - fi diagram lie 

on straight line in maximum cases but due to some 

inaccuracy in the experimental data a considerable 

scatter of the points from straight line are obtained. 

The ground state wave function of selected host 

lattices is predominately  x
2
-y

2
 and the value of 

hyperfine interaction parameter in all the cases is 

lower then the value of the free ion [34]. This 

indicates that the value of r
-3

 in crystals is less as 

compared with the free ion. Since the EPR spectrum 

of VO
2+

 ion is quite analogous to the Cu
2+

 and the 

spin-orbit coupling decreases for Cu
2+

 in crystals 

[35], there will be similar decrease in the spin-orbit 

coupling and therefore a reduction in the orbital 

contribution to the g values. The value of Phf/Pf is 

minimum in case of DABMZ indicating that the 

covalency is maximum because of the fact that the 

covalency is inversely proportional to the values of 

Phf/Pf i.e. the covalency decreases as Phf/Pf increases 

and vise versa. With the help of these the order of 

covalency may be written as, 

CFDPZCSTsite1.ZSHsite2.CSSHsite2.CSSHsite1.

ZATMKTPPMZDZSH  site1. MPPHsite2. 

PZCSTsite2. MPPHsite1. PMCST DAMBZ. 

 Similarly, we can write the order of 

decrease of Fermi contact term K [36]. From Table 2 

it can be seen that the ground state wave function 

comes out to be  x
2
-y

2
 type in all the selected host 

lattices while in DABMZ, PMZD, PMCST, MPPH, CAD, 

PZCST, CSSH, ZSH systems the ground state has been 

given to be  xy  type. However, the parameters K 

and P obtained theoretically in this investigation are 

well comparable with the experimental values given 

by earlier workers. This shows that the 

interpretation of ground state wave function in 

these systems to be of  xy  type seems less 

appropriate. 

 
Fig. 1. Energy level splitting of VO2+ ion in crystalline 

field of lower symmetry 
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Fig. 2. (Ai-fi) diagram of VO

2+
 ion doped in different 

single crystals. 

Conclusion 

Ground state wave function of VO
2+

 ion 

doped in different single crystals is evaluated and 

the results show that the ground state is of  x
2
-y

2
 

type. The parameters u, v, w, a, b, c and fx, fy, fz are 

also determined. The hyperfine interaction 

parameter P and Fermi contact term K are 

calculated with the help of Ai-fi diagram. Using the 

value of hyperfine interaction parameter in different 

host lattices and the value for free ion the order of 

covalency is determined. Further, from this method 

the correct signs and directions are assigned to the 

spin Hamiltonian parameters. 
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