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ABSTRACT

The ground state wave function of VO** ion doped in different host lattices is
estimated with the help of EPR data. From these data also evaluated other
parameters a, b, ¢, u, v, w and f,, f,, f,. The | xz-y2> is found to be the
predominant ground state. The Fermi contact term K and hyperfine interaction
parameter Py in different host lattices are calculated with the help of (A; -f)
diagram. Further, based on this method correct signs and directions of the spin
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Hamiltonian parameters g and A are assigned.
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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 wusually not

observed by EPR due to internal electric field effects.
+2 state is oxydatively unstable and easily yields the
oxycation, VO**. Due to the remarkable stability and
interesting spectral as well as magnetic properties of
complex oxycations of the types MO™ and MO™,,
where M refers for the metal ion, a theoretical
about their

speculation has been presented

electronic structure [9]. One of the simplest
examples of this type is VO™. It is formulated as
having V4+, with the electronic structure 3d1, 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®
ion [10-11]. In its tetravalent state, vanadium v
exists as VO ion with a single unpaired electron
bound to an oxygen atom by a strong double bond
so the VO™ 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" single
electron in VO* ion doped in different single crystals
the ground state wave function and parameters a, b,
¢, u, v, w,f, f, f, 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™ 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* has five fold
orbital degeneracy and is described by the term ’D.
A predominantly cubic crystalline field splits this
degeneracy in to a lower orbital I's and on upper
orbital doublet ;. 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 V5 £ (r) (ax’ + by’ + cz%) (1)
with the condition
a+b+c=0 (2)

a’+b’+c’=6
The wave function of the orbital triplet may be
represented as
V15 f (r) yz, v15 f (r) zx, V15 f (r) xy (3)
their energies above the ground state will be
denoted by E,, E,, E,. 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 V15M f(r){(ax’ + by’ + cz*+ iRxy) 1 + ( iPyz - Qzx ) m} (4)
1/2 V15M f(r)}{( iPyz + Qzx) 1 + (ax’ + by’ + cz*- irxy ) m}
where |, m are the two spin functions quantized
along the z-axis and M is a normalizing
factor, given by
M?=1+(P*+ Q%+ R?Y)/12 (5)
For vanadium ion A/E,, A/E,, A/E, is positive and
denoted by u, v, w, respectively. One can have
correct to the first order inA,

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
g.=2+2/3P(b-c)
g,=2+2/3Q(c-a) (7)
g,=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.
Ay/Ppe= - K+ 2/3 P (b-c) +1/7 (2a’- 4 + Rc - Qb) = - K+
fx
A/Pys = -K +2/3 Q (c-a) +1/7 (2b>- 4 + Pa - Rc) = -K+
fy (8)
A,/Pre=-K +2/3 R (a-b) +1/7 (2c>- 4 + Qb - Pa) = -K+
f,

The expressions for g values contain unknown
parameters u, v, w, and a, b, c. a, b, care related by

101 RAM KRIPAL, ANURAG MISHRA



International Journal of Engineering Research-Online
A Peer Reviewed International Journal
Email:editorijoer@gmail.com http://www.ijoer.in

Vol.4., Issue.2., 2016

(Mar-Apr)

Eq.(2) and can be expressed in terms of single
parametric angle ¢ as,
a=cosd+V3singd
b=cos¢$-v3sind (9)
c=-2cos¢
These three parameters a, b, ¢ 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¢ = g,- g«/ 4V 3u

cos2¢ = (g,+ g4/ 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 Egs.(7), (8) and (9) we can evaluate parameters a,
b, ¢, P, Q, R and f,, f, f,, When a graph is plotted
between the f; (i = x, y, z) and hyperfine structure
constant A; (i = x, y, z) with proper signs and
directions, the points must lie on straight line [33].
The intersection of the line on f; axis gives the value
of Fermi contact term K and the slope of the line
gives the value of hyperfine interaction parameter

and (10) Pht.
Table 1. E PR parameter for vanadyl ion in selected crystals lattices.

S.N. Crystal lattices Ee g, g A, A, B Ref.
1. diagquabis
[malanata|1-)-k*0,0°] 188 1972 1937 7849 5699 169.13 [15]
zinc [DAMBZ]
2. dipotassium diaguabis 1578 1872 1936 6653 62 88 17044 [16]
(malonato-k20,0°)zincate
dihydlrate [PMZD]
3. kainite crystal [PMCST] 1958 1937 1987 1025 7423 18475 [17]
4. magnesium potassium sitel 198 19774 19276 67.74 7559 174 64 [18]
phosphate hexahvdrate site2 19802 19765 1.9296 63.73 79.23 175.20
[MPPH]
S.zinc ammenium trinydregen 1978 1974 1925 69.14 72.88 181.27 [19]
bislorthophosphate)
monohydrate [ZATM]
6. potassium titanium 1582 1865 1934 642 21.2 1783 [20]
phosphate [KTP]
7.cadmium formate dihydrate 19684 19562 19929 76 68 195  [21]
[CFD]
8 potassium zinc chloro sitel. 1998 1972 192 =l 108 173 [22]
sulphate trihydrate  site2. 1995 1983 194 52 114 174
[PZCST]
9. cadmium sodium
sulphate hexahydrate sitel. 1984 1875 1938 6130 7008 173.89 [23]
[C55H] sitel. 1982 1978 194 64.29 7064 173518
10.zinc sylphate, zitel. 1.986 1.93!5 1945 7186 7419 19249 [21]
heptahydrate [Z5H] site2. 1993 1985 1954 7167 7382 182.30

A, A and Aare in the unit of (x10™cm™)
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Table 2. Ground state wave function for vanadyl ion in selected host lattices.

SN Ground state wave function
1. 1.7784 x2-1 6816 v2- 0.0979 2
2. 1.7657 x2-1.6962 v2- 00604 22
3 1.7873 x2-1 6708 v2-0.1164 22
4. sitel. 1.7494 x2-1. 7141 v2- 0.0325 22
site?. 1.7562 x2-1.7068 v2- 0.0494 72
3. 1.7556 x2-1.7074 v2- 0.0481 22
6. 1.8180x2-1.6295v2-0.1803 22
1. 1.7710 x2-1.6831 v*- 0.0930 22
8. sitel. 1.9505 x2-1.3262v2-0.6333 2
site2. 1.8760 x2-1.5383 v2-0.3377 22
8. sitel. 1.7025 x2-1.6644 v2 - 0.1280 22
sitel. 1.7602x2-1.7024 v2— 0.0578 22
10, sitel. 1.7419 x2-1.7220 v3- 0.1991 2
site2. 1.8200 x2-1 6138 v2- 0.2161 22

Table 3. Fermi contact term, hyperfine interaction parameter, the percent ratio of hyperfine interaction
parameter (Phf) to the value for free ion (Pi).

SN Fermi contact term Hyperfine interaction Pripe Yo
parameter
K P
1 0.83 108.25 3413
2 0.78 116.37 58.19
3. 0.98 111.13 55.57
4. sitel. 0.83 112.61 36.30
site?. 0.82 114.70 5733
3. 0.81 119.13 3956
B. 0.63 118.03 5902
1. 0.73 14417 7208
8. sitel. 0.82 136.24 68.12
sitel. 0.90 114.23 37.11
9 sitel. 0.77 121.63 60.83
sitel. 0.78 123.02 61.51
10, sitel. 0.76 115.05 5753
sitel. 0.81 12594 62.97

P is in the unit of (x10~%cm™1)
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Table 4. Theoretically investigated EPR parameters.

i
S5 Mo, [a] [l f i f-
1. 0.01194 0.0078 0.3179 0.2120 -0.6419
2. 0.01247 00080 0.3032 02274 -0.6447
3. 0.02607 0.0016 03112 0.1735 -0.6027
4. sitel. 0.01064 0.0088 0.2877 0.2408 -0.6305
site2.  (0.01081 0.0088 0.2949 0.2417 -0.6303
3. 0.01199 0.0003 0.2027 0.2403 -0.6560
6. 0.01302 0.0083 0.362741 0.156300 -0.63814
7. 001877 000088 0.3077 0.2017 -0.5920
8. sitel. 0.00625 0.0111 0.5300 0.0080 -0.5411
site2.  0.0052 0.0102 0.4333 0.0876 -0.6230
9. sitel.  0.01017 0.0077 0.3357 0.1986 -0.6373
site2.  0.00998 0.0075 0.3004 0.2385 -0.6390
10, sitel.  0.00725 0.0068 0.2847 0.2638 -0.6325
site2.  0.00537 0.0060 0.3816 0.1584 -0.6175

Result and discussion

Different combinations have been tried
giving different directions to g; and A; values and
assigning positive and negative signs to A, in order to
have a straight line on the A-f; diagram. The A-f;
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, f,, T, f, for the selected host lattices are obtained.
These are given in Tables 2, 3 and 4, respectively.

The various points on the A, - f; 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 | xz-y2> 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” in crystals is less as
compared with the free ion. Since the EPR spectrum
of VO™ ion is quite analogous to the Cu®* and the
spin-orbit coupling decreases for cu® 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 P.¢/Ps 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

P./P;si.e. the covalency decreases as P.;/P; increases
and vise versa. With the help of these the order of
covalency may be written as,
CFD>PZCSTsitel.>ZSHsite2.>CSSHsite2.>CSSHsitel.>
ZATM>KTP>PMZD>ZSH sitel.> MPPHsite2.>
PZCSTsite2.>  MPPHsitel.> 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 | xz-y2> 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.

L3R

| %2y

12

|zy>

| =iy

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

104 RAM KRIPAL, ANURAG MISHRA



International Journal of Engineering Research-Online

i ) Vol.4., Issue.2., 2016
A Peer Reviewed International Journal

Email:editorijoer@gmail.com http://www.ijoer.in

(Mar-Apr)

[6].

[7].

[8].

[9].

K. V. Narasimhulu, J. L Rao, Spectrochim.
Acta A 53, 2605 (1997).

F. Celick, F. Koksal, I. Kartal, H. Gumus, J.
Phys. Sci. 52, 765 (1997).

S. Khasa, D. Prakash, V. P. Seth, S. K. Gupta,
R. M. Krishna, Phil. Mag. B 76, 859 (1997).
C. J. Ballhausen and H. B. Gray, Inorg.

M Chem. 1, 111(1962).
el [10]. D. Kivelson and R. Neiman, J. Chem. Phys.
5T 35, 149 (1961).
°§E§mm [11]. S. E. Harrison and J. M. Assour, J. Chem.
L Svtan Phys. 40, 365 (1964)
Saw [12].  A. Abragam and M. H. L. Pryce, Proc. Roy.
Soc. A 205,135 (1951).
Fig. 2. (Ai-f;) diagram of VO ion doped in different [13]. D. J. E. Ingram, Spectroscopy at Radio and
single crystals. Microwave Frequencies (Butterworths and
Conclusion Co. Ltd., London), 1967, p.159 .
Ground state wave function of VO ion [14]. W. Low, Paramagnetic Resonance in
doped in different single crystals is evaluated and Solids.(Academic Press, New York), 1960,p.
the results show that the ground state is of | x-y*> 58.
type. The parameters u, v, w, a, b, c and f,, f,, f, are [15]. B. Natarajan, S. Mithira, S. Deepa and P.
also determined. The hyperfine interaction Sambasiva Rao, J. Phys. Chem. Solids 68,
parameter P and Fermi contact term K are 1995 (2007).
calculated with the help of A-f; diagram. Using the [16].  B. Natarajan, S. Mithira, S. Deepa, R. V. S. S.
value of hyperfine interaction parameter in different N. Ravi Kumar and P. S. Rao,Radiat. Eff.
host lattices and the value for free ion the order of Defects Solids 161, 177 (2006).
covalency is determined. Further, from this method [17]. S. Dhanuskodi, A. P. Jeyakumari,
the correct signs and directions are assigned to the Spectrochim. Acta A 57, 97 (2001).
spin Hamiltonian parameters. [18]. S. Deepa, K. Velavan, I. Sougandi, R.
Acknowledgements Venkatesan, P. Sambasiva Rao,
The authors are thankful to the Head of the Physics Spectrochim. Acta A 61, 2482 (2005).
Department for providing departmental facilities. [19]. K. Velavan, R. Venkatesan and P. Sambasiva
References Rao, Spectrochim. Acta A 62, 153 (2005).
[1]. H. Beinert and G. Plamer, Advn. [20]. S. Han, J. Wang, Y. Xu, Y. Liu, J. Wei, J. Phys.
Enzymology, 1965. Condens. Matter 4, 6009 (1992).
[2]. A. Ehrenberg, B. G. Malmastrom and T. [21]. A. K. Viswanath, J. Chem. Phys. 67, 3744
Vanngard, Magnetic Resonance in (1977).
Biological System  (Pargamon  Press, [22]. B. Deva Prasad Raju, K. V. Narasimhulu, N.
Oxford), 1966. 0. Gopal, J. Lakashmn Rao, J. Phys.Chem.
[3]. A. Martin, F. J. Lopez, F. A. Lopez, J. phys. Solids 64, 1339 (2003).
Condens. Matter 4, 847 (1992). [23]. C. Shiyamala, S. Mithira, B. Natarajan, R. V.
[4]. T. Nolte, T. Pawlik, J. M. Speaeth, Solid S. S. N. Ravi Kumar and P. Sambasiva Rao,
State Commun. 104, 535 (1997). Phys. Scr. 74, 549 (2006).
[5]. D. Bravo, F. J. Lopez, Opt. Matter. 13, 141 [24]. Ram Kripal, Pragya Singh, J. Magn. Magn.
(1999). Material 307, 308 (2006).

105 RAM KRIPAL, ANURAG MISHRA



International Journal of Engineering Research-Online

A Peer Reviewed International Journal
Email:editorijoer@gmail.com http://www.ijoer.in

Vol.4., Issue.2., 2016

(Mar-Apr)

[25]. R. Tapramaz, B. Karabulut and F. Koksal, J.
Phys. Chem. Solids 61, 1367 (2000).

[26]. Y. Yerli, A. Zerenturk, K. Ozdogan,
Spectrochim. Acta A 68, 147 (2007).

[27]. B. Karabulut, A. Tufan, Spectrochim. Acta A
65, 742 (2006).

[28]. N. O. Gopal, K. V. Narasimhulu, J.
Lakashmana Rao, Physica B,307, 117
(2001).

[29]. C. Shiyamala, T. M. Rajendiran, Cryst. Res.
Technol. 37, 841 (2002).

[30]. H. Anandalakashmi, R. Venkatesan, .T. M.
Rajendiran, and P. S. Rao, Spectrochim.
Acta A 56, 2617 (2000).

[31]. S. G. Sathyanarayan, M. Narayana, and G. S.
Sastry, J. Chem. Phys. 68, 3122 (1978).

[32]. Ram Kripal, Manju Maurya and Hargovind,
Physica B, 392, 281 (2007).

[33]. B. Bleaney, K D Bowers and M H L Pryce,
Proc. Roy. Soc. A 228, 166 (1955).

[34]. A. J. Freeman and R. E. Watson, Magnetism
( Academic Press, New York), 1967.

[35]. B N Misra and Ram Kripal, Acta Phys.
Polonica A 50, 497 (1976).

[36]. J. Pradilla- Sorzano and J. P. Fackler,
Inorg.Chem. 13, 38 (1974).

106 RAM KRIPAL, ANURAG MISHRA



