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FUNDAMENTAL CONCEPTS OF ELECTRON SPIN RESONANCE TECHNIQUE IN THE 
DETERMINATION OF THE CRYSTAL FIELD STRUCTURE OF 0; IONS IN TiO, 
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Ewa, 1.0. B. 
Centre for Energy Research and Training, 
Ahmadu Bello University, Zaria, Nigeria. 

ABSTRACT 
The basic principles of Electron Spin Resonance (ESR) as applicable in crystal field characterization of 
paramagnetic species has been outlined. Fundamental concepts of the precessional motion of electrons 
and their magnetic moments at resonance were developed. The theory of ESR based on the response of 
unpaired electron(s) as they undergo spin-spin or spin-latlice relaxation when subjected to strong external 
magnetic fields was examined. Ions of the 0; group adsorbed on Ti02 were studied using a Varian 
Spectrometer The resulting spectral diagrams obtained were used in calculating the g-factors which gave 
results for orlhorhornbic crystal symmetry for 05 ions in TiOz. 

INTRODUCTION 
Electron Spin Resonance (ESR) is one of the analytical methods used in the characterization of 
paramagnetic species. Che and Taarit [I] considered the relaxation process of a spining 
electron in a magnetic field as a two stage phenomenon of spin-spin and spin-lattice events. 
This is in good agreement with an earlier proposed 'two-stage theory' of Paramagnetic relaxation 
as suggested by Casimir and du Pre [2]. 
The interaction of an ion in a crystal field in paramagnetic studies is a fruitful application of ESR 
in field characterization of transition elements, since these group of elements preserve their 
unfilled eleclron shells during crystal formation. Excellent work on crystal field theory as relaled 
to the transition metal ions could be referred to in Griffiths [3] and Watanabe [4]. This paper is 
restricted to the relaxation phenomenon associated with paramagnetic species of the 3dn 
transition group with a focus on localized 0; species within a TiO, crystal field when subjected 
to an irradiation with an appropriate resonance frequency. 

THEORY OF ESR. 
Paramagnetic species are usually associated with the presence of one or more 'free electrons'. 
The interaction between such a 'free electron(s)' in a magnetic field is given by an expression for 
pe which defines the magnetic dipole moment. 

This magnetic moment ( pJ, associated with the spin of an electron is a vector, collinear 
and anti-parallel with the angular momentum vector. This moment is given by 

+ 

1 

y = the rnagnetogyric ratio ( e h I mc) 
The symbol e represents the electronic charge, h the Planck's constant, m the mass 

., of an electron while c is the velocity of light in vacumm 
S = )IS, defining the spin angular momentum in units of h 
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For a magnetic moment associated with the spin of a free electron equation (I) could be written 
in terms of the Bohr Magneton ( a = e h l2mc) 

-b 

pe = - 2 p s  2 

However, a thorough (quantum electrodynamic) theoretical treatment shows that the numerical 
factor is not exactly 2. The value determined by Atherlon [S] theoretically is 2.0023 and this 
factor is usually called the free electron g-factor (9,). Thus one can write equation (2) as 

3 

The interaction energy (E) available for a free electron in a magnetic field H could be defined in 
terms of the magnetic moment p, as follows: 

Defining the quantum mechanical Hamiltonian % and re-writing equation (4) by the appropriate 
operator. 

5 

If the field is defined in the z-direction, then H, = H, = 0. whence the scalar product yields 

= gePSzHz  6 

Where S, denotes the spin component along the z-axis with only two possible M, values (k112) 
assumed for S,. The Eigen values are therefore 

E = ( * 1 1 2 ) g , ~ H ,  7 

with the lowest state (negative sign) corresponding to the magnetic moment aligned parallel to 
the field. The energy difference between the two states is given by AE and equals a quantum of 
radiation (hv) defined by the Planck-Einstein formula thus: 

AE = g, BH, = hv 8 

By irradiating the species under investigation with a frequency (v) that statisfies the condition in 
equalion (8) .  transitions between the two states will be induced with the populations given by the 
Maxwell-Boltzman law. 

nl/n2 = e -AE/kT = I - AElkT 9 

where 
k is the Boltzman constant and 
T is the absolute temperature to which the species is subjected to and 
nl, n2 are the spin populalions which are characterized by the M, values of *1/2 as 
shown in figure 1. 

The frequency of the oscillating field that induces transition, leading to resonance is given in the 
relation 

h v  = g,pH 10 
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ENERGY 

t 

Fig.1 Energy loval splitting of spin states when subjected 
to a variable magnetic field. 

The frequency v of equation (10) Is that of the oscillation, field that induces transition as is 
governed by the resonance condition in equation (8). The energy therefore at resonance 
promotes electrons from the lower to upper energy states. As energy is absorbed in the process, 
n, and n2 tends to equalize while the odd electrons from the upper level give up the hv quantum 
to return to the lower level, satisfying the Maxwell-Boltzman law. Che and Taarit [l] reported 
that this energy dissipated within the lattice in vibrational, rotational and translational states, 
occur as 'spin-lattice' relaxation while any energy exchange between spins without transfer of 
energy to the lattice could be refered to as the "spin-spin" relaxation. These transitions between 
the electron spin states In a magnetic field is the basis of ctystal field characterization by ESR 
and is reported below. 

EXPERIMENTAL 
A Varian ESR spectrometer having a homogenous magnetic field strength within the range of 
0 - 20,000 Gauss was used for the irradiation of 0; ions adsorbed on titanium oxide ( 0; / Ti02). 
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The samples (O-fliO,) were placed in an evacuated quartz tube and inserted in the ESR cavity 
as shown in figure 2. The experiment was carried out for samples at room temperatures (25 OC) 
as well as Liquid Nitrogen temperature (-196 OC). The microwave energy was supplied by a 
Klystron and propagated along a waveguide. The frequency of radiation being 3cm (9.39 GHz). 
The absorption cell or the ESR cavity is where the sample was inserted. The cell is located 
between the powerful magnets where the microwave power is concentrated. A detector diode 
measures the energy absorbed by the sample at resonance while a convenient amplifier system 
and recorder translates the crystal field reponse into a derivative ESR spectrum. 

The ESR experiment consist of sweeping the magnetic field at constant microwave 
frequency until the resonance condition of equation I 0  is achieved. This was performed for both 
sample (TiO,) and standard @i-ehenyl-eicryl-hydrazyl or DPPH). Having known the grer value 
for the standard (DPPH) given by Lunsford (61 to be 2.0036 the gsamp was therefore calculated 
using the relation. 

gsamp = [ gref x "ref I I Hsarnp I -' 1 1  

Both the magnetic yield strength of standard (Hrer )and sample (HSamp) were obtained after an 
appropriate calibration of the system, and using also the derived ESR spectra from the DPPH 
and that of the sample(figure 3). 

RESULTS AND DISCUSSION 
The definitive response of the one or more unpaired electrons characterizing paramagnetic 
species in its precessional motion defines the non-zero electron magnetic moment to which is 
incorporated the g-factor used as 'finger prints' in crystal field characterization. Figure 3 shows 
triplet states of g-tensors from 0; ions adsorped on TiO,. The ESR cavity was maintained at 
liquid nitrogen temperature (-196 OC) and room temperatures (25 O C )  for different sample runs. 
Spectral diagrams of the standard (DPPH) were used to obtain g-values for the sample as stated 
in equation (11). Table I gives the data of the resulting crystal field as the 0; radical is 
adsorped on TiO,. The g-tensors were obtained for both temperaturers stated. 
The magnitudes of the g-tensors obtained from the triplet states give useful information on the 
symmetry of the crystal field [5] . For axial symmetry the tensors show that gu = g// (parallel) 
and gu = g, = g l  (perpendicular) while for orthorhombic symmetries gm f g, P gu . In 
cases of high symmetries the g-tensors are isotropic with gxx = g, = gu = g,,, . This occurs for 
perfect octahedral. tetrahedral and spherical symmetries[l]. Usually in such cases a single ESR 
line is obtained. 

The components of the g-tensors oblained from the ESR spectum could at times yield 
unexpected results in most cases where there is poor resolution of the ESR spectrum, crystal 
field response due to the environment or temperature differences, high concentration of the 
paramagnetic species and anisotropy due to mobility effects where paramagnetic species are 
undergoing rapid orientation. Olivier and co-workers [7] suggest an averaging process since the 
g-components must be reversible. Information about rotation and oscillation motion was 
investigated by subjecting the sample to two differerent temperature states. A slight variation of 
one of the g tensors was observed (Table 1). Such a slight variation could be as a result of 
trapping defects prevailing at a particular orientation of the crystal structure at a high 
temperature. In most cases the environment of the adsorbed 0; determines the magnitudes of 
the g-tensors as reported by various authors(Table 2). 
The results of the g-tensors obtained in this work show that the crystal filed is orthorhombic. 

Such symmetries have been reported for ion pairs in TiO, by Meriaudeen IS]. The spectral 
diagrams (fig. 3) and the results obtained (Table 1) show that the triplet states were relatively 
stable at both room and liquid nitrogen temperatures except for the slight variation of the gu 
tensor when the ESR spectrum was determined at liquid nitrogen temperature. 
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Fi92:Schematic representation of an ESR spectrometer. 
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DPPH 

Fig-3;Triplet states ot g-tensors trom 0; ions 

(a) Liquid Nitrogen (-196OC 
(b) Room Temperature ( 25OC 1 
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Table 1. The g-tensors determined for O2 ions adsorbed on TiO,. 

Radical Sample g, g, gar 
Temperature 

OFiO,  -196OC 2.0050 2.0042 2.0035 

O-$TiO, 25OC 2.0052 2.0042 2.0035 

Table 2. The g-tensors for ions adsorbed on various crystal field structures 

Radical g, g, g, Refereme 

SO2MgO 2.0047 2.0052 2.0028 191 

SO-pi02 2.0103 2.0055 2.0018 [ lo]  

COdMgO 2.0029 2.0017 1.9974 [Ill 

CONCLUSION 
The fundamental concepts of ESR has been outlined. It's theory and use in the study of the 
crystal field of paramagnetic species has been developed. The 0; radical was investigated 
through adsorption on TiO,. The ESR spectra obtained was used in calculating the g-tensors 
which is the basis of crystal field analysis. While the ESR technique is regarded as a rapid, non- 
destructive and extremely sensitive method for crystal field studies, it should be noted that the 
investigation of the adsorbed species within a crystal field could yeild complicated line intensities 
and structures beyond' the scope discussed so far. Another severe limitation of the ESR 
technique is that the method is mainly applicable to paramagnetic substances. 
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