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1.1. 	HISTORICAL 

Since the discovery of superconductivity by Kammerlingh 

Onnes in 1911 in Hg at 4 K, one of the primary objectives of 

superconductivity research has been to raise the transition 

temperature T.  By almost any criterion, progress was slow. The 

discovery of T c  above 10 K in NbC and NbN was one breakthrough; 

the discovery of the A15 compounds, with T c  finally breaking 

through the 20 K barrier in the late 1960s and early 1970s, 

represented the culmination of two decades of intense search for 

higher transition temperatures. This research involved extensive 

investigations into materials properties and gave rise to 

"Matthias's Rules" 1  for promoting higher values of T c : 

(1) Cubic transition metals are best. 

(2) Niobium is the best transition metal. 

(3) Certain values of electron/atom (e/a) ratio are special 

(4) High Tc 's lie in the regime of lattice instabilities. 

Certain aspects of these rules have been understood on a 

basic level; for example, in the cubic transition metals, the 

transition-metal carbonitrides, and the A15 compounds, the 

special e/a ratio (roughly 4.7 and 6.5) corresponds to the 

regions of high density states N(E F ) at the Fermi level E F . 

Niobium not only tends to lead to e/a ratios near 4.7, but also 

lies near the centre of the transition metal series where the 

electron-phonon interaction is strongest. These trends have been 
)" 

reviewed by Klein and Pickett 2
. In addition, it became clear that 

both high Tc  and lattice instabilities arise from strong electron 

- phonon interactions so they tend to occur together; there is no 

definite casual relationship between lattice instability and high 

T . Contrary to early speculations, the best estimates now seem 

to indicate that low phonon frequencies contribute little to high 

values of T . 
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The breakthrough in higher T c 's resulted from Bednorz and 

Willer3 discovery in the copper oxide system. They were convinced 

that it was necessary to move beyond the standard high T c  classes 

to obtain a real breakthrough. They chose to work on transition 

metal oxides, both because they were different and because they 

often displayed polaronic effects typical of extremely strong 

electron-phonon interactions. In 1986 they found evidence of a 

superconducting transition occuring near 30 K in the La-Ba-Cu-0 

system, a result that was rapidly confirmed and refined by a 

number of laboratories in the US, Japan and Europe. It was 

established that T c in the range 20-40 K occurs for La 2-xMxCuO4-y 
with M = Ba, Sr, Ca and that application of pressure leads to a 

large pressure coefficient of T c  and drives T c  above 50 K in the 

M = Sr system. The crystal structure was identified and it has 

since become clear that high temperature superconductivity is 

only the most astounding of a number of unusual properties of 

this system. 

Since pressure was so effective in increasing T c , Wu et al. 4 

simulated "chemical pressure" by replacing atoms in the La 214 

system by smaller isovalent ones. The replacement of La by Y in 

LBCO produced in early 1987 a 90 K superconductor, later 

identified as YBa2Cu307 _y . Like the initial system, this material 

was prepared by ceramic processing techniques. High temperature 

annealing in an oxygen containing atmosphere was necessary to 

produce the oxygen content and the crystalline phase necessary to 

give high Tc . Although other group techniques have now been found 

that result in the high Tc  phase, already it was clear from 

preparations considerations that the new copper oxides were 

completely different from the previous high temperature 

superconductors. 

Although there were numerous reports of resistive and 

magnetic anamolies, at much higher temperatures, the next 

breakthrough came in early 1988 with the discovery by Maeda et 

al. 5 and Chu et al. 6 of Bi2Sr2CaCu208-.8 . This bismuth based 

2 
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compound not only showed onsets around 110 . K but also contained 

no rare earth element. It was also distinguished by its highly 

micaceous nature, indicating more pronounced layering than its 

predecessors. This breakthrough was followed rapidly by the 

discovery of Sheng et al. 7  of onsets at 115 K in the 

Tl-Sr-Ca-Cu-0 system. The superconductor phase was identified as 

Tl 2Ba 2CaCu208-y and this was soon improved to above 120 K by 

several groups. The crystal structures of this systems were 

identified and found to share certain features in common with the 

La-M-Cu-O and Y-Ba-Cu-O materials, particularly the existence of 

squre Cu-0 layers separated by more or less ionic regions. 

This period of rapid discovery may well continue for some 

time. While it is certainly early to review any aspects of this 

novel materials, intense effort has been turned towards the 

understanding of their electronic structures and properties, and 

it is useful to collect the results and contemplate their 

implications. Developing the clear understanding of the structure 

of these high Tc  materials is central not only to identifying the 

pairing mechanism, but also to describing the host of other 

essential and often unusual properties displayed by these 

materials. Although a complete understanding of the important 

electronic properties would include the electronic response to 

perturbations of various kinds, this is an area in which little 

detailed work has been done. 

It is far too early to draw any firm conclusions about the 

best way to picture, and to begin to describe the electronic 

structure of copper oxide high temperature superconductors. In 

fact, it may well be appropriate to describe the magnetic 

insulating state from one point of view and the metallic regime 

from another viewpoint. The metal insulator regime will in any 

case be a long time in being unraveled. 

Within the metallic regime, a number of properties seem to 

be described rather well by the local-density version of 

density-functional theory. Probably the most quantitative example 

3 
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is that of the calculations of the static structural properties, 

the lattice instability and the phonon frequencies of La 2CuO4 . To 

a great extent the electrical transport properties in the 

metallic regime look typical of quasiparticles, and the 

calculations appear encouraging in this respect, although many 

questions remain. Even many of the diverse spectral data can be 

interpreted in terms of the band structure density of states and 

corresponding characters of the states. 

On the negative side, there are spectral features, 

particularly the valence band satellite indicating that self 

energy effects are strong in certain regions of the spectrum. 

Even for the ground state of the antiferromagnetic insulators, it 

is clear that there are crucial correlations that are missing 

from the local density treatment. How one should try to describe 

quantitatively the gaps in this materials is also still an open 

question; the local density approach does not predict them to be 

either antiferromagnetic or insulators. To what extent these 

correlations and self energy effects are important for the 

very-low-energy carriers and for the 0.1 - 5 eV excitations which 

are widely speculated to be active in these materials, is a 

monumental task to be addressed in the future, hopefully the near 

future. 

1.2. 	THE PROCESS OF X- RAY ABSORPTION 

The interaction of X-rays with matter 8 ' 9 results in a number 

of interesting phenomena, such as, scattering, photoelectron 

absorption, radiation damage, pair production (in the case of 

X-rays of energy > 1.02 MeV), secondary emission, Auger emission 

etc. The analysis of attenuation, generally logarithmic of X-ray 

intensity requires, therefore, the segregation of the various 

processes involved, of which the photoelectric absorption is 

usually the most important and is referred to as the true 

absorption. 

When an X-ray beam passes through a medium, the intensity of 

4 
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the transmitted beam I is attenuated logarithmically. According 

to the classical absorption equation, if the incident beam of 

intensity I ()  has traveled a distance x, then the absorption 

coefficient 

1 
P1  In 	Io 

It follows from equation (1.1) that the dimensions of p l  are 

reciprocal centimeters so that it represents the attenuation of 

the beam per unit length traveled and is called the linear 

absorption coefficient. It turns out to depend on the energy 

(wavelength) of the X-rays, the atomic numbers of the constituent 

atoms, and on their state of aggregation. 

Calculation of the linear absorption coefficient is 

complicated by this last fact so that it is more convenient to 

use a mass absorption coefficient 

P1 
Pm 	 (1.2) 

where p is the density of the absorbing medium and pm  is the 

absorption cross section of the mass unit. 

In the analysis of the dependence of p on wavelength and 

atomic number, it is most convenient to define an atomic 

absorption coefficient 

Pa 
A =  
No 

p 
 m (1.3) 

where A is the atomic weight of the element and No  is Avogadro's 

number. A plot of pa  against wavelength, for any element, has the 

--1 	 general appearance of the curve shown in Figure 1.1. The 

5 
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Wavelength, A 

Figure 1.1: Variation of absorption coefficient of lead as a function of X-ray wavelength 
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absorption increases with increasing wavelength (decreasing 

energy of incident X-rays) until an abrupt discontinuity occurs. 

After this discontinuity, called an absorption edge, the 

absorption increases with wavelength until new discontinuities 

are encountered. An empirical study of the relation between the 

atomic absorption coefficient and the X-ray wavelength and atomic 

number of the absorbing atoms shows that curve like that in 

Figure 1.1 can be described by 

pa = C Z
m  4n + aa (Z,X) 
	

(1.4) 

where the coeffficient C takes on different values on each side 

of an absorption edge and the " best " values for the two 

exponents are m = 4 and n = 3. The second term in equation (1.4) 

is called the atomic scattering cross section as  and represents 

the intensity lost due to the scattering in directions other than 

that of the incident beam. For wavelengths that are large 

compared to electron-electron distances in atoms (X > 0.5), as  is 

nearly independent of wavelength and increases in proportion to 

Z. Since the first term in (1.4) increases with both Z and X much 

more rapidly, the second term may be neglected by comparison. At 

shorter wavelengths, the X dependence becomes more complex but, 

because of severe experimental difficulties in measuring the 

scattering part of (1.4); an accurate dependence has not been 

established. Since the second term is small (typically, a/p 

0.10 to 0.20 cm 2 /gm), it is normally neglected in the discussion 

of absorption coefficients. This is an acceptable practice for 

all but the lightest elements, for which the total absorption 

coefficients may have commensurate magnitudes (For carbon p m  < 

4.0 cm2 /gm for X < 1.5 A° ). 

The first term in (1.4) is of primary interest, not only 

because it is relatively much large but also because it 

represents the wavelength and Z dependences of the photoelectric 

7 
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absorption process for X-rays. As can be seen in Figure 1.1, as 

the wavelength of the transmitted X-rays increases, the 

photoelectric absorption increases u x 3 until a critical 

wavelength is reached. For wavelengths longer than that at the 

absorption edge, the incident X-rays have insufficient energy to 

knock out a particular kind of bound electron in the atom, and 

the photoelectric ejection of such electrons no longer 

contributes to the absorption process. The absorption edges in 

Figure 1.1 are called K, LI' LII' and  LIII edges, respectively, 

according to the inner electron whose binding energy equals the 

energy .  at the absorption edge. Following the photoelectron 

ejection of an inner electron, the excited atom typically emits 

an X-ray photon, as an outer electron falls into the newly 

created hole, so that the first term in (1.4) is called the 

fluorescence term. 

For free atoms 10 , such as in the case of monoatomic gases, 

the processes of X- ray emission and absorption are simple and 

are well understood. However, these processes become rather 

complex when the atom is no more free, such as in solids and 

chemical compounds. The mechanism of X-ray emission and 

absorption in a solid 11,12is  shown in Figure 1.2. In a solid the 

valence electrons of the neighbouring atoms interact with each 

other and the energy levels are no longer discrete as in the case 

of free atoms but are broaden, the outer ones being more broad 

than inner ones and from quasi-continuous valence and conduction 

bands. The X-ray emission band spectrum results from the 

transition of the electrons from the valence band to a inner 

level. It provides information about the distribution of the 

occupied electron states in the valence band, since the inner 

level is generally sharp and well-defined. The X-ray absorption 

spectrum, on the other hand, corresponds to the transitions of 

the ejected photoelectron to empty states, bound or unbound of 

proper symmetry, and provides complementary information about the 

density of unoccupied electronic energy states. 

st_ 
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EMISSION 	 ABSORPTION 

Energy 
Fermi Energy 

lw 

Inner Level 0 	0 	 

Figure 1.2: The mechanism of X-ray absroption and emission 
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1.3. 	THE POSITION, SHAPE AND FINE STRUCTURE OF AN X-RAY 

ABSORPTION DISCONTINUITY 

In the X-ray emission process, if I(v) denotes the intensity 

per unit frequency range, then I(v)dv is the intensity of X-rays 

emitted with frequencies in the range dv corresponding to the 

energy range dE and the expression for I(v) is given13  as 

n e2  h 3  i2 v 3 	IMfi l 2 

	 ds 
3 n 3 m2 c 3 !grad El 

(1.5) 

where S2 is the volume of the unit cell, n is the number of 

radiaters per unit volume, Mfi  is the matrix element or the 
transition probability, subscript i and f correspond to the 

initjal and the final states respectively and the integration is 

cared out over a constant energy surface in k-space. Equation 

(1.7') represents the observed frequency distribution within an 

em',ssion band. 

In the X-ray absorption 	process, if A(v)dv denotes the 

energy absorbed per unit time by an atom in the electron 

transition from a sharp inner level to a band of empty states in 

an energy range dE and I 0 (v) dv is the incident intensity (energy 

per unit area per unit time), then the linear absorption 

coefficient ( in cm-1 ) is given by 

n A(v) dv  
I 0  (v) dv 

where n represents the number of atoms per cm 3 . 

(1.6) 

On the basis of Dirac's radiation theory, the energy 

absorption per second per unit frequency range by one atom may be 

expressed as 

10 
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6 n 2 m2 c v 

e2  h2  0 Io(v)dv j 2 

ds 	(1.8) 
'grad El 

N( v) = ds 
6 n 2 m2 c v 	'grad El 

(1.9) 
n e 2 h2 0 	imfil2 

a(v) 	eh 	IMfi 	o  l I(v) 	 (1.7) 
2nm2cv 

Furthermore, E = by-hvo , where by is the energy of the incident 

photon and Iwo  is the energy interval between the intial X-ray 

level and the unoccupied state of lowest energy. Upon averaging 

over the three directions of the electron momentum, the power 

absorbed in transitions into a number of closely grouped states 

spread over an energy interval hdv becomes 

A( v )dv = 

Hence by (1.8) 

The above expression can be approximated 14  to 

p(E) a v P(E) N(E) 	 (1.10) 

where N(E) is the density of unoccupied states at energy E and 

P(E) is the transition probability for a transition involving the 

two states concerned, with the intial state being the core state 

( or s state ) and the final state being one in which an electron 

is excited to a normally unoccupied level in the valence or 

conduction band. It is very difficult to calculate theoretically 

P(E) for such transitions in the case of solids. However, the 

selection rules often help in giving a rough estimate of the 

11 



transition probability. Assuming the dipole approximation to be 

valid for solids, one can assume the K, L I , ... absorption 

spectra to reflect the density of unoccupied p like states in the 

conduction band, and the LH , LILT, MITI,   spectra to 

reflect the density of d and s electron states. In a given band 

the transition probability is generally assumed 15 to be a 

monotonous function of energy. 

The first significant attempt towards the explanation of the 

shape of an X-ray absorption discontinuity in a solid was that of 

Richtmyer, Barnes and Ramberg 15 who described the absorption edge 

in terms of a series of absorption lines with equal widths and 

having equal transition probabilities. In their work, Richtmyer 

et :z1. employed the following expression for the intensity 

distribution function JAB (v)dv for an absorption line, given by 

We.sskoff and Wigner 16 . 

r 	r 
A 	B JAB (v)dy = 	 2n 	•  

dv 
rr 	r 12 

(vAB 	v)2  ` A 	BJ  
2 

where A and B refer to the initial and final states involved in 
the electronic transition, vAB is the frequency corresponding to 
the transition and is 

vAB = vA - vB = (EA-EB )/h 
	

(1.12) 

and rA and rB are related to the mean life-times TA  and TB of the 
states A and B respectively through the relations 

rA = 1/2 n T
A' 

and rB = 1/2 n T
B 
	 (1.13) 

Richtmyer et al have discussed using the relation (1.11) the 
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shape of the L III  absorption discontinuity of gold and have shown 

that the variation of the absorption coefficient in the vicinity 

of the absorption discontinuity follows an arc-tan curve given by 

the formula 

[ 

p(E) = Constant 1 - 1 arctan v Eok  - v 	 (1.14) 
T Tr 	1 r  

where rE is the full width at the half maximum of each absorption 

line and vE0A is the frequency difference between the initial 

state in the absorption process and the first one of the final 

states. 

It is difficult to assess the exact importance of the above 

foi,:tula because of the absence of experimental verification of 

t 1,3a assumptions leading to it and the lack of the knowledge of 

the transition probabilities. In spite of it, it has been found 

that in many cases there exists rather a close similarity between 

the theoretical arc-tan curve and the experimentally observed 

curves. Whenever such a close fit exists, the calculations 

leading to the above formula for p(E) show that the inflection 

point on the absorption curve corresponds to a transition of the 

inner electron to the first available empty level in the solid. 

A detailed study by Parratt 17 of the K-absorption 

discontinuity of gaseous argon (Z=18) has led to a further step 

in the understanding of the X- ray absorption process. He has 

decomposed the observed absorption curve, duly corrected for 

experimental distortions, into a series of resonance absorption 

lines corresponding to the transitions 1s---) np, where n > 3. The 

wavelength positions of these absorption lines were calculated 

with the help of the optical terms of potassium (Z=19), since an ' 

ionised argon atom can be considered to be similar to a potassium 

atom. This study has been extended to the other inert gases by 

Brogren 18 . The approximation was further examined by Mitchell 19 

2 E 
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for neon who cautioned that this model may not hold for very 

light atoms. In a different approach, Vainshtein and Narbutt 20 

have calculated the relative intensities of the various 

absorption lines assuming hydrogenic wavefunctions for the 

initial and final states for the inert gases. 

Soules and Shaw 21 have studied the K - absorption spectrum 

of solid argon and have found that it differs very much from that 

obtained in the gaseous state. The absorption edge for the solid 

closely follows the theoretical arc-tan curve except in the 

region of maximum absorption. The first absorption maximum in the 

curve of the gas has approximately the same wavelength as the 

inflection point on the absorption curve of the solid. These 

results, together with Nilsson's 22 measurements of the absorption 

coefficients with different excitation voltages, confirm the view 

that the inflection point on an X-ray absorption discontinuity 

corresponds to the transition of an inner electron to the first 

unoccupied level in the conduction band of the solid. 

Breinig et al. 23,24 have proposed a theoretical model for 

absorption edges and derived the following expression for 

absorption cross section near the edge : 

    

r/2  
rr 
 - E ,, , - E 

nij 

0  + 
nI12 .14  1,2  )4. a .. = n13 [E 

	lit 
nij 

a 	tan-1 -11,- ( E 	Enii 	E )) 

(1.15) 

whenaEn1 ..and E „, are intial and final states in the 3 nij 
transition, E denotes the photon energy, v is the width of the 

excited state and E(u-0.5 eV) the constant energy used for 

inclusion with the continuum the highest bound states whoose 
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width exceed their separation. It is clear from this expression 

that the profile of the X-ray absorption discontinuity is nothing 

but a Lorentzian of appropriate height and width superimposed on 

an arc-tan curve. Breinig et al. 23 ' 24 have studied the 

K-absorption edge spectrum of argon and L-absorption spectra of 

krypton and xenon. These workers decomposed their spectra into 

Lorentzians and arc-tan curve. They found a good agreement 

between the peak position of Lorentzian corresponding to a 

particular electronic transition and the optical energy obtained 

from experiments. 

Though a rigorous calculation of the shapes of absorption 

discontinuity have been done by Breinig et al., for argon, 

krypton and xenon, these have not been to date ( to our 

knowledge) for different absorption edges in solids. However, it 

hds been found practical to perform numerical analysis on the 

absorption data in terms of the positions, widths and oscillator 

strengths of bound-state and resonance peaks and of an edge 

position, width, and height for the principal continuum edge. 

Cramer and Hodgson25 have done such type of analysis by 

decomposing the Mo K-edge spectrum in [Mo 7024 ] 6 . These authors 

have shown that by fitting the absorption edge with several 

Lorentzians and an arctangent function, the positions and 

intensities of edge features may be quantitated. In this 

laboratory26 also, the fitting of K-edge profiles of transition 

metal ions and LIII-edge  profiles of tungsten ions in various 

compounds into Lorentzians and arctangent function has been done 

and it has been shown for the first time that the areas under . 

different Lorentzians give a measure of extent of tetrahedral to 

octahedral clusters. 

It has been often found that the position of an X-ray 

absorption discontinuity changes with the physicochemical 

environment of the absorbing atom. It was Bergengren 27 who first 

demonstrated the dependence of X-ray absorption discontinuities 

on chemical combination. He investigated the K-absorption edge of 
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phosphorus in its various allotropic forms and found slight 

variations in the wavelength of the edge. Lindh28 , who carried 

out a number of experiments to study the effect of chemical 

combination on the wavelengths of the K-absorption 

discontinuities of chlorine, phosphorus and sulphur in various 

compounds, demonstrated that the wavelength of the X-ray 

absorption spectrum of an atom varies with its chemical state in 

the compound. Stelling29 using spectrograph with higher 

dispersion than that used by Lindh has studied the K-absorption 

limit of chlorine in various chlorides. Aoyama, Kimura and 

Nishina30 have studied the K-absorption limit of chlorine in 

various organic compounds. Coster 31 has studied the K-absorption 

edges of titanium and manganese in their different oxides and 

lent support to the earlier observations. These investigations 

were soon followed by many researchers who extended the study of 

chemical shifts to all sorts of compounds, complexes, alloys, 

solutions and glasses. 

Considering the various factors which may affect the energy 

necessary to remove an electron from an ion in a crystal, 

Pauling32 has discussed the dependence of the wavelength of an 

absorption discontinuity on the chemical environment of the 

absorbing atom and has emphasized the importance of electrostatic 

potential seen by the absorbing ion due to its environment and 

the external screening caused by the valence electrons. The 

experimentally observed chemical shifts of the K-absorption edges 

of chlorine in LiC1, NaCl, KC1 and RbC1 seem to be in accordance 

with the theory proposed by Pauling, but the results obtained for 

some other compounds, e.g.NH 4C1, CsCl, CuCl and AgC1 do not agree 

with it. 

Kunzl 33 made a critical examination of the experimental work 

concerning the displacement of the K-absorption discontinuities 

of atoms present in different oxidation states in their oxides. 

He formulated a law according to which the displacement of an 

absorption edge in a series of compounds depends directly upon 
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the valency of the element in the compound under consideration. 

This dependence is given by the relation Av/R a V, where Av 

denotes the change in the frequency of the absorption edge for a 

given compound with respect to that for the pure element, R is 

the Rydberg constant and V is the valency of the absorbing atom. 

This dependence of the chemical shift on valence has been 

supported by the work of Zinn 34 , Barton35 , Manescu36 , Glenn and 

Dodd37 and many others. Assuming the dependence of the position 

of the K-absorption limit on valency Boehm, Faessler and 

Rittmayer 38 have reported the valence of cobalt in vitamin B
12  to 

be three. Kirichock and Karalnik39 , Vainshtein40 , Miller41 , Mande 

and Chetal 42 and Sarode et al. 43 have determined the valency of 

transition metal ions in different compounds and complexes, 

making use of the Kunzl's law. However, several 

investigations 44-46 have pointed out the limitations of the 

Kunzl's law. The effect of electronegativity and character of the 

ligands, type of hybridization, nature of chemical bond, 

coordination number and the other structural parameters 47 seem to 

affect the chemical shift. Agarwal and Verma 48 have given an 

empirical rule which states that " in general, the chemical 

shift is towards the high energy side of the metal edge and it 

increases progressively with the increase in the valence of the 

cation, unless the shift is either suppressed by the covalent 

character of the bond or enhanced by the formation of metal-metal 

bonding." Dey and Agarwal 49 have further attempted to demonstrate 

a linear variation of the chemical shift with the product of the 

ionicity of the bond and square of the valency. 

Several workers 50,51 have tried to correlate the chemical 

shift with effective charges on the absorbing atoms calculated by 

different methods. Batsanov and Ovsyannikova 52 have investigated 

the position of the K-absorption discontinuity of manganese in 

some of its compounds and have observed its dependence on the 

coordination charge on the absorbing ions. Barinskii and 

Nadzhakov53 
have attempted to determine the effective charges in 
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some transition metal compounds by this method. These attempts 

have been critically reviewed by Barinskii and Nefedow 54  in their 

book. Through somewhat involved reasoning Biike 55  also has tried 

to deduce the effective charges on the absorbing metal atoms in 

various complexes. Srivastava et al. 56 have also shown that the 

variation in the K-edge shifts of copper in some complexes 
involving Cu ' and CuII follows a parallel variation in the 

calculated effective nuclear charge. In 1973 Mande and Sapre 57 

have shown that the absorption discontinuity in a compound shifts 

towards the higher or lower energy side with respect to the 

corresponding discontinuity in the pure element depending upon 

whether the absorbing atom is a cation or an anion and that the 

magnitude of the chemical shift depends upon the effective charge 

on the absorbing ion. They have determined the effective charges 

in the case of gallium selenide and gallium telluride using the 

X-spectroscopic technique. Mande and Kondawar 58 have calculated 

the effective charges on cobalt ions in some of its intermetalic 

compounds and a correlation between the X-ray absorption shifts 

and the effective charges has been found. Sarode 59 has 
investigated the L III -absorption edges of bismuth in bismuth 

halides. He has shown that the inflection point position of the 

absorption discontinuity shows variation on the partial ionic 

charge calculated by Sanderson's method. Sarode et al. 60 have 

examined the K-absorption spectra of several oxides and 
Y pervoskites of manganese, iron and cobalt. These authors have 

found a functional relationship between chemical shifts and 

effective atomic charges. 

It is not always easy to locate the position of the X-ray 

absorption discontinuities unequivocally because their shapes 

often appear complicated and do not always follow 61 the simple 

arctangent curve. Moreover, the discontinuities are frequently 

accompanied by 62 fluctuations in the absorption coefficient on 

the low as well as high energy sides. These complexities in X-ray 

absorption spectra can be roughly classified in the following 

18 

• 



groups : 

(i) Pre-absorption : This is the structure observed on the low 

energy side of the absorption edge. It is usually attributed 
 

to the availability of localized unoccupied electronic levels 

below the conduction band. In the case of some rare earths and 

their systems one observes in the L and M spectra such 

preabsorption peaks corresponding to transitions to the unfilled 

atomic levels. Preabsorption structures in some insulators like 

CuO, ZnO, RbC1 etc. have also been observed by Cauchois and 

Mott 64 , who have interpreted thier results on a model suggested 

earlier by Frenkel 65 . According to Frenkel in the non-metallic 

solids the hole formed in an inner atomic level can trap the free 

electron in the lattice by virtue of its Coulomb field, forming a 

bound electron hole pair (exiton), which forms free atomic like 

levels in the forbidden gap. Transitions of the inner electron to 

these levels give rise to the preabsorption maximum on the low 

energy side of the absorption discontinuity. 

Pre-absorption peaks have also been observed 66-72 in 

compounds wherein the meatal ions have tetrahedral, sqare planar 

and square pyramidal cordination. The intensities of these peaks 

are found to depend on the coordination geometry 69,70 of the 

metal site. For example, in compounds like Ag 3VO4, where vanadium 

ion is tetrahedrally coordinated by four oxygen ligands, the 

intensity of pre-edge peak is large 71 , whereas in GdV0 3 , the 

vanadium ion being in octahedral coordination, the intensity is 

very small. The metal ions, which have square pyramidal 

coordination in compounds, give the pre-absorption peak whose 

intensity is slightly smaller than those observed for 

tetrahedrally coordinated compounds 71 . These peaks are generally 

attributed67,68,72 to the core electron transition to the 

partially vacant conduction band. Shulman et al.
66 have explained 

that vibronic mixing of np and nd characters makes the low energy 

transitions allowed. Theoretical considerations 67,68 also support 
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this views. 

(ii) Splitting of the Discontinuity and the Near Edge Structure : 

It has been observed 73-75 that the X-ray absorption discontinuity 

often splits into two or more components and that their appears 

some fine structure in its immediate vicinity (upto about 30eV ) 

on its high energy side. Kossel 76 has observed this structure 

initially in the case of gases and had suggested a model of 

single electron transitions to the empty atomic states for the 

interpretation of such structure. This type of structure was 

later found75 to appear in the liquids and solids also. This near 

edge structure in the case of metals, alloys and highly covalent 

compounds is usually attributed 62 to the distribution of 

unoccupied states of appropriate symmetry in the conduction band. 

For gaseous molecules, molecular solids and transition metal 

coordination complexes it is attributed 77-80 to the transitions 

of core electrons to the states formed due to molecular 

formation. In the K-absorption spectra of transition metal 

compounds several workers 37,58,81 have obseved a weak low energy 

peak at the threshold followed by a shoulder on a rising 

absorption that culminates in a strong peak. The occurrence of 

low energy peak corresponding to inner electron transition to nd 

state, has already been discussed above. The shoulder peak and 

strong absorption maxima are generally assigned to ns and np 

states. 

The transition to the outer states created due to capture of 

another atom's electron29 (cross-over transition) as well as the 

creation of multiple inner vacancies82 may also give rise to some 

small peaks near the absorption edge. 

(iii) White Line : The appearence of a stong peak just above the 

X-ray absorption edge for some elements and compounds has been an 

interesting subject in X-ray spectroscopy for many years. The 

strong peak is referred to as a "white line" (or "raie blanche" 
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in French), because such a little amount of radiation at certain 

wavelengths would penetrate the absorber relative even to the 

radiation transmitted above the edge, giving a white line on the 

photographic film used in the early experiments. For example, 

white lines have been observed at the K-edges of elements Ga and 
As, Ni in Ni203' Cu in CuO, and Zn in Zno 64 , but not in the 3d 
transition elements 74

. White lines have also been observed at the 
L II and  LIII  edges (but not at 

Cu in CuO 85 , Ru, Rh, Pd86 ' 87 ,Sm, 

compounds of Hg and T1 92 , and 

the LI edge) of Fe, Co, Ni83,84  

Gd through Lu88 , Ta, W, Re 89-93 

U93 . The list is by no means 
complete, in fact, 	with the enhanced intensity and improved 
resolution from synchrotron radiation sources94 ' 95 , white lines 

have been obseved in a large number of substances. Although the 

origin of the strong absorption has not been analized in detail, 

it is generally believed64 to be associated with an atomic like 

electric-dipole-allowed transition from an inner shell to an 

unoccupied level with a high density of states in the vicinity of 

the absorbing atom. In this regard, the white line also depends 

on the chemical bonding because Cu in metal or Cu 2O does not have 
a white line85  while W in WO3 exhibits a broader white line than 
the one in metallic W 90 . 

Wei and Lytle 96 have studied the L II and LIII edges of 
tantalum metal. These authors have associated the white line with 

an atomic like allowed transition from 2p1/2 and  2p3/2 states to 

the vacant 5d states of a high density. However, qualitative 

comparison with the calculated band structure was not possible 

because none of the existing band structure calculations has 

included the effect of a core hole. In an attempt to understand 

the white lines, Wei and Lytle presented two least-square 
analysis of the Ta L III  edge in terms of (a) a Lorentzian profile 

and (b) a Breit-Wigner-Fano type formula. They found that the 

latter, which was first suggested by Cauchois and Mott 64 , 
appeared to provide a better fit to the asymmetric line shape. 

Brown et al. 97 have done rigorous theoretical calculations 
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of white lines and shown that the calculated weight of the 

absorption in the white line corresponding to a 2p3/2 to  5d5/2 
transition is consistent with the experimentally determined value 

in platinum metal. However, experimental results for Ni and Ti do 

not fit into their theoretical framework. 

(iv) Extended X-ray Absorpption Fine Structure : The extended 

X-ray absorption fine structure (EXAFS) refers to oscillations in 

the X-ray absorption coefficient observed on the high-energy side 

of an X-ray absorption edge. Such oscillations can extend up to 

1000 eV above the edge and may have a magnitude of 10% or more. 

The phenomenon of EXAFS has been known since 1930 and the 

basic physical explanation has been provided by Kronig 98 , who 

says that these oscillations are due to modification of the final 

state of the photoelectron by the crystal 98 or, in the case of 

gaseous molecules, by atoms surrounding the excited atom 99 . 

Since than there have been various further attempts to 

theoretically understand the EXAFS, but without complete 

success100-104  . The various theories can be classified into two 

categories, long- range order (LRO) and short range order(SR0). 

The LRO theories require the existence of long-range order to 

explain the fine structure. Because EXAFS is found expeimentally 

in amorphous solids and molecules the experimental evidence 

favours the SRO theoretical approach. For this reason during 

1970 and later the theoretical interest had centered on the SRO 

theories. In these theories only the environment in the vicinity 

of the excited atom was held responsible for EXAFS. Most SRO 

theories of EXAFS agree on the basic Physics. The differences 

occur in the various approximations made in the calculations. 

However, there has never been theoretical investigation of 

the relationship between the LRO and SRO theories although one 

knows that both approaches must give the same results if 

correctly formulated. It is shown by Stern 105 that the LRO 

theories as usually formulated are incorrect because they neglect 
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the dominant effects. In 1970, Sayers, Lytle and Stern 106 derived 

the first successful working theory of EXAFS. This was 

subsequently modified by Stern 105 to a more general form and 

further refined by others 107,108 . According to these theories, 

EXAFS is regarded as resulting from interference between the 

photoelectron wave propagating from the X-ray absorbing atom and 

the wave backscattered by neighbouring atoms. Depending on 

whether the scattered wave returns to the origin in phase or out 

of phase with the out going wave, there is an increase or 

decrease in absorption. 

Sayers et al. 109 have shown that the structural information 

can be obtained most directly from EXAFS by taking the Fourier 

transform of EXAFS data. With highly symmetrical structures 

involving only a single absorber nearest neighbour distance in 

the first coordination sphere, one can use Fourier transform to 

obtain such distances to an accuracy of about 0.01 A ° . 

Besides radial distance information, EXAFS also contains 

information about the type and number of scattering atoms and 

their motion relative to the absorber. The atom type reveals 

itself through the EXAFS amplitude envelope. This amplitude is 

also affected by the static and thermal disorder of 

absorber-scatterer distances. Moreover, simple theory predicts 

that the magnitude of the fine structure will be linearly 

proportional to the number of scattering atoms and inversely 

proportional to the square of the absorber-scatterer distances. 

During 1975-1977, much of the amplitude information has been 

discarded, but in late 1978, Cramer et al. 110 has demonstrated 

that using a known phase shifts and amplitude functions, one can 

estimate the number and identity of near-neighbours at a 

particular distance. 

Sometimes one observes that in the extended fine structure 

there exists certain peaks which cannot be attributed 111 to the 

states created in the above fashion. There is evidence to suggest 

that these peaks can be attributed to plasmons, i.e. collective 
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electron excitations. 

Since most of the experimental work presented in this thesis 

is done by using X-ray absorption spectroscopy, it would be 

appropriate here to mention briefly the special advantages of 

this technique that make it a versatile probe for electronic 

structure determination. 

1.4. 	SOME SPECIAL ADVANTAGES OF X-RAY ABSORPTION SPECTROSCOPY 

As is well known ,the surge in interest during the last two 

decades in X-ray absorption fine structure, which had been an 

obscure phenomenon for the previous fifty years, was caused by 

the realization that X-ray absorption spectroscopy can be used to 

obtain information about the local structure of the absorbing 

atoms 109 . Several years after this appreciation, the technique, 

as mentioned in section 1.1, became experimentally accessible to 

the general scientific community with the advent of very high 

intense radiation sources. Since then X-ray absorption technique 

has found wide applicability in many diverse areas as a tool to 

determine the local atomic environment in many classes of 

materials whose structures defied analysis by standard techniques 

such as diffraction or diffuse scattering 109-114 . The properties 

of X - ray absorption technique that make it so useful for 

structure determination are : 

1. The local atomic arrangement can be determined about each 

type of atom in a sample separately. By tuning the X-rays to the 

absorption edge energy of an atom, only its environment is 

probed. 

2. Since EXAFS measures only short range order, there is no 

fundamental distinction between crystals with long range order 

and samples without, such as amorphous solids, liquids, and 

solutions. Thus aperiodic systems can be studied with the same 

ease as crystals. 

3. In principle, the kinds of surrounding atoms can be 
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distinguished by the energy depedene of their contributions to 

the EXAFS. 

4. The numbers of atoms at a given average distance and the 

disorder in their location about their average can be quantified 

by EXAFS. 

5. In unoriented samples only the radial distance between the 

centre atom and its neighbouring atoms is determined, but in 

oriented samples which have less than cubic symmetry, angular 

positions are discernible. 

6. Structural information is obtained from EXAFS by a simple 

and direct analysis. 

7. The X-ray absorption measurements are relatively easy and 

rapid. 

8. Determination of the chemical state of atom is possible by 

determining absorption edge shift and the near edge structure. 

9. Information regarding the unoccupied bound states as well 

as the low-lying continuum states can be obtained from the 

absorption spectrum by making use of a relatively narrow inner 

state as a scanning probe. 

10. It is a non destructive technique and comparatively small 

quantities of materials are required in the investigations. 

11. The site symmetry of the absorbing ions i.e. the geometrical 

distribution of atoms around the absorbing atom can be obtained 

•simply by studying the profiles of X-ray absorption edges in the 

model compounds and in the unknown systems. 

It is because of these properties and advantages that X-ray 

absorption spectroscopy occupies an important place among the 

different methods used for crystal structure determination. 

1.5. 	ORIENTATION OF THE PRESENT WORK 

As mentioned earlier, recent experimental and theoretical 

advances have made X-ray absorption spectroscopy a promising new 

method for the investigation of local environment around a 

4- 
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specific absorbing atom in simple as well as complex crystalline 

systems, catalysts, amorphous materials, metalloproteins and many 

other cases where conventional diffraction methods are not 

feasible. It is our intention to extend such investigations to 

complex oxide systems, in particular, to vanadium and thallium 

doped superconducting oxides and determine what correlations, if 

any, could be established between the changes in the different 

features of the X-ray absorption spectra and the changes in the 

electronic structures of the absorbing atom. In present thesis we 

report our investigations on 

(i) Position and profile of vanadium K absorption edges in the 

model compounds viz. VO, V203 , V407 , V02 , V20 5 , NaV03 , CrVO4' 
Zn 3 (VO4 ) 3' GdV04' 	Ca3Fe3GeVO12, 	Pb5(VO4)3C1' VOPC, VOTPP, 

(NH4 ) 4 [VO-tart] 2 .2H20, VO(bzac) 2 , VO(acac) 2 , VOMo04 , PbV206 , 

Ca 3V10028 .16H20, 	SmV03 , 	V2S3 , 	VN, 	[VO(hshed)(acac)].V0P0 4' 
VO(0C 3H7 ) 3 , and in the superconducting oxides of composition 

Tl1-x Vx  Sr2 (Ca 0.8 Y0.2 )Cu2 0Y' (0.2 s x s 0.5). 

(ii) Position and profile of copper K absorption edges in model 
systems viz. Cu20, CuO, La2Cu04  and in the superconducting oxides 

viz. YBa2Cu307-6 1  Lag-xAxCuO4 	where A = Sr, Ba and 0 s xs 0.3, 

and Tl 1-xVxSr2 (Ca0.8Y0.2 )Cu20y* 

(iii) Position and profile of thallium L- absorption edges in 

T1C1, 	T1Br, 	T1I, 	T12CO3 , 	T1NO3 , 	T12SO4 , 	Tl(CH3C00), 
Tl(C 6H5COCHCOCH3 ), Tl(C 5H702 ), T1 2Ta206 , T1 20 3 , Tl(NO 3 ) 3 .3H20, 

Tl(CH3C00) 3 , Tl(CF 3C00) 3  and Ba 2T1 20 5  and superconducting oxides 

mentioned in (1). 

(iv) Extended X-ray absorption fine structure at the thallium 

LIII edge in the above superconducting oxides. 

Furthermore, we have also studied the X-ray photoelectron 
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spectra (XPS), in particular, copper - 2p3/2 core level spectra 

in Cu metal, Cu1+ , Cu2+ , Cu3+ compounds and in a few 

superconductors for the confirmation of results obtained from the 

analysis of absorption spectra of these complex oxides. 
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2.1 	INTRODUCTION 

To study the mechanism of superconductivity in the cuprate 

superconductors it is of vital importance to understand different 

properties of these materials. Also, it is necessary to use well 

characterized samples devoid of impurities for studying their 

electronic and structural properties. In this Chapter, we have 

given a brief introduction of experimental techinques employed in 

the work in this thesis. 

In the following section, we shall first describe the 

methods of preparation used in this work. 

2.2. 	PREPARATION OF MATERIALS 

Copper metal, cuprous and cupric oxides, copper aluminate, 

barium and strontium carbonates, lanthanum and yttrium oxides 

were obtained from M/s Aldrich Chemical Company, USA. 

La2CuO4 was prepared by weighing out the stoichiometric 

amounts of La203 and CuO. This mixture was then ground in an 

agate mortor. A pellet of this mixture was made and then kept in 

ceramic boat. It was heated to 900-950 °C in air for several 

hours. It was then reground and refired at 1100 °C and cooled to 

900 °C before being quenched to room temperature The final 

product of the solid state reaction was confirmed by X-ray 

diffraction to be the single phase of La 2CuO4 . 

YBa 2Cu307-.5 was prepared by starting from powders of Y 203' 
BaCO 3 and CuO. The powder mixture of appropriate composition was 

first heated in air up to 1000 0C for 12 hours. Then it was 

pulverized, pressed into pellet and heated in oxygen at 950 °C for 

24 hours and finally the sample was slowly cooled in oxygen 

atmosphere keeping it below 500 °C for 5 hours. 

Sample of La1.85Sr0.15CuO4 was synthesized from appropriate 

amounts of SrCO3, La203 and CuO powders, each 99.99 % pure. The 

powders were thoroughly mixed, pressed into pellets, prefired at 
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950 °c for 12 hrs., and then furnace cooled in air. Prefired 

materials were ground, pressed into pellets, sintered at 1100 °c 
for 12 hrs. and then furnace cooled in air. Sintered materials 

were given the same sintering cycle again. 

Y2Cu2O 5 was prepared by dissolving appropriate amounts of 

CuO and ,Y203 in nitric acid and decomposing the nitrate mixture 
at 1225 °C. 

Ba4NaCuO4 (CO3 ) 2' 	Nd2 CuO4' 	La2 Li0.5 Cu0.5 04' 	CaCu3Ti4O12 ,  
Y 2BaCuO 5,  SrCuWO6,  SrCuO2,  MgCu2O3 and Ca2CuO 3 were prepared by 

Dr. Bhagatsingh Sonaye and Dr. B. Chakraborti, Department of 

Biochemistry, Goa Medical College, Goa for us by the ceramic 

method by taking appropriate molar ratios of the starting 

materials (purity than 99.9 % ) and heating them in air in the 
temperature range 1000 - 1200 °C. Powder X-ray diffraction 

patterns of these compounds were recorded on a Rigaku 

Diffractometer ( Model D/Max II-C) to ensure that a single phase 

of the compound was obtained:, 

Vanadium metal foil, VC, VN, VO, V203' V204' V20 5'  NaVO3, 
V2 S 3' vanadium tetraphenylporphine, vanadium phthalocyanine, 

vanadyl acetylacetonate were obtained commercially. Other model 

Vanadium compounds investigated in this work were synthesized by 
Anjli Chikara 1 

for the study of electronic structurc: of complex 

oxides and organometallic compounds in this laboratory. 

Vanadium complex of the tridentate schiff base ligand N-

salicylidene-N -(2- Hydroxyethyl) ethylenediamine ( designated as 

HSHED) studied in this work was synthesized by the method of Li 
et a1 2 .Salicylaldehyde (2 ml, 18.8 mmol) and N- (2-

Hydroxyethyl) ethylenediamine ( 1.9m1, 18.8 mmol) were added to 

75 ml of degassed methanol and allowed to react for 1 hour. 

Vanadyl sulphate hydrate ( 3.74 gm, 18.8 mmol), dissolved in 50 

ml of water, was added to this solution, and after about 3 hours 

the reaction solution turned blue with a small amount of blue 

solid precipitate. At this point, NaOH (1.5 g, 37.6 mmol) was 
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addedto the mixture, and then the solution was kept in air, and 

the reaction was continued for 14 hours. At the end of this 

process, a yellow colour compound [V0 2 (HSHED)] 2  was precipitated. 

Superconducting samples of the composition ( Tl 1_xVx )Sr2 

 (Ca08Y02 )Cu20y (x = 0.2, 0.3, 0.4, 0.5) were prepared by mixing 

suitable amounts of T1203'  V205,  Sr02' CaO,  Y203 and CuO. These 

mixtures were then pressed into pellets and heated in a furnace 

at 950 °C for 4 hours in flowing oxygen atmosphere and then cooled 

to room temperature. 

T1C1, T1Br, T1I, T12CO3'  T1NO3,  T12SO4' Tl(CH3C00), 

T1(C6H 5COCHCOCH 3 ), Tl(C 5H702 ), Tl 203, Tl(NO3 ) 3* 3H20, Tl(CH 3COO) 3, 

Tl(CF 3C00) 3  were obtained from M/s Aldrich Chemical Company, USA. 

T1 2Ta20 6 ,and Ba 2T1 20 5  were prepared by heating the mixture 

of component oxides. Tl 0.5 Pb0.5 Sr  CaCu207
3

' T1Ba2CaCu207
4-5 

7 2 Tl 2Ba 2CaCu208
6

' and  T12Ba2Ca2Cu3010 were prepared by the usual 

ceramic process starting with the component oxides with BaCO 3 . 

All the Ti- doped superconducting samples were characterized 

through X-ray diffraction. The unit cell parameters determined 

from these measurements are consistent with those reported in the 

literature 3-7 

The oxygen content was determined both by idometric 

titration and thermogravimetric studies of the reduction in 

hydrogen. Within experimental errors the oxygen content was the 

same as that expected from the nominal composition in all cases. 

Resistance measurements were made down to liquid nitrogen 

temperature using a standard D.C. four probe method. 

2.3 X-RAY DIFFRACTION MEASUREMENTS 

The evolution of our understanding of physics and chemistry 

in the solid state relied heavily upon structural information 

obtained from diffraction techniques. X-ray diffraction has 

widely been used to obtain crystal structure of different 

4 
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materials. We have used Rigaku X-ray diffractometer ( Model D/Max 

II-C) to record diffraction patterns of our superconducting 

powder samples. The intensity of radiation (Cu K a ) diffracted 

from the powder specimen was detected by a scintillation counter 

and recorded as a function of incident angle of X-ray (20). The 

Cu K radiation was suppressed using nickel filter. XRD was taken 

using Fe Ka  radiation. Diffraction peaks were indexed and the 

unit cell parameters were calculated using the Powder Diffraction 

Package PDP1.1 8 procedure from the obtained dhkl values. A 

typical diffraction pattern for a representative superconductiing 

oxide, YBa2Cu30 7-.5 is shown in Figure 2.1. 
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Figure 2.1: XRD pattern for Y13a 2 Cu3 07_s sample 
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2.4 D.C. RESISTIVITY MEASUREMENTS 

The restivity (p) in Ohm - cm of the sample is derived from 

Ohm's law 

R = pl/A 

p = R.A/1 

where A is in cm2 and 1 in cm. 

Resistivity measurements were carried out using the 

four probe method Figure 2.2 shows the block diagram for d.c. 

resistivity experimental set up. The sample, in the form of a 

thin rectangular bar, is fixed on the PCB. Four thin copper 

wires, attached to the sample by means of a conducting silver 

epoxy, act as voltage and current leads. A d.c. current was sent 

through the outer leads from a programmable current source and 

the voltage developed across the inner leads was measured using a 

nanovoltmeter. The automated system of all the instruments was 

controlled by a computer. The data acquisition and on-screen 

plotting were performed by a computer. The resistivity was then 

calculated from the measured resistance using the sample 

dimensions. A typical resistivity plot for YBa 2 Cu307 _6  obtained 

in this work is shown in Figure 2.3. 

39 

• 



VOLT METER 

SAMPLE 

HOLDER 

SAMPLE  

SCANNER  
CURRENT 

SOURCE 

DIODE 1 

DIODE 2 

TEMPERATURE 

CONTROLLER 

COMPUTER 
	

GPII3 • 

CLOSED 

CYCLE 

REFRIGERATOR 

Figure 2.2: Experimental arrangement for resistivity measurement 

40 

• 



3-0 

2.4 

1-8 

U) 

E 

0 1.2 
E 

0.6 

0 

 

I II 	1 1 1 	I 	I 	I t 	I 	i 	1 , 	1 	i 	I 	I I 	t i 	I 	it 	I 	I II 	I 	 I 	I 	I 	t 	1 11 1 1, I t 

50 	 100 	 150 	 200 
	

250 
	

300 

Temperature ( K ) 

Figure 2.3: Resistivity plot for YBa2Cu307-s 



2.5. 	X - RAY ABSORPTION MEASUREMENTS 

We describe below the apparatus used in this investigation 

to record the X - ray absorption spectra of vanadium, copper and 

thallium in their well-characterized compounds and in a few 

superconducting compounds. Since most of the work done in this 

thesis is in the field of X-ray absorption spectroscopy, the 

description of the instrument used to record the spectra and 
procedure is given in detail. 

2.5.1 X - RAY SPECTROMETER 

Our basic X-ray spectrometer is a horizontal Rigaku wide 

angle diffractrometer with attached tube stand. The major 

modification is an improved crystal (monochromator) support for 

optimum alignment of the diffracting crystal (Figure 2.4). This 

spectrometer is used with a conventional X-ray diffraction 

generator and X-rays tubes (W, or Cu target) chosen to provide a 

high intensity continuum in the region'of absorption edge to be 

measured, while missing the intense characteristic X-ray emission 

lines. The spectrometer is used with a goniometer radius of 18.75 

cm using simple set-back brackets and an X-ray tube takeoff angle 
of approximately 3 °  (adjusted for maximum diffracted intensity). 

The first slit is used to limit the angular divergence of the 

X-ray beam, and the Bragg-Brentano parafocussing conditions and 

slit position require the focussing (exit) slit to be 

approximately of the same size. Between the two slits, a 

single-crystal monochromator Bragg diffracts a narrow band of the 

incident X-rays and adds its diffraction pattern to the 

divergence of the beam. The vertical divergence is limited to t 
2 o by a Soller slit located before the exit slit. Thus the 

resolution function depends primarily on the size of the slits 

and crystal diffraction pattern 9 . Our usual method of operation 
employs 0.05 mm slits (0.025 °  divergence) in the 20 range from 
15 ° to 45 o and 0.1mm (0.5 °  divergence) slits for angles greater 
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Figure 2.4: Schematic diagram of X-ray absorption spectrometer 
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then 45 °  with overlap 	as experimentally required. Hence 

resolution power defined as (tan0)/A0 (or X/tX) is approximately 

1000 - 2000. The intensity from the continuum operating at full 

recommended tube power is typically (1-10) x 10 3  photons per 

second before passing through the sample. For the case of 0.05 mm 

slits at 20 = 45 °  and a LiF crystal (2d = 4.026A ° ), the energy 

band width, assuming a rectangular response function, received at 

the exit slit would be - 4eV (AE = E CotO A0), however, the 

intensity distribution of the radiation falling on the exit slit 

has the usual diffraction profile and the Rayleigh resolution 

criterion suggests that the spectrometer should be advanced in 

angular increments of 1/2 the angular width of the exit slit, 

i.e., A20 = 0.01 °  for 0.05 mm slits. 

The mode of operation is as follows: For each spectrometer 

position, I, transmitted intensity through the absorber and I 0 , 

the incident X-ray intensity are measured . (preset count mode) 

and stored on a floppy disk, the spectrometer is advanced to the 

next 20 position and the sequence is repeated. A separate scalar 

is used to generate a running number for each subsequent pair 

(I,I 0 ). Knowledge of the start position and the 20 stepping 

increment allows calculation of X-ray wavelength for any data 

pair. The spectrometer stepping motor and absorber changer are 

activated and synchronized by the X-ray scalar print-out command. 

It was found that the mechanical accuracy of the absorber 
k placement mechanism limited the precision to - 0.3%, thus 10 5 

 photons were recorded for each I, 10  and increased precision to 

0.1% was achieved by averaging multiple passes. The problem of 

coincidence loss in the X-ray detecting electronics was corrected 

using the method of Short 10 and Burbank11 . If uncorrected, 

intense emission lines from X-ray tube leave an image in the 

data, which can be mistaken for EXAFS. 

The flanged tube stand attached to the spectrometer allowed 

the X-ray tube to be translated, rotated and inclined with 
Q 
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respect to the spectrometer circle. The alignment procedure 

consisted of locating (by means of these adjustments) the most 

intense spot on the X-ray tube target so that it was directed 

through narrow aligned entrance and exit slits at 20 = 0 °  as 

measured by a protected X-ray detector. The crystal monochromator 

was then inserted and a suitable characteristic line chosen for 

final crystal adjustment. At the calculated 20 the translation, 

tilt and rotation (0) adjustments of the crystal holder were used 

to obtain peak diffracted intensity of standard line which 

located the diffracting volume of the crystal at the centre of 

the spectrometer. Further refinement of the alignment was not 

necessary if the procedure described in the section on precision 

and accuracy of the energy scale was followed. 

2.5.2 MONOCHROMATOR CRYSTALS 

The usual discussion of monochromators for X-ray 

spectrometers emphasizes high resolution with narrow crystal 

rocking curves and multicrystal spectrometers. Our requirement 

stresses high X-ray intensity at moderate resolution for good 

statistical accuracy of measured EXAFS. Although better 

resolution would probably show more details particularly near the 

edge, there is an inherent width ( - 20eV) in the EXAFS due in part 

to temperature smearing as well as lifetime broadening 12 e.g., 

1.5 eV for the Cu K edge. 

Given the flat crystal geometry, this experiment is 

intensity limited by the inherent luminosity of X-ray tube and 

the diffraction efficiency of the monochromator. A given 

monochromator has a diffractive dispersion called its "rocking 

curve" which is the angular width of the diffracted beam. When 

the crystal is exposed to a continuum of diverging radiation, it 

selects from the total flux just that angular range of wavelength 

AX, which is its rocking curve width and diffracts a narrow band 

toward the exit slit, thus a crystal with very a narrow rocking 
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curve will diffract comparatively few photons. A crystal with a 

wider rocking curve than the divergence of the slit system will 

smear the diffracted beam over the exit slits. The optimum 

condition is obtained when the divergence of the slit system and 

rocking curve of monochromator are approximately equal. 

The efficiency of diffraction and the rocking curve width of 

diffraction crystals may be modified by appropriate treatment. 

LiF(200) or Si(311) is particularly workable crystals in this 

respect. The integrated reflection coefficient for nonpolarised 

radiation, which is the area under the crystal rocking curve, has 

been calculated as a function of wavelength for the two extremes 

of the crystal perfection, a perfect crystal and an ideal mosaic 

crystal13-15 . The measured values of selected cleaved and treated 

crystals are also shown 14,15 . This helps to increase the photons 

diffracted by a factor of 3. The time necessary to obtain a 

precision measurement was reduced proportionately. The treatment 

consisted of vigorous sanding on rough paper to drive 

dislocations into the crystal followed by successively finer 

paper to 600 grit to provide a smooth surface. Part of the 

damaged surface layer was then removed by an etching procedure 16 . 

After one minute in concentrated HF, a chemical polish consisting 

of 2-vol.% NH 4OH in H2O at 26 °C with vigorous agitation was used 

to remove the surface at about 1pm/min. The crystal was checked 

repeatedly until rocking curve width narrowed to that of the 

desired slit size. we have used similar techniques with Si and 

quartz crystals with some success. 

2.5.3 PREPARATION OF ABSORBERS 

The absorbers were prepared in a variety of ways, malleable 

metals were rolled (2-5 gm); some materials were evaporated onto 

mylar or thin Al foil, soluble materials were dissolved and then 

absorbed and dried on a filter paper, many materials were ground 

to pass 400 mesh, mixed with a vacuum grease and then cast on a 

^*/ 
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smooth substrate. After drying, the casts were sandwiched between 

thin transparent adhesive tapes for support and attached to the 

sample holder. The optimum absorber thickness considering 

contrast, measurement time, and counting error problem, was 

attained when I/I 0  - 1/3 on the high absorption side of the edge. 

For dilute solutions absorber thickness was kept such that I/I 0 

 - 1/10 

2.5.4 ENERGY CALIBRATION 

In order to assign energy values to monochromator steps, 

generally the spectrum of a standard is measured which has some 

feature at a known energy. Often this standard is a metal foil. 

For EXAFS experiments on copper compounds, for example, it is 

convenient to do the energy calibration using copper foil whose K 

absorption edge comes at 8980.3 eV. In order to more easily 

determine the monochromator step at which various features occur 

in the calibration data, the first and second derivatives of 

spectrum in the vicinity of the edge as a function of 

monochromator step are calculated and plotted. From the 

derivatives it is easy to determine where these derivative curves 

cross the X - axis indicating the positions of the peaks and 

inflection points. To calculate the derivatives, a polynomial is 

fitted over a small range around each point and then 

differentiated at that point. Axis crossing locations are 

calculated by linear interpolation between two adjacent points on 

opposite sides of the axis. 

After an energy E is assigned to a certain monochromator 

step S at some point of calibration, the rest of the 

monochromator steps in the data set can be assigned energies by 

the following equation 

he 
E = 	 (2.1) 

A 
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where h . is Planck's constant, c the speed of light, and X the 

X-ray wavelength. X is given by Bragg equation 

X = 2d sin 0 	 (2.2) 

where d is the distance between diffraction planes in the crystal 

and 0 is the angle of incidence of the X-ray beam on the planes. 
0 , the angle at the point of calibration, is calculated by 

Op = arcsin 21(11E 	 (2.3) 
P 

 

Since monochromator steps are directly proportional to the angle 

change, the angle 0 for a given monochromator step can be 

calculated by 

0 = Op + m ( S - Sp  ) 	 (2.4) 

where m is the amount of angle change per step. Combining 

equations (1), (2) and (4) we obtain a relation which has energy 

as a function of monochromator step 

he 
E -  	 (2.5) 

2d sin [0 +m(S-S) ] 

2.5.5 PRECISION AND ACCURACY OF THE ENERGY SCALE 

The kinetic energy of the ejected photoelectrons E must be 

established accurately in order to evaluate the natural EXAFS 
variable k. For every experiment, characteristic and/or impurity 

lines from the X-ray tube occurred and were used as standard 

reference points to calculate an effective lattice constant for 

the monochromator to establish the energy scale at the accuracy 

to which they were known17 . Many elements were present as an 

impurities on the X- ray tube anode; W, Cu, Ni, Fe, and Mn are 

usually present, plus the characteristic line from the primary 

anode element in multiple orders of diffraction. Replicate 
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experiments established a precision of a = 75 ppm (± 0.7 eV at 

the Cu K edge) as compared to 40 ppm typical calibration lines. 

By using the calibration lines to calculate the lattice constant 

for every set of data, the requirement was removed for 

corrections involving the diffraction process in the 

monochromator crystal such as temperature correction, 

Lorentz-polarization correction, refraction and various errors 

due to misalignment. The value of E associated with each data 

pair was calculated from 18 

E = 12398.52/2dsin0 eV 	 (2.6) 

The data collected from the EXAFS apparatus consisted of the time 

to collect a preset number of counts with the absorber in (T) and 

out (To ) of the spectrometer. 

The preliminary data processing program 	tabulates the 

initial data and calculates the X-ray energy and the absorption 

coefficient. 

2.6 OTHER MEASUREMENTS 

In addition to X-ray absorption spectroscopic technique, we 

have also employed technique like X-ray Photoelectron 

Spectroscopy (XPS) for the characterization of our 

superconducting compounds. A brief description is given in the 

following paragraph about the measurements carried out using this 

technique. 

X-ray photoelectron spectra of powdered copper samples were 

recorded using an ESCA-3 Mark-II spectrometer of VG Scientific 

Limited, UK, fitted with a sample preparation chamber. The 

operating vacuum in the chamber was 10 -10  torr. This chamber was 
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fitted with an argon ion gun and a quadrupole mass spectrometer. 

The radiation employed was Al Ka  (1486.6 eV). The spectrometer 

was calibrated with reference to the binding energy of Au (4f 7/2 ) 

at 83.7 eV. 

Y 

- A 
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TABLE 2.1. CRYSTAL AND DETECTOR ANGLES FOR VANADIUM K-ABSORPTION EDGES 

Edge Wavelength Energy Crystal Interplanar Crystal 	Detector 

X in A° 	in eV 	plane 	distance 	angle 	angle 

2d in A°  

V K 	2.2691 	5463.9 Si(111) 6.276 

Si(220) 3.825 

Si(311) 3.276 

Si(400) 2.715 

	

21.195 ° 	42.391 °  

(21 °11 ' 43 " ) (42 °23 ' 27 " ) 

	

36.386 ° 	72.773 °  

(36 °23 ' 11 " ) (72 °46 ' 22 " ) 

	

43.839 ° 	87.679 °  

(43 °50 ' 23 " ) (87 °40 ' 46 " ) 

	

56.695 ° 	113.391 °  

(56 °41 ' 43 " ) (113°23'27") 



TABLE 2.2. CRYSTAL AND DETECTOR ANGLES FOR COPPER K-ABSORPTION EDGES 

Edge Wavelength Energy Crystal Interplanar Crystal 	Detector 

X in A° 	in eV 	plane 	distance 	angle 	angle 

2d in A°  

CuK 	1.38905 	8980.5 	Si(111) 6.276 

Si(220) 3.825 

Si(311) 3.276 

Si(400) 2.715 

	

12.787 ° 	25.574 °  

	

(12 °47 ' 13 " ) 	(25 °34 ' 26 " ) 

	

21.294 ° 	42.588 °  

	

(21 °17 ' 37 " ) 	(42°35 ' 15 " ) 

	

25.088 ° 	50.176 °  

	

(25 °05 ' 16 " ) 	(50 °10 ' 32 " ) 

	

30.772 ° 	61.544 °  

	

(30 °46 ' 18 " ) 	(61°32'37") 



TABLE 2.3. CRYSTAL AND DETECTOR ANGLES FOR THALLIUM L- ABSORPTION EDGES 

Edge Wavelength Energy Crystal Interplanar Crystal 	Detector 

X in A° 	in eV 	plane 	distance 	angle 	angle 

2d in A°  

T1 L I  0.8081 	15343 	Si(111) 6.276 

Si(220) 3.825 

Si(311) 3.276 

Si(400) 2.715 

	

7.398 ° 	14.796 °  

(7 °23 ' 52 " ) (14°47 ' 45 " ) 

	

12.197 ° 	24.393 °  

(12 °11 ' 48 " ) (24 °23 ' 36 " ) 

	

14.281 ° 	28.561 °  

(14 °16 ' 50 " ) (28 °33 ' 41 " ) 

	

17.316 ° 	34.632 °  

(17 °18 ' 57 " ) (34°37'55") 



Edge Wavelength Energy Crystal Interplanar Crystal 
	

Detector 

X in A° 	in eV 	plane 	distance 	angle 	angle 

2d in A°  

T1 LII 0.8434 14699 	Si(111) 6.276 

Si(220) 3.825 

Si(311) 3.276 

Si(400) 2.715 

7.723 ° 

 ( 7°43 ' 23 " ) 

12.738 °  

(12 °44 ' 17 " ) 

14.919 °  

(14 °55 ' 73 " ) 

18.098 °  

(18 °05 ' 53 " ) 

15.446 °  

(15 °26 ' 46 " ) 

25.476 °  

(25 °28 ' 35 " ) 

29.837 °  

(29 °50 ' 14 " ) 

36.196 °  

(36°11'46") 



Edge Wavelength Energy Crystal Interplanar Crystal 	Detector 

X in A° 
	

in eV 	plane 	distance 	angle 	angle 

2d in A°  

Ti L III 0 . 9793 12660 	Si(111) 6.276 

Si(220) 3.825 

Si(311) 3.276 

Si(400) 2.715 

8.977 °  

( 8- 58
1 
 37

11 
 ) 

14.834°  

(14°50 ' 38 " ) 

17.393°  

(17 °23 ' 36 " ) 

21.143 °  

(21°08 ' 25 " ) 

17.954 °  

(17-57
1 
 14

1, 
 ) 

29.669°  

(29°40 ' 76 " ) 

34.787°  

(34°47 ' 12 " ) 

42.286°  

(42°17'10") 



CHAPTER 3 

THEORETICAL DEVELOPMENTS 
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3.1 THE APPROACH OF CHEMICAL BONDING 

For very many years scientist have been wondering as to how 

atoms are held together in compounds. The clue to this problem 

was obtained from the stability of the electronic structure of 

inert gases, which led to the first modern hypothesis regarding 

the formation of the chemical bond. The underlying idea was that 

an atom combined with another in such way that both the atoms 

achieved an inert gas electronic structure. According to 

Pauling1 , a chemical bond exists between two atoms or group of 

atoms when the bonding force between them is of much strength as 

to produce an aggregate of sufficient stability to warrant its 

consideration as an independent molecular species. 

Many factors, such as nuclear charge, radii of combining 

atoms, etc. influence the manner in which a chemical bond is 

formed. Since these factors vary from one atom to another, there 

arise a large number of compounds which may differ from one 

another to a great extent. When a bond is formed a 

redistribution, regrouping or reorientation of the electrons 

takes place in order to arrive at a stable arrangement. Pauling 1 

has classified the chemical bonds in chemical systems in the 

following three extreme classes, viz. electrostatic bonds, 

covalent bonds and metallic bonds. 

a) Electrostatic bond : When two or more atoms have the 

electronic configuration such that they can exists independent of 

each other, electrostatic interactions are set up which lead to 

strong attraction and the formation of a chemical bond known as 

an electrostatic bond. The most important electrostatic bond is 

the ionic bond, resulting from the Coulomb attraction of the 

excess electric charges of oppositely charged ions. The atoms of 

metallic elements lose their outer electrons easily, whereas 

those of nonmetallic elements tend to receive additional 

electrons; in this way stable cations and anions are formed, and 

as they approach one another a stable molecule is formed. Amongst 
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the simple ionic compounds, the most common structure is the 

rock-salt (NaCl) structure in which each ion is surrounded by six 

ions of opposite charge. Other electrostatic bonds, which usually 

occur in molecular crystals are ion-dipole bonds. 

b) Covalent bond : A covalent bond is formed when two atoms 

share a pair of electrons of opposite spin. The electron density 

between the two atoms is large and the bonds are directional. The 

most common examples in which a covalent bond exists are 

substances having a diamond or zinc blende structure. The 

covalent compounds form relatively open structure because of the 

restriction imposed on the number of bonds that can be formed. 

The covalent bond is generally formed when the combining atoms 

have comparable ionisation energy. 

c) Metallic bond : If all the constituent atoms in a solid 

have low ionisation energies, the outer electrons are completely 

delocalized in the lattice. The free electron gas collectively 

holds the ions together forming the metallic bond. The most 

striking characteristic of this bond that holds the atom together 

in a metallic aggregate is the mobility of the bonding electrons, 

which gives rise to the high electric and thermal conductivity of 

metals. 

Although the properties of these extreme types of bonds are 

quite well defined, in nature many intermediate cases occur. 

Generally speaking, a substance is neither purely covalent nor 

purely ionic. Many physico-chemical properties of a substance are 

determined by the bond character. Therefore, it is necessary to 

know the bond character accurately. Several models based on 

different assumptions and approximation have been suggested to 

describe the electronic structure of solids and the nature of 

chemical bonds therein. 

The purely ionic bond can be understood 2 satisfactorily on 

the classical electrostatic model. However, the covalent bond (as 

also the ionocovalent bond) arising essentially from the 
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superposition of electron clouds requires a quantum mechanical 

treatment. Generally, this problem is dealt under the variational 

approximation. The choice of trial wavefunctions of the system is 

usually based on physical intuition and the available 

information. The two major approaches to select the trial 

wavefunction are given by the valence bond theory and molecular 

orbital theory. These theories are discussed in brief in the 

following sections. 

3.2 THE VALENCE BOND THEORY 

The valence bond theory considers the atoms in a molecule as 

a set of individual atoms held together by localized covalent 

bonds. It is supposed that the bonding electrons spend on the 

average more time in between the atoms than upon the atoms 

themselves. In considering a molecule by the valence bond method 

each bond is treated separately. The orbitals of each pair of 

atoms participating in a bond are at first regarded as being the 

same as those of the isolated atoms. In order to obtain 

quantitative results, these orbitals are than modified to take 

into account the various interactions that occur 3 . The following 

method of constructing the interatomic orbitals was developed by 

Heitler and London4 for homonuclear molecules. 

Let WA(1) and WB (2) be the space wavefunctions of two 

unpaired electrons 1 and 2 in the valence shells of the two 

interacting atoms A and B. To obtain an interatomic orbital in a 

molecule, in which a pure covalent bonding exists, w it  and 163  are 

combined together in the following manner 

W = WA(1) WB (2) ± Wk (2) WB (1) 
	

(3.1) 

For combination of atomic orbitals for homonuclear atoms, the 

following conditions must be satisfied : 
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1) The combining orbitals must have approximately the same 

energy. 

2) The combining orbitals must overlap. 

3) The combining orbitals must have the same symmetry. 

In this theory the energy of the interatomic orbitals is given by 

C + A  
E = 2Eo+ 1 + Sab 

where Eo = energy of the original atom in the ground state. C is 

the Coulomb integral and is given by 

2 	2 	

2 [WA(1) tpB(2)]2[ 	 e 	e 
rb 	ra, 	r 	4.  / 

	

z 	12 

e 2 
di

1 
 di

g 

A, the exchange integral is 

	

e2 	e2 

+ 

e 
 r12 ' 

2 
,

2 
jar/  dr2] ft WA (1) WB (2) WA(2) WB (1)  [( 	rb1 	ra2 -1  

and Sab' the overlap integral is 

IT pA (1) B (2) 11)A (2) ipB (1) dt1 dr2 

In the above integrals R is the distance between the nuclei of 

the atoms A and B, r 12  is the distance between the electrons 1 

and 2, rb1  and ra2  are the distances of the two electrons 1 and 2 

from the nuclei of the atoms B and A respectively, and dT 1  and 

dr2 represent small elemental volumes around the atoms A and B 

respectively. The space wavefunctions (equation 3.1) do not take 

into account the difference of elecctronegativity between the 

combining atoms. In order to account for the ionic character of 

the bond, equation (3.1) is modified, assuming B to be more 

electronegative so that the configuration of the molecules 

becomes A+ and B, as 
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= WA (1) TB (2) I WA (2) IPB (1) t wB (1) wi3 (2) 
(3.2) 

This equation is frequently written as 

=+ X tp. coy 	lon (3.3) 

In the above equation X represents the relative contribution of 

ion to that of Tcov  in the formation of resultant orbital. 

A major justification for the valence bond picture is that 

it is in accord with the observation that in a great variety of 

molecules the bonds between the same pairs of atoms are more or 

less similar. Thus the C-H bond in the hydrocarbon molecules 

always has almost identical properties, regardless of the 

particular molecule concerned. The valence bond picture seems 

attractive, with observed bond energies correlating nicely with 

the predicted number of bonds per molecule. It explains fairly 

well the bonding in simple systems, but in polyatomic molecules 

and crystalline solids the problem becomes far too complicated to 

be solved in any analytical way. Because of this, further 

development of the valence bond theory has been confined to 

intuitive empiricism until very recent times. 

3.3 MODIFICATION OF VALENCE BOND THEORY 

Several workers1-5 have attempted to apply the valence bond 

formation for qualitative or semiquantitative analysis of bonding 

in different systems of special interest by introducing pertinent 

simplifying assumptions. 

Paulingl  has demonstrated that the bonds in metals are 

essentially covalent. He has introduced the concept of 

uninhibited resonance to account for metallic conduction and high 

coordination numbers in metals. This resonance is possible only 

if some of the orbitals in the valence shells of the atoms remain 
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1. 

empty. The metallic state is therefore characterized by covalent 

bonds arising from filling of the valence band of the solid. 

Semiconductors are also of predominantly covalent type. 

Mooser and Pearson 6 and Krebs and Schottky7 have pointed out the 

correspondence between the occupancy of atomic orbitals of 

constituting atoms and the bonds in semiconductors. They defined 

the semiconducting bond as follows : 'The bonds in semiconductors 
-4 

are predominantly covalent and they form a network which runs 

continuously throughout the whole crystal structure. By sharing 

electrons in sharing electrons in forming the bonds, all atoms in 

the elemental semiconductors acquire filled valence subshells. In 

semiconducting compounds only the most electronegative atoms 

(i.e. the anions) need acquire filled subshells. If empty 

orbitals occur in the electropositive atoms (i.e. the cations) 

than any bonds that might form between these atoms alone must not 

run continuously through the lattice'. 

The valence structure according to this theory are 

constructed by forming appropriate linear combination of atomic 

orbitals to obtain equivalent orbitals in different directions as 

demanded by the local geometry of the atom and the symmetry of 

the lattice. This process is referred to as hybridization. The 

formation of bonds many a times calls for promotion and transfer 

of electrons which modify the electronic configuration of the 

combining atoms. The relative importance of the different valence 

structures can be established from the interatomic distances and 
)-• electronegativity differences. Resonance can occur amongst the 

valence structures only if they have the same number of unpaired 

valence electrons. For transition metal compounds magnetic 

properties offer8 guidelines for arriving at the different 

possible structures. 
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3.4 MOLECULAR ORBITAL THEORY 

This theory developed by Hund 9 , Mullikenn , Herzergli , 

Lennard-Jones 12 and others provides the most comprehensive 

treatment for studying the electronic structure of the molecule. 

It describes13 any state of the molecule by a single 

many-electron configuration for any type of bonding. The 

electronic orbitals extend over the entire molecule allowing for 

extensive delocalization of the electrons. However, the localized 

bonding, characterized by the significantly large amplitudes of 

the wavefunctions of the electrons in between the atoms is 

treated as a special case. This theory clearly demonstrates the 

correspondence between the bonds in the compounds and the energy 

levels of the component atoms. 

The molecular wavefunctions which describe the probability 

amplitude for electrons bound to the set of ions constituting the 

molecule look like atomic ones in the neighbourhood of the 

component atoms. They are formed by making suitable linear 

combinations of outer atomic orbitals of the individual 

interacting atoms. In the formation of molecular orbitals the 

conditions 14 concerning energy, overlapping and symmetry 

mentioned in the valence bond theory are also applicable. 

The number of molecular orbitals formed is always the same 

as the total number of participating atomic orbitals. The values 

of the coefficients of the atomic orbitals in the expression of 

the wavefunctions of the molecule, are evaluated variationally 

and the energies of the molecular levels are obtained by solving 

the schrodinger equation. In the molecular orbital energy level 

diagram thus obtained, the electrons are distributed according to 

the Aufbau and exclusion principles. For degenerated levels 

Hund's rules are observed. The method15 is briefly described 

below for a homopolar diatomic molecule, H 2 . 

The valence orbitals of the hydrogen atom is ls. Hence, the 

wave function of an orbital for the molecule H1-H2 is the correct 
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linear combination of the two 1s wave functions and can be 

written as 

WMO = a (W1s1) 	b(W1s2) 
	

(3.4) 

Solving the Schrondinger equation HW = Ew and using the above 

value of W one gets 

ipb 	1 	
(P1s1 + 1s 2)  

	1 	1 
V,
a 	

(W1s 	W1s2) (3.5) 

The energies corresponding to these molecular orbitals are 

Eb = q + p 

Ea = q - 0 	 (3.6) 

where q is the Coulomb integral (which is equal to the energy of 

the electron in the ground state of the isolated , atom). 

q = f W1. ) H ('1)i 2   

	

= f (W1s2) H  (W1s
2

) dc 
	

(3.7) 

and 0 is the exchange (resonance) integral which represents the 

energy of interaction between the combining orbitals and is a 
1- 	 negative quantity. 

= f (tP1s1 H (W1s
2 
 ) dr 

	

f oPis2 H (W1s
1 
 ) ch 
	

(3.8) 

The molecular orbital having energy q + p is more stable 

than the individual valence atomic orbitals. Such a molecular 
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orbital is called a bonding orbital. The molecular orbital having 

energy q-P is less stable than the initial atomic orbitals and is 

referred to as an antibonding orbital. The molecular orbitals 

which are symmetric with respect to rotation about the axis 

connecting the two nuclei are referred to as a orbitals, and if 

they posses nodal planes along the line joining the two bonded 

atoms they are called n orbitals. The antibonding orbitals of 

above type are denoted as a
* 

and n
*
. If Z is the interatomic axis 

then, s-s, s-pz' pz -dz 2 etc. will be a orbitals and px-px' py-py 
etc. will be n orbitals. The angular momentum of a a orbital 

about the chemical bond is zero, while that of a n orbital is 
unity. A few cases of bonding and antibonding (both a and n ) 

orbitals are illustrated in Figure 3.1. 

In the case of predominantly covalent bonding the electrons 

in a bonding orbital are found to be most of the time in the 

overlap region, giving rise to attractive binding force between 

the nuclei. Thus, the molecular orbital theory gives a physical 

description of the covalent bond similar to the one given by the 

valence bond theory. The electron in the antibonding orbital has 

its density concentrated in the region farther from the nuclei 

than in the case of the atomic orbitals of the isolated atoms and 

hence it leads to an energetically unfavourable repulsive state. 

In the case of hetronuclear diatomic molecules the MO's are 

not symmetric with respect to the plane perpendicular and 

bisecting the internuclear axis. The wavefunctions of the MO's 

are given by 

1P
b 
 = 	

1  
( "VB rIi2T 

toa = 	
1  

( WA  - XV)B ) 
/ 2+2S 

(3.9) 

where S is an overlap integral and 74. is the mixing coefficient. 

The bonding in hetronuclear molecules is generally polar in 
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X 

Figure 3.1: Bonding and antibonding (both o and 7r) orbitals 
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Whenever the energies of the atomic orbitals are vastly 

different, their mixing is insignificant and the MO's resemble 

the atomic orbitals. A bonding molecular orbital has a 

predominant character of the atomic orbital which is 

energetically closer to it. The MO's then appear as if they are 

localized on the atoms. Such MO's are commonly found in ionic 

substances. 

In complex molecules the molecular orbitals are very 

sensitive to the local symmetry of the central metal ion. Group 

theoretical principles are generally used 16,17 to find out the 

possible orbital overlaps compatible with the geometry of the 

surroundings in order to construct the semiempirical MO energy 

level diagrams. It should be noted18 that complete MO and VB 

treatments always lead to same result if the same atomic orbitals 

are used as the starting point. In practice, however, in 

complicated molecules these methods cannot be carried out to 

completion. Since one has to take recourse to approximations 

which are different in the two procedures, by the two methods 

show only qualitative agreement. 

3.5 LIGAND FIELD THEORY 

Becquerel 19 , Bethe20 and Van Vleck21 have developed the 

crystal field theory in order to provide a relative 

classification of energy levels of d electrons of transition 

metal ions in chemical environment of different geometries. This 

theory treats the interaction between the metal ion and the 

surrounding ions as purely electrostatic in nature. The ionic 

arrangement around the metal atom is represented by spatial 

distribution of point charges due to the neighbouring atoms and 

the group theoretical symmetry arguments are used to predict the 

electronic state of the ion. The crystal field theory has been 

modified by Orgel and others in order to take account of the 

69 



partial covalent character of bonding in transition metal 

compounds and complexes by adjusting certain parameters in 

accordance with experimental results. the theory is then referred 

to as adjusted crystal field theory. However, this theory also is 

successful only in the case of moderate metal-ligand orbital 

overlips. 

It is very well known that the MO theory can describe 

interatomic interactions for all types of bonding and takes into 

account all valence orbitals of the metal and ligand atoms. 

However, the calculations of the molecular orbitals become very 

much involved when the theory is applied to complicated 

structures. Therefore, a hybrid approach has been developed in 

order to describe the energy level distribution for coordination 

clusters by combining the crystal field theory and the molecular 

orbital theory. In this approach, called the ligand field theory, 

one first takes account of the splitting of the inner d orbitals 

of the central ion due to electrostatic field in the chemical 

compounds or complexes as in the crystal field theory and then 

the molecular orbitals are formed as given by the LCAO-MO model. 

In recent years the theory has been widely accepted 22-24 as it 

appears to explain satisfactorily most of the properties of 

transition metal compounds, at least qualitatively if not 

quantitatively. 

3.6 CONCEPTS OF ELECTRONEGATIVITY, IONICITY AND EFFECTIVE 

CHARGES 

A very useful concept in Chemistry has been that of 

electronegativity, which according to Pauling 25 is the power of 

an atom in a molecule to attract electrons to itself. When two 

elements, eg. A and B differ in electronegativity (denoted by X A 

 and XB receptively), one finds that in general the heat of 

formation DAB of the AB bond satisfies the relation 

-4 
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DAB 	 2 

(DAA  + DBB)  

AAB = DAB 	2 
(DAA DBB )  

(3.10) 

where DAA  and DBB represent the bond energies of the elements A 

and B respectively. The excess energy 

(3.11) 

is called 'ionic resonance energy' and is related to the 

electonegativities XA  and XB by 
• 

AAB = 23.06 ( XA - XB ) 2 (3.12) 

Making use of this relation 26 Pauling has worked out, taking bond 

energy values from thermodynamic data, an electronegativity scale 

for different elements in the periodic table. 

In the more general case for a compound like AB n  the heat of 

formation is obtained by summing the expression over all the 

bonds in the molecules giving 

AAB = 23.06 ( XA - XB ) 2 n 
	

(3.13) 

where n is the chemical valence. 

When two atoms with different electonegativities combine, 

the valence electron distribution in the bond is assymmetric. The 

electron density is greater near the more electronegative atom 

due to the charge transfer. The ionic character or the polarity 

of the bond is estimated by Pauling l  with the help of the dipole 

moment of the molecules. He observed the correlation between the 

dipole moment and the electronegativity difference between the 

constituent atoms and derived empirically the relationship 

(XA  - XB )2 ] Im = 1 - exp 4 (3.14) 
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where the parameter Im  represents th_ 	Acity of the bond in the 

molecule. 

The 	values 	of 	ionicity 	obtained 

justified 	for 	single 	bonds 	only, 

simple molecules in the gaseous 

this 	expression 	for 	multiple 	bonds 

existing in a crystal as 

I = 1 - c 	exp 

in which n is the valence of the 

number. 	The physical interpretation 

from 	equation 

as 	in 	the 	case 

state. Pauling has 

and 	various 

(XA  - XB )2  

	

3.14 	are 

of isolated 

later modified 

coordinations 

(3.15) 

its coordination 

3.15 	is 	that 

4 

cation and c 

of expression 

the total covalence n(1-I) is being shared amongst c bonds. 

The formation of a chemical bond brings about a 

rearrangement of the outer electrons of the combining atoms, 

giving rise to a net charge on them. This effective charge, q, on 

the anion can be obtained 27 from the simple definition of bond 

ionicity as 

I = 	
Q 
	 (3.16) 

where Q, the formal charge on the ion in a molecule or a crystal 

is obtained by noting the charge in the ideally ionic 

configuration. It has been shown that in the case of larger 

molecules of complicated structure the effective charge is given 

by the relation28  

q = Q' + EI 	 (3.17) 

where I, the partial bond character, is summed over all the 

bonds, and Q' is the formal charge on the ion. 

Siegbhan28 ' 29  and othersn  have used Pauling's method to 

calculate the atomic charges in the compounds. According to 

Siegbahn the charge on an atom in a molecule is calculated by 
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taking the sum of the partial ionic characters (which are 

obtained from the electronegativities XA  and XB  through the 

relation 3.14) of the bonds with the next neighbours with 

appropriate signs. One thus gets 

q = 	[ 1 - exp 	0.25 ( XA - XB ) 2  ) 	(3.18) 

The value of this sum is dependent on the relative 

electronegativities of the ions under consideration. 

In recent years several workers have attempted to calculate 

the effective charges on the atoms in molecules by more rigorous 

methods. Amongst these mention may be made here of the more 

popular methods, such as complete neglect of differential overlap 

(CNDO), ab intio and extended HOckel methods. It has been 

found31,32 that the empirical formulation for the atomic charges 

given by Pauling is in fairly good agreement with the atomic 

charges obtained by the more modern methods, so far as relative 

magnitudes are concerned. Moreover, Paulings simple formalism has 

the advantage that it can be easily applied to all types of 

molecules unlike other sophisticated methods. 

Pauling's scale of electronegativity has been refined by 

Allred33 using more accurate thermochemical data. However it is 

evident that Pauling's definition of electronegativity is 

independent of the valence environment and the state of 

hybridization of the atoms. A new scale of electronegativity 

proposed by Mulliken 34 gives a more exact relationship between 

the properties of atoms and their electronegativities. He has 

defined atomic electronegativity as the average of the ionization 

potential and the electron affinity of the neutral atom. This 

scale gives 35 different values of electronegativities for 

elements depending upon their oxidation number, coordination 

structure and the state of hybridization of the atom. Although 
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the ionization potentials can be deduced from the spectroscopic 

observations, there exists a shortage of information on electron 

affinities. In recent years, several workers have tried to evolve 

more refined scales of electronegativities based on attractive 

force constants (Gordy36 ' 37 ), compactness of electron density 

distribution (Sanderson 38 ), electrostatic calculations ( Allred 

and Rochow39 ) etc. Although the trend of the values of 

electronegativity in all these scales is more or less the same, 

none of them seems to be fully satisfactory. 

Finally, it may be noted that using the concepts of 

electronegativity, and ionicity several methods were proposed by 

different workers for determining ionicities and effective 

charges in compounds. Mention may be made here of the work of 

Paulingl , Suchet40 ' 41, Coulson42, Phill ips 43 , Levine44  and 

Wemple45 . In the X-ray spectroscopy these chemical parameters 

have been frequently used. By correlating some spectral features 

with these quantities, useful information on the nature of 

chemical bonding in unknown materials is obtained. 

74 



Ic- 

REFERENCES 

1. L.Pauling, The nature of the Chemical Bond, Third Edition 
Oxford and IBH Publishing Co., Calcutta 1960). 

2. C. Kittel, Introduction to Solid State Physics, (Wiley, New 
York, 1966). 

3. P.J. Durrant and B. Durrant, Introduction to Advanced 
1 	 Inorganic Chemistry ( Longmans 1962). 

4. W. Heitler and F. London, Z. Phys.44, 455 (1927). 

5. H.Welker, Z. Natuforsch 7a, 744 (1952). 
: Z. Natuforsch 8a, 248 (1953). 

6. E. Mooser and W. B. Pearson, Phys. Rev. 101,  1608 (1956). 
: J. Electronics 1, 629 (1956). 

7. H. Krebs and W.Schottky, Helbleiterprobleme I (Frieder Viewg 
and Sohn Braunschwing 1954) p.25. 

8. F. Hulliger, Structure and Bonding (Springer Verlag, Berlin 
4, 83 (1968). 

9. F.Hund, Z. Electrochem, 34, 437 (1928). 

10. R.S.Mulliken, Rev. Mod. Phys. 2, 60 (1930). 

11. C. Herzberg, Z. Physik 57, 601 (1929). 

12. Lennard-Jones, Trans. Farad. Soc. 25, 668 (1929). 

13. H. H. Jaffe and H. Orchin, Theory and Application of 
Ultraviolet Spectroscopy (John Wiley and Sons Inc., New York 
1962). 

14. C. J. Ballhausen and H. B. Gray, Molecular Orbital Theory 
(Benjamin, New York 1964). 

15. H.B.Gray, J.Chem. Education 41, 2 (1964). 

16. F. A. Cotton, Chemical Applications of Group Theory ( Wiley 
Interscience, New York 1963). 

17. D.S. Urch, Orbitals and Symmetry (Penguin Education, London 
(1970). 

18. A.S. Gubanov, Quantum ELectronic Theory of Amorphous 

75 



ie 

Semiconductors (Consultant's Bureau New York 1965). 

19. J.Becquerel, Z. Physik 58, 205 (1929). 

20. H.Bethe, Ann. Physik 3, 135 (1929). 

21. J.H.Van Vleck, Theory of Magnetic and Electric 
Susceptibilities, Oxford University Press, Oxford (1932). 

22. C.J.Ballhausen, Introduction to Ligand Field Theory, McGraw-
1 	 Hill, New York (1962). 

23. L.E.Orgel, An Introduction to Transition Metal Chemistry: 
Ligand Field Theory, Methuen and Co., London (1960). 

24. B.N.Figgis, Introduction to Ligand Fields, Interscience 
Publishers, New York (1966). 

25. L.Pauling, J.Amer. Chem.Soc. 54, 5370 (1932). 

26. B.E. Douglas and D.H. Mcdaniel, Concepts and Models of 
Inorganic Chemistry ( Oxford IBH Publishing Co. New Delhi 
1965). 

27. E.Mooser and W.B.Pearson, Nature, 190, 406 (1961). 
:Nature, 192, 335 (1961). 

28. K.Siegbahn et al, E.S.C.A., Atomic, Molecular and Solid State 
Structure Studies by means of Electron Spectroscopy (Almquist 
and Wiksells Publishing Co., Uppasala 1967 pp.108). 

29. K.Siegbahn, Phil. Trans. R. Soc., A 268, 33 (1970). 

30. W. L. Jolly, J. Amer. Chem. Soc., 92, 3360 (1970). 

31. M.E. Schwartz, J.D. Switalski and R.F. Stronski, Electron 
Spectroscopy, Editor D. A. Shirley (North-Holland Publishing 
Co., Amsterdam, London 1972, pp.605). 

32. W.L.Jolly, Electron Spectroscopy, Editor D.A.Shirley (North 
-Holland Publishing Co., Amsterdam, London 1972, pp.629). 

33. A.L.Allred, J. Inorg. Nucl. Chem., 17, 215 (1961). 

34. R.S.Mulliken, J. Chem. Phys., 2, 782 (1934). 

35. J.P. Suchet, Chemical Physics of Semiconductors, (D. Van 
Nostrand Co. Ltd., London 1965 pp.103). 

76 



36. W.Gordy, J. Chem. Phys., 14, 305 (1946), 
: Phys. Rev., 69, 604 (1946). 

37. W.Gordy and W.J.O.Thomas, J. Chem. Phys., 24, 4396 (1956). 

38. R.T.Sanderson, Chemical Periodicity (Reinhold Publishing Co., 
New York, 1960). 

39. A.L. Allred and E.G. Rochow, J. Inorg. Nuci. Chem., 5, 264 
(1964). 

40. J. P. Suchet and P. Baily, Ann. Chem., 10, 517 (1965). 

41. J.P. Suchet, Crystal Chemistry and Semiconduction in 
Transition Metal Compounds, Academic Press, New York and 
London, 1971. 

42. C.A.Coulson, L.R.Redei and D.Stocker, Proc. Roy. Soc., 270, 
357 (1962). 

43. J.C.Phillips, Rev. Mod. Phys., 42, 317(1970); Bond and Bands 
in Semiconductords, Academic Press, New York and London, 
1973. 

44. B.F.Levine, Phys. Rev., B 7, 2591 and 2600 (1973). 
: J. Chem. Phys., 59, 1463 (1973). 

45. S.H.Wemple, Phys. Rev., B 7, 4007 (1973). 

)-• 

77 



CHAPTER 4 

4 

VANADIUM K-ABSORPTION EDGE STRUCTURE 

?"- 

A 



4.1. 	INTRODUCTION 

X-ray absorption spectrum has traditionally been divided 

into a low energy region the so-called X-ray absorption near edge 

structure (XANES), in which the transitions are to bound 

states1-3 , and a high energy region, the so-called extended X-ray 

absorption fine structure (EXAFS), where the transitions are to 

free electron states 4-5 . Recently, as mentioned in Chapter 1, 

high intensity X-ray sources have become available whose 

intensities are about 10 5 times higher than those previously 

available. This results in improved signal to noise ratios, which 

allow meaningful measurements to be made even on dilute 

systems 5-6 

In this Chapter we present our measurements, made with 

X-rays from Rigaku X-ray generator, on K X-ray absorption spectra 

of superconducting oxides containing vanadium and several model 

vanadium compounds. The model compounds which we have studied in 

the present work are CrVO 4, GdV04'  BiVO4,  Cd4V207,  Ca3Fe 3GeVO12, 
Pb 5 (VO4 ) 3C1, Zn2 (VO4 ) 3'  NaVO3,  VO(acac) 2,  VO(bzac) 2, 

(NH4 ) 4 [VO-dd-tart] 2. 2H20, VOPC, VOTPP, VOMo04'  V205, VO, 

(NH4 ) 2SO4 .VS04 .6H20, V203, SmV03'  V2S3, VN, V02'  V407, VC, 

[VO(hshed)(acac)], PbV 206 and Ca3V10028 .16H2O. The 

superconducting oxides of vanadium include compounds of 

composition Tl i _xVxSr2 (Ca0.8V0.2 )Cu20y , where x = 0.2, 0.3, 0.4 

and 0.5. Electronic transitions from the 1s to 3d, 4s and 4p 

states, in the model compounds as well as in superconducting 

oxides have been assigned to different spectral features observed 

in the vanadium K-edge spectra on the basis of atomic model of 

Shulman et a1 7 and others8-11 

tart = tartrate ( C 4H206  ) 

acac = acetylacetonate ( C5H702 ) 

bzac = benzoylacetonate ( C10H902  ) 
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Pc = phthalocyanine ( C 32H16N8  ) 

TPP = tetraphenyl porphyrin 

hshed = N-salicylidene-N'-(2-hydroxyethyl)-ethyIenediamine 

4.2. RESULTS AND DISCUSSION 

The zero of the energy scale of the.XANES spectra was taken 

with respect to the first inflection point of the vanadium metal 

in the first derivative spectrum at 5465.0 eV, which, according 

to Bearden and Burr 12 , marks the threshold or onset of 

photoejection of the 1s electron in vanadium metal. All the 

spectra were normalized by fitting a linear function to the 

pre-edge data and fitting cubic spline to the EXAFS region of the 

data upto 400 eV, extrapolating both functions to the zero of 

energy i.e. the inflection point energy [and taking the 

difference (the edge step height)], subtracting the pre-edge data 

function from each point in the experimental spectrum, and 

dividing by the step height. This procedure results in a 

normalization of the data to the unit step height. The energy 

positions of the important spectral features in all the compounds 

studied in this work are given in Table 4.1. 

4.3. ASSIGNMENT OF ELECTRONIC TRANSITIONS 

Before discussing our results on X-ray absorption 

measurements, it would be interesting to mention here that in the 

case of X-ray absorption spectra of transition metal compounds 

studied by various authors13-21 , the K-absorption edges exhibit a 

weak low-energy peak at the threshold followed by a shoulder on a 

rising absorption curve that culminates in a strong peak. Through 

an examination of a series of cubic perovskites of first-row 

transition metals, KMF 3  ( where M = Mn, Fe, Co, Ni, and Zn ), 

Shulman et al l assigned the lowest energy features in such edges 
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4 

as 1s -4 3d transitions, the intermediate feature as a 1s 4 4s 

transition, and the dominant peak as 1s .4 4p transition. It is 

observed by these authors that the experimentally measured 

energies of these features agree rather well with the 

spectroscopic energy levels of the Z+1 (where Z is an atomic 

number) ions. Similar assignments have been made previously by 

other authors8-11 

The assignments, 1s -4 3d, 1s ►  4s and 1s 4  4p, although 
useful in a qualitative sense, are unsatisfactory in one respect. 

They are based on an atomic model for the available orbitals that 

does not allow for covalent bonding. Clearly, the final orbitals 

for the lower energy transitions cannot be of pure d or s 

character, since the angular momentum selection rules forbid 1s -4 

n d or 1s (n+1) s transitions. Shulman et al l have claimed that 

vibronic mixing of s, p and d characters makes the low energy 

transitions allowed. However, in many complexes covalent 

interactions between metal and ligands could also cause such 

mixing, in which case a molecular orbital (MO) description of the 

electronic transitions would be more desirable. In section 4. 4, 

the MO scheme. has therefore been used for interpretation of X-ray 

absorption spectra. 

Most of the studies on the near-edge structure so far 

carried out by various authors have been primarily experimental 

in nature. Comparisons were made only with calculated molecular 

energy level spacings; no transition strengths were included. 

However, more quantitative calculations for the near-edge 

structure in transition-metal compounds have been done and few 

results have been published. Bair and Goddard22 have carried out 
ab initio self-consistent field calculations on the excited 
states of the CuC1 2 molecule involving excitations of the Cu 1s 

orbital into bound valence and unbound virtual orbitals. These 

authors have calculated both the absolute excitation energies and 

the transition strengths, and considered the presence of a fully 

)we 
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relaxed core hole, in their theoretical method based on a 

multielectron model utilizing a Hartree-Focks configuration -

interaction approach. They have found that the weak pre-edge peak 

is indeed due to a transition to a partially unoccupied orbital 

of a primarily metal 3d character, in agreement with the above 

discussion. The main absorption peak at 8993 eV is assigned as a 

transition to the orbitals that are primarily of a metal 4p 

character ( is 4  4pz  ) again in agreement with some of the above 

studies. However, the shoulder ( the lower energy feature at 8986 

eV ) is not assigned to any single - electron transition. The 1s 

4  4s monopole transition strength is found to be far too weak to 

be observed and appears at the wrong energy to fit the shoulder 

peak data. Rather, this feature is reassigned by these authors to 

a shake down satellite transition involving a Cu is 4 4pz 
 transition simultaneous with ligand-to-metal charge transfer. 

A similar interpretation has recently been proposed 23-24 for 
the polarised spectra of CuC1 2 .2H20 and (creat) 2CuCl 2. Satellite 
peaks, which are pronounced in inner-shell XPS studies of many 
transition-metal complexes25-29  are predicted to be 

significantly reduced in intensity in X-ray absorption edge 

studies due to the shielding of the valence electrons when the 

photoelectron is in the low-energy threshold region. A previous 
study30 comparing the XPS and X-ray absorption spectra of FeC1 2, 
MnC1 2 and CoCl 2 found low intensity satellites to the high energy 

side of the principal absorption maxima at energies corresponding 

to those expected on the basis of the prominent satellite 

splittings found in XPS. More rigorous calculations have been 

reported by Kutzler et al 31 who have performed self-consistent 
field Xa  multiple scattering wave calculations for the near-edge 

of iron, chromium and molybdenum compounds. Like Bair and 

Goddard, they calculated one-electron transition strengths into 

bound and continuum states including the fully relaxed core hole. 

The results of these numerical studies indicate that a molecular 
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cage defined by the first shell of ligands, which breaks the 

inversion symmetry at the metal atom site, can make transition 

from a 1s electron state to a bound state of a mainly nd 

character possible via admixture with p orbitals from liganding 

atoms. They also show that the shoulder or kink, which has been 

assigned by several authors to a is -0 (n+1)s transition, appears 

to be an inherent feature of the continuum and that the principal 

absorption maximum correspond to a 1s (n+1)p transition. 

However, it is worth noting that the results of Kutzler et al 

fail to predict the various shoulder peak splittings observed in 

the measured spectra of transition-metal compounds 32-35 . These 

authors speculated that many-electron processes (such as 

shake-down transition considered by Bair and Goddard) may be 

involved but they do not attempt to incorporate such effects into 

their calculations. 

From the above studies we see that interpretation and 

calculation of the near-edge structure for the transition-metal 

compounds is much less clear cut. Many-electron effects due to an 

incompletely screened core hole appear to be sufficiently 

important to alter the simple molecular orbital or symmetry-based 

transition scheme invoked by various investigators. Although it 

appears that we are safe in labelling the pre-edge peak and main 

absorption maximum as is -0 3d and 1s -0 4p transitions, 

respectively, more corroborating calculations are needed before a 

definite assignment of the shoulder peak is possible. 

Vanadium K-absorption spectra in vanadium metal and typical 

vanadium compounds are shown in Figures 4. 1, 2, 3, 4 and 5. In 

Figure 4.6 are given the near-edge absorption spectra of vanadium 

in superconductors of the composition T1 1 _xVxSr2 (Ca 0.81.0.2 )Cu20y' 
where x = 0.2, 0.3, 0.4 and 0.6. These spectral curves were 

obtained by averaging the results of a very large number of 

spectra recorded for each sample. For the superconductors, 25 

scans of each were recorded in order to confirm all the fine 

sir 
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Figure 4.1: X-ray absorption spectrum of Vanadium metal. 
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Figure 4.2: X-ray absorption spectra of VO, V203, V407, V204, V 205  and NaV03  
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Figure 4.3: X-ray absorption spectra of CrVO 4 , GdVO4 , Zn3 (V0 
	

Ca3 Fe3VGe0 12  and 
Pbs(VO 4 ) 3 C1 
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Figure 4.4: X-ray absorption spectra of VOPc, VOTPP, (N1 -14)11/0 .tart].2H 2 0, VO(bzac) 2 
 and VO(acac)2  
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Figure 4.5: X-ray absorption spectra of Tutton's salt, PIN20 6 , Ca3V10028 .16H.20, 
[VO(lished)(a,eac)1, SmV0 3, V2 S3  and VN 

87 



A
b
so

rp
ti

on
  

C
o

e
ff

ic
ie

n
t  

-40 	 0 	 40 	 80 
	

120 

X - ray Photon Energy (eV) 

Figure 4.6: X-ray absorption spectra of 111._„VxSr2(Cao.sYo.2)Cu20y,  whcrc x = 0.2, 0.3. 
0.4 and 0.5 	• 
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structure peaks. 

It is observed from Figure 4.1 that the K absorption edge of 

vanadium metal splits into three components. In the case of the 

vanadium compounds the absorption discontinuity is seen to split 

into three or more components. Our results in this respect are in 

good agreement with those obtained by Wong et a1 36 for vanadium 

metal and some of the compounds studied. For compounds viz. 

Zn2V207 , PbV206 , (NH4 )[VO-dd-tart] 2 .2H20, Ca 3 Fe 3GeV012 , GdVO4 , 

etc., no experimental data are available for comparison. 

We shall first discuss our results on the near edge 

structure in model compounds having vanadium ions at tetrahedral, 

square pyramidal and octahedral sites and then we shall use these 

results to extract structural information in the superconducting 

oxides of vanadium. The relevant structural data on all the 

compounds are presented in Table 4.2 (Refs. 37 - 61). 

4.3.1. VANADIUM K - EDGE IN MODEL COMPOUNDS 

The K-absorption near edge spectra of transition metal 

compounds are rich in information from which details on the 

coordination environment can be deduced. The profiles of the 

vanadium K - absorption edge in Figures 4. 1, 2, 3, 4 and 5 show 

a pre-edge feature at the threshold followed by a shoulder on the 

rising absorption curve which culminates in a strong absorption 

peak. The pre-edge peaks are due to the transitions of the 

photoelectron to final states that are essentially vanadium 3d 

bound states. These transitions are quite sensitive to the 

crystal field 62-63 due to ligands around vanadium and hence the 

number, position, and intensity of these pre-edge peaks give 

information about the coordination environment of vanadium. 

The main reason for this can be found in the d ° , d1 , d2 , d3 

 electronic configurations of V5+ , V4+ , V3+ and V2+  ions 

respectively. All the d symmetry molecular levels are vacant 
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completely or partially depending on the oxidation state of 

vanadium and available to receive the photoelectron to. give 

(1s) 1 (3d) 1 , (1s) 1 (3d) 2 , (1s) 1 (3d) 3 and (1s) 1 (3d) 4 excited 

electronic configurations. The symmetry of the final state is 

that of the d levels since the is core hole is totally 

symmetrical and all other shells below the valence band are 

filled. Taking into account only the dipole electron transitions 

(0 dipole operator), the transition moment is given by the 

general Fermi golden rule64 

M a< 0 . 	. 	>2 [N(E)] Wground. dip excitcd 

(5(hv - Eground  + Eexcited ) 

(4.1) 

In this expression, N(E) is the number of vacancies in the 

excited states. This number is 0 or 1 or 2 in a molecular orbital 

description of a filled, singly occupied, or vacant orbital; .5 is 

a Dirac function, and the matrix element is a complex quantum 

function quite difficult to be computed exactly in the present 

state of the art 22 ' 31 ' 65 . 

In a pure tetrahedral symmetry, the pre-edge absorption is 

an outstanding feature in the K - edge XANES spectra of vanadium 

compounds, as can be seen from Figure 4. 3. In every spectrum, 

in Figure 4.3 an intense single peak is observed. It corresponds 

to a dipole - allowed transition from the is to admixed state 

formed from the 3d and 4p metal orbitals and from the 2p orbitals 

of neighbours. 

In an octahedral symmetry, a weak pre-edge feature is 

observed (see Figure 4.2), the intensity of which is rather low 

due to the presence of an inversion centre at the V site (ro  m 
Tlu ). The weakness of the intensity is due to the absence of A lg 

in the direct product and there is no more 3d-4p mixing. The 

presence of such weak transitions may be assigned 3  to some 

-k 
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relaxation of the Laporte selection rules, by vibronic coupling, 

or to the interference of a quadrupolar mechanism, as already 

demonstrated in a square planar CuC14 2- complex66 • 

The assignment of the first peak after threshold i.e. 

shoulder on the rising absorption curve (and other weak peaks 

between this shoulder and is ►  3d peak) is still 

controversial 67-68 . As mentioned earlier, according to the 

self-consistent Xa  multiple scattering wave calculations of 

Kutzler et al 31 , this feature, which has been assigned by several 

authors to a is -4 4s transition, appears to be an inherent 

feature of the continuum, while, according to the ab initio 

self-consistent field calculations of Bair and Goddard 22 , this 

feature cannot be assigned to any single electron transition. 

Rather, this feature is reassigned by these authors as a 1s -* 4p 

transition plus simultaneous shakedown. It appears always much 

below the main transition with weak intensity and it will not be 

discussed further. Nevertheless, its presence in the spectra of 

liquid samples studied by Sonaye 69 allows us to rule out any 

interpretation of this transition based only on 3d solid-state 

interactions. The remaining peak, i.e., the main absorption 

maximum can then be assigned to the transition of 1s electron to 

the 4p state. Since it is a dipole-allowed transition (Al = +1), 

its intensity is expected to be more as compared to the 

intensities of the pre-edge and shoulder peaks. 

As mentioned earlier, the profiles of the X-ray absorption 

spectra of tetrahedrally coordinated vanadium compounds given in 

Figure 4. 3 show a very intense pre-edge peak. The intensity of 

this pre-edge feature (in Figure 4. 4) is slightly lowered for 

compounds in which vanadium ion has square-pyramidal coordination 

and its intensity is the least for octahedrally coordinated 

vanadium compounds as can be seen from Figures 4. 2 and 4. 
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4.3.2. BANES SPECTRA AND SUPERCONDUCTING OXIDES 

Since the discovery of superconductivity in the La-Ea-Cu-0 

and Y-Ba-Cu-O systems, there has been extensive research on the 

substitution of 3d transition metals. Unfortunately, the 

incorporation of transition elements into these superconducting 

oxides always has a detrimental effect on the transition 

temperature, Tc
70 . Recently, Doi et al 71 have synthesized a 

monophasic T1Sr2CaCu2O7  compound. Which has single T1-0 sheets 

and tetragonal symmetry ( a = 3.7859 A and c = 12.104 A: space 

group p4/mmm), but the material is not superconducting for the 

temperatures down to 4K. These authors proposed that the 

introduction of lead into T1Sr 2CaCu2O7 would optimize the hole 

concentration and lead to superconducting at high temperatures. 

In fact, Subramanian et a1 72 synthesized the compound 
(T1 0.5Pb0.5 )Sr2CaCu207  which is superconducting below 80K. In 
the case of the T1Sr2CaCu2O7 compound, the Cu valence is 2.5 +, 

which appears to be too high and the compound is unstable and / 

or difficult to prepare as a single phase. Interestingly, a large 

number of 3d transition metal cations have accessible valencies 

of four and above. This aspect leads one to suggest that high 

valent 3d transition metals might play the same role as lead (4+) 

- if they substitute for Ti (3+) sites in T1Sr 2CaCu2O7, rather 

than substituting in the Cu-0 framework. If this is possible, the 

substitution would reduce the overdoping of T1Sr2CaCu207  and give 

rise to a superconductor. This reasoning lead Liu et a173-75 to 

synthesis of a new family of high-Tc superconductors in the 
system (T1 1-xMx )Sr2 (Ca1-yYy )Cu207-6 (M = Ti, Zr, Hf, V, Nb, and 
Ta). In this work, we have studied four superconducting oxides of 

the composition (Tli_xVx)Sr2(Ca0.8Y0.2 45  )Cu20 7 _, ( x = 0.2, 0.3, 

0.4 and 0.5) in order to study atomic environment of vanadium 
ions. 

The vanadium K-edge spectra in superconducting oxides are 

shown in Figure 4. 6. All the four oxides show a relatively 
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intense peak in the 1s 4  3d region. The next peak (or a shoulder 

peak) in the spectra of these compounds appears - 10eV with 

respect to the inflection point on the absorption edge of 

vanadium metal. The main absorption peak corresponding to is 4p 

transition in all the superconducting oxides lies in the energy 

region 16-18 eV. All the three pre-edge, shoulder and main 

absorption peaks are well within the range of quadruvalent or 

pentavalent compounds. There is no evidence of any transition in 

the spectra that would indicate the presence of V 3+ ions. In 
. fact, T1Sr2CaCu2O7  type structure, if T1 3+  ions are partially 

replaced by vanadium, one would expect the presence of V 3+  ions 
at T1 3+  ion sites. Our results clearly indicate that the vanadium 

ions are present in quadravalent or pentavalent state but in the 

trivalent state. Thus a comparison of the K-edge profiles in 

superconductors with the vanadium K-edges of model vanadium 

compounds gives indication of presence of V4+ or V5+  ions. This 
rules out the possibility of divalent or trivalent state of 

vanadium in the superconducting oxides. This is because all the 

divalent or trivalent compounds of vanadium show a very weak 

pre-edge peak and this is not observed in these compounds. The 

coordination number of vanadium ions from the comparison of their 

peaks with intense peak of reference compounds appear to be five. 

4.4. MOLECULAR - ORBITAL APPROACH AND V K-EDGE STRUCTURE 

It is well known 2-3 that the fine structure within about 20 

to 25 eV of an absorption edge in a compound is characteristic of 

chemical bonding. Literature survey shows that the molecular 

orbital theory has been successfully employed by many workers to 

explain fine structure observed in the absorption edges of 
compounds. Fischer 34-35 Pendharkar and Mande 76 , Obashi77-78 

 Chetal and coworkers79-81 , Sarode•and Pendharkar 82 have assigned 

the peaks of X-ray absorption near edge structure (XANES) to the 

A 
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core electron transition to the vacant molecular orbital levels 

of appropriate symmetry formed from interaction of ligands with 

central metal atoms. 

In the present work, a qualitative molecular orbital diagram 

for octahedral compounds like VO, V 203  and V02 , adapted from the 

book by Ballhausen and Gray 83 is shown Figure 4. 7. This diagram 

takes into account the interactions of the metal 3d, 4s and 4p 

orbitals and the 2s and 2p (c, n ) orbitals of the ligand. In 

this figure, solid, half open, and fully open circles represent 

electron pairs, unpaired electron and fully vacant states 

respectively. For octahedral group such as V0 6 , which exist in a 

compound like VO, vanadium atom contributes five electrons (3d 3 

4s 2 ) and six oxygen ligands contribute 36 electrons (2s 2 2p4 ) to 

the formation molecular orbitals. However, the V0 6  ion has ten 

more electrons because of its negative charge. Therefore total 

number of electrons of V0 6 cluster contributed to the formation 

of the molecular orbitals is 51. After distributing all these 

electrons in the various molecular orbitals as shown in Figure 

4. 7, one finds that the orbitals bclow 2t 2g are completely 

filled. The antibonding orbital 2t 2g is partially vacant 

(half-filled) and the higher energy orbitals above 2t 2g  are 

completely vacant. The partially vacant antibonding orbitals 2t 2g 

 and completely vacant 3eg  have d symmetry and the empty 

antibonding orbital 3a1g  has s symmetry and the outermost empty 

antibonding 4t /u  level has p symmetry. 

In VO, V20 3 , V02  and other transition metal oxides, where 

transition metal ion is octahedrally coordinated to oxygen, the 

3d band splitting is less than 2 eV 84 . It is difficult to see two 

transitions from 1s core level to 3e
9 
 and 2t 2g levels as the 

resolution of our spectrometer is - 4 eV. Therefore, the (3e g, 
2t2g ) levels. The shoulder and the main absorption maximum in 

Figure 4. 2 can now be assigned to the transitions of the 1s 

electrons of the K shell to the vacant 3a 1g and 4t 1u molecular 
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Figure 4.7: Molecular orbital energy level scheme for octahedral vanadium compounds 
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orbital levels respectively. 

It may be noted that the 1s 	(3e g , 2t2g ) and 1s -4. 3a 1g 
transitions are dipole forbidden. However, as can be clearly seen 

from the molecular orbital diagram (Figure 4. 7) some amount of 

the p character from oxygen orbitals mixes up with metal orbital 

to form these molecular orbitals, making these two electronic 

transitions allowed. If the liganding atom is nitrogen or carbon 

or sulphur instead of oxygen, the same molecular orbital picture 

is valid. Furthermore, in some compounds vanadium has six ligands 

comprising nitrogen and oxygen atoms, the molecular orbital 

picture in this case will remain, to the first approximation, the 

same. Therefore, the absorption fine structure in such compounds 

can be interpreted in a similar way. 

For vanadium compounds like GdVO 4 , BiVO4 , wherein the 

vanadium ion is tetrahedrally bonded to the oxygen ligand, the 

molecular orbital picture is shown in Figure 4. 8. It takes into 

account the interaction of metal 3d, 4s and 4p orbitals and 2s 

and 2p (a,n) orbitals of oxygen lig,7.nds. The vanadium atom 

contributes 5 electrons and 4 oxygen atoms contribute 24 

elect7ons to the formation of molecular orbitals. Taking into 

consideration the charge on the VO 4  cluster, the total number of 

electrons is 32. After distributing these electrons in various 

molecular orbitals of VO 4 ion as shown in Figure 4. 8, one 

observes that the antibonding orbital 2e and the other 

antibonding orbitals viz. 4t 2 , 3a 1  and 5t 2  are completely vacant. 

The 2e molecular level is formed from 3d metal orbitals and 2p 

orbitals of oxygen atom. The antibonding levels 4t 2  and 5t 2  have 

d+p admixture of metal character and s+p admixture of ligand. The 

3a1 level has the s character from metal and s+p character from 

ligand. Hence the electrons from the K level can go, in the X-ray 

absorption process, to all these levels without violating the 

dipole selection rules. Thus, like electron transitions in 

octahedral compounds, the pre-edge absorption peak can be 

1. 
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attributed to the transition of 1s electron to the (2e, 4t 2 ) 

molecular orbitals, since the 3d level splitting is very small. 

The shoulder peak and the main absorption maximum can be assigned 

to the transition of the 1s electron to the 3a 1 and 5t 2 molecular 

levels respectively. It may be interesting to note here that the 

relative intensity of 1s 3d transition in tetrahedrally 

coordinated vanadium ions is relatively very large as compared to 

that of vanadium compounds wherein vanadium ions are octahedrally 

coordinated. The reason is obvious, if we compare the transitions 

of is electron to (2t2g' 3e ) and (2e, 4t 2 ) levels in the 

octahedral and tetrahedral compounds respectively. The level 2t 2g 
or 3eg  has little p(g,n) contribution from oxygen and hence the 

intensity of is 4 (2t2g' 3e ) transition is very small in 

octahedral compounds. However, the level 4t 2  (or 2e) has a 

relatively large amount of p contribution from metal and p(g,n) 

contribution from ligand. It means that the 4t 2  MO level has more 

p-contribution and the pre-absorption peak corresponding to the 

transition 1s 4  (2e, 4t2 ) is more intense. This is the reason why 

many workers8,32,85-88 have observed a very intense is -4 3d 

transition in vanadium, chromium and manganese compounds. 

For square-pyramidally coordinated vanadium compounds viz. 

VO(bzac) 2 , V20 5  the qualitative molecular orbital diagram is not 

available in literature. According to Figgis 87 , a probable 

splitting pattern for the d-orbitals in a square-pyramidal 

complex is similar to that in a square-planar complex. Wherein 

the d level splits into four components. Similar thing is 

expected in a square-pyramidal complex. A order of increasing 

energy, the sequence of splitted orbitals given by Figgis 87 , is 

b2 (dxy ), e(dxz , dyz ), al (d 2 ), bi (d 2 2 ). All these antibonding 
x -y 

orbitals are empty if the vanadium ion is pentavalent. If it is 

quadruvalent, the b 2  orbital will have one electron. The next 

empty antibonding orbitals will be a1g' a2u and eu which have 
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4s+2p0 , 4p+2pn  and 4p+2pa  characters respectively. As mentioned 

earlier, the d band splitting is very small, the pre-edge peak 

would be attributed to is electron transition to the empty 

molecular orbital (b 2 , e, a 1 , b1 ). The shoulder of the K-edge and 

the principal absorption peak may be assigned to the transition 

of 1s electron to the vacant antibonding a 1g orbital and (a 2u, 
eu ) orbitals respectively. The relatively large intensity of the 

pre-edge peak is difficult to explain unless, a full description 

of MO diagram is available. 

4.5. BOND LENGTH DETERMINATION FROM V K-EDGE STRUCTURE 

As mentioned earlier, there is a growing interest in 

understanding the X-ray absorption near - edge structure (XANES) 

part of X-ray absorption spectra for local - structure 

determination in complex systems 88-90 . According to Bianconi et 

al89 , XANES of transition metal compounds can be separated into 

two parts : 

(a) the discrete part below the continuum edge, where the 

weak features are usually called pre-edge peaks (or prepeaks), 

due to transitions to unoccupied bound antibonding orbitals 89 and 

(b) the continuum part where the peaks are due to 

multiple-scattering resonances of the photoelectron, which are 

sensitive to both coordination geometry and interatomic 

distances 91-92 

The effect of the interatomic distance R has been shown to 

shift the multiple-scattering resonances in diatomic molecules, 

with a given geometry, following the rule 93 KrR = const., where 

Kr is the wave vector of the photoelectron at resonance for small 

variation (<20% ) of R. The shift of the multiple-scattering 

resonances with distance variation in diatomic molecules of low -

Z elements has been applied in chemisorption studies 94 but the 

main limitation in the bond - distance determination is in the 
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10- 

determination of V, the average interstitial potential, which is 

necessary for the definition of k because k is related to V by 

the relation k = hw - E o - V, where Eo is the continum threshold. 

The correlation between the energy position of the multiple 

- scattering resonances in the continuum and the interatomic 

distances has been recently demonstrated by Bianconi, Natoli and 

others92-96 . In the framework of the Xa - multiple - scattering 

theory, the absorption cross section can be shown to be 

determined by the multiple - scattering matrix M of the 

photoelectron with kinetic energy (hk) 2 /2m = E = E * -4 where E is 

the energy of the resonance above the threshold and V is the 

average muffin - tin interstitial potential as mentioned above. 

The maxima in the absorption correspond to the det (M) = 0 

condition. In this formalism, Natoli derived a relation between 

continuum resonance energy, E r  and the first coordination shell 

distance, 

(Er  - V) R2  = Cr 	 (4.2) 

where Cr is the constant corresponding to E r . However , Cr being 

unknown and V being experimentally undeterminable, the above 

equation was found to be of little use in practice. Natoli also 

obtained a similar expression for the bound state resonance 

energy, Eb with a different constant Cb , .. b" i.e., 

( RI) - V )  R2  = Cb 	 (4.3) 

Combination of the two relations (4.2) and (4.3) eliminates V and 

leads to the following equation 

(Er - Eb ) R
2 = Cr - Cb 
	 (4.3a) 
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or 
C
rb AE3d-4p sg  2R (4.3b) 

This is a relation containing only measurable quantities and 

of immediate application. 

By the term "bound or excitonic resonances" we mean those 

spectral pre-edge features due to transition to truly bound state 

in molecules (e.g., the n transition in diatomic molecules97 or 

to antibonding states of 3d character in metal oxides 94 ). Both 

have in common the feature that they fall in an energy region 

where atomic resonances of the constituent atoms occur and, so to 

speak, are driven by them. 

When applied98 to free molecules, eqn (4.3b) states that the 

energy difference between the a
* 

and the n resonance depends 

only on the bond length, provided initial state differences, 

like more or less covalent or polarity of the bond, have the_same 

effect on the two excited states. For chemisorbed molecules one 

is led to the same conclusions, provided the two resonances are 

affected by the metal substrate shielding in the same way. Under 

these assumptions 98 , the constant should be transferable from one 

phase to another. If applied to metal oxides or in general, metal 

compounds, eqn (4.3b), according to Natoli 98 implies that the 

energy separation between the pre-edge excitonic feature and the 

I. 
first strong absorption maximum after rising edge is a function 

of the bond length. The relation (4.3b) has been employed by 

Natoli 98  and other researchers99-100 to determine the bond 

distances in the transition metal compounds. 

The relation (4.3b) is an equation of straight line passing 

through the origin and having a slope C rb . In order to determine 

the value of constant Crb' we have plotted in Figure 4.9 the 

energy separations (AE3d-4p)  between the multiple - scattering 

resonances in the continuum ( is 4  4p transition) and bound (1s 4 
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4 

3d transition) states versus the reciprocal of square of the 

interatomic distances (R) for a number of vanadium compounds 

covering a wide range of structures. The least squares analysis 

of the data using all the 26 points was carried out on PC-486. As 

can be seen from Figure 4. 9, Natoli's simple relation at first 

glance, does not seem to hold true for these compounds. However, 

when these compounds are classified according to the coordination 

number of vanadium and AE3d-4p vs 1/R
2 graphs were plotted for 

4-fold, 5-fold, and 6-fold coordinated compounds separately, a 

fairly good linear relation was found to exist between 4E3d-4p 
and 1/R2 in each case as shown in Figure 4. 9. For tetrahedrally 

coordinated compounds, the correlation coefficient and standard 

error of estimates are found to be 0.983 and 0.095 respectively. 

For penta coordinated compounds, if we take into account the data 

for all eight compounds for regression analysis, we get the 

values of correlation coefficient and standard error of estimates 

as 0.656 and 2.994 respectively. However, for two complexes, 

namely VOPc and VOTPP, the deviation for the least-squares line 

is very large. Such large deviations for these two compounds have 

also been observed in the plots of intensity of pre-edge peaks 

versus average bond lengths of first shell ligands in various 

ligand geometries in the work of Wong et a1 36 . If we perform the 

analysis excluding the data points for VOPc and VOTPP, the values 

of correlation coefficient and standard error of estimates 

obtained are 0.943 and 0.207 respectively. In the case of 

octahedrally coordinated compounds, the regression analysis gives 

the values of correlation coefficient and standard error of 

estimates as 0.747 and 1.405 respectively. By examining the 

experimental and calculated energy separations for the compounds, 

it is seen that the residues are large for VN, V 2S 3  and VC. That 

is why a relatively large value of standard error of estimates is 

obtained. However, the analysis carried out, excluding the data 

for VN, V2S 3  and VC, yields the values of the correlation 

A- 
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coefficient and standard error of estimates as 0.879 and 0.692 

respectively. Thus, there is a lot of improvement. Although it is 

difficult to give any satisfactory explanation for the large . 

 deviation observed for these three compounds, the nature of 

bonding seems to have some role to play in the large energy 

separations in the X-ray absorption spectra of these compounds. 

For example, the V-S and V-N bonds are strongly covalent and 

strongly ionic in nature respectively whereas all other compounds 

have mixed bond character. Barring such a few exceptions, we may 

conclude that Natoli's relation is valid for a series of 

compounds wherein the metal ions have the same coordination 

geometry. i.e., AE3d-4p x R2 = constant for a particular 

coordination polyhedron of ligands around metal ions. The 

constants for tetrahedral, square pyramidal and octahedral 

coordination geometries were determined from the least-squares 

fitting of the data to a linear equation of the form AE3d-4p x R
2 

= C, where C is the constant for each coordination geometry and 

are given in Table 4.3 Once the constants are known it is easy to 

use this formula to predict coordination geometry and bond 

distance from the profiles and energy positions of the XANES 

peaks. We have employed this method to predict the interatomic 

distances in superconducting compounds for which the values of AE 

have been determined from the XANES spectra. 

4.5.1 TEST OF TRANSFERABILITY OF STRUCTURAL CONSTANTS 

As a first test of the transferability of these constants, 

we have chosen three complexes. These complexes are CrVO 4 , 

(NH4 ) 4 [VO-dd-tart].2H 20 and PbV2O6 , whose structures had been 

elucidated previously by X-ray crystallography 37,45,60 The 

absorption spectra of these two vanadium compounds were recorded 

and the spectra are presented in Figure 4.4. To obtain structural 

information, the profiles of the edges of these compounds were 
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compared with those of the model compounds. The comparison 

suggests that vanadium ions are four fold coordinated in CrVO 4'. 

five-fold coordinated in (NH 4 ) 4 [VO-dd-tart].2H20 and six-fold 

coordinated in PbV206' Therefore using the constants C oct.' 

Ctetra and Cspyr  we have calculated the V-X (X = ligand) bond 

distances in the these compounds. The bond lengths 1.791 A, 

1.975 A and 1.979 A in CrVO 4, (NH4 ) 4 [VO-dd-tart].2H20 and PbV206 
respectively determined in this work are in good agreement with 

those reported in literature 37 ' 45 ' 60 The close correlation of 

both the coordination geometry and bond distances lends 

confidence to our ability to predict the coordination numbers and 

distances in compounds of unknown structures by XANES 

spectroscopy. 

4.5.2 DETERMINATION OF BOND DISTANCES IN SUPERCONDUCTORS 

In Figure 4.6 are shown the XANES spectra of superconducting 

oxides containing 2, 3, 4 and 5 percent of vanadium. As already 

mentioned, comparison of K-edge profiles of superconducting 

oxides with those of model vanadium compoui:ds such as the 

presence of square-pyramidally coordinated V 4+ or V5+ ions in 

these oxides. Therefore using the constant corresponding to 

square-pyramidal geometry, Cspyr.  , we have estimated the V-0 bond 

distances 1.82 A, 1.839 A, 1.84 A and 1.845 A for 2, 3, 4 and 

5 percent samples respectively from the energy separations 18.3, 

17.9, 17.8 and 17.7 eV. Our results are in good agreement with 

the structural results reported by Liu and Edwards 75 . 

Our X-ray diffraction analysis of the samples of the series 

show that the structure of these oxides is similar to the 

T1Sr2CaCu207 type structure and the lattice parameter c decreases 

while the lattice parameter a increases with the increase of 

vanadium concentration. On the basis of these results we would 

like to suggest that the smaller V4+  (ionic radius 0.63 A) or 
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A 	 V5+  (ionic radius 0.59 A )ions partially replace the larger Tl 3+ 

(ionic radius 0.95 A * ) sites resulting in a decrease in the 

lattice parameter c. In contrast, Liu and Edwards 75 proposed that 

the partial substitution of vanadium for the thallium leads to a 

decrease of the hole concentration in the Cu-0 plane and a 

corresponding increase in the lattice parameter a. However, for 

the confirmation of this, one has to take resort to the 

measurements of the normal state magnetic susceptibility of these 

high Tc -oxides. These results may also help to evaluate the 

valence state of the vanadium ion correctly. 

4.6. XANES AND BOND VALENCE 

The Pauling bond strengths (in valence units), referred to 

as bond orders or bond valences of the metal - non-metal bonds 

are useful in discussing the structural properties of compounds. 

The bond valence (s) reflects the relative strength of a chemical 

bond and shows the distribution of available valence electrons in 

the chemical bonding of a molecular species. Also, according to 

Pauling's valence sum rule 101 , there is a conservation of valency 

associated with the metal cation. A general relationship has been 

developed by Brown and Wu102-103 that relates the cation-anion 

bond valence s to the interatomic distance R. The empirical 

expression for relating a V-0 bond length to its bond valence is 

sV-0 	(R / 1.791) -5 ' 1 
	

(4.4) 

where 1.791 A *  is the estimated bond length for a V-0 bond of 

unit valency. The empirical parameters in equation (4.3), 1.791 

and -5.1, were determined by Brown and Wu from the data of 43 

vanadium compounds having different environments 103 . Though this 

relation is given for V-0 bond only, it is equally applicable for 

other bonds also 104 . 
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In our work we have calculated the bond valence (s) and 

plotted it against AE3d..4p  for vanadium compounds in Figure 4.10. 

We have used few data points from the work of Sonaye 69 . It is. 

seen that, a fairly linear relationship exists betweenE 
6  3d-4p 

and s for 4-fold, 5-fold and 6-fold coordinated vanadium 

compounds. This relationship renders the possibility of 

determination of bond valence in structurally unknown compounds. 

For example, in the superconducting oxides containing 2, 3, 4 and 

5 percent vanadium, the bond valences estimated from the 

least-squares analysis of the data on AE3d-4p and s are found to 

be and 0.892, 0.848, 0.837 and 0.826 respectively indicating that 

the vanadium ions are in 4 +  or 5 +  state. 

It is interesting to mention here that in Raman spectroscopy 

correlations between vanadium-oxygen bond valence and vanadium -

oxygen stretching frequencies have been shown and fruitfully 

used103 for the determination of oxidation states in compounds in 

complicated oxide systems such as vanadium oxides supported on 

alumina and titania substrates. In EXAFS spectroscopy also, such 

correlations have been used 63 to estimate the bond valence from 

the distances determined from the Fourier transform analysis of 

the EXAFS spectra. 
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Table 4.1. ENERGY POSITIONS OF VARIOUS SPECTRAL FEATURES IN 

VANADIUM K-EDGE SPECTRA IN VANADIUM COMPOUNDS 

Sr. 
No. 

1. 

Pre-edge 

Absorber 	 peak(eV) 

1s43d 

V metal 
* 

Main 
Absorption 
peak (eV) 

1s44p 

19.3 

Energy 
separation 
E A_m_4p (eV) 

2. CrVO4 4.3 24.8 20.5 

3. GdV04 3.9 24.7 20.8 

4. BiVO4 4.7 26.4 21.7 

5. Cd2V207 4.6 26.4 21.8 

6. Ca 3Fe 3GeVO12 4.1 25.7 21.6 

7. Pb 5 (VO4 ) 3C1 3.9 25.1 21.2 

8. Zn 3 (VO4 ) 2  3.9 25.8 21.9 

9. NaVO 3 4.1 25.6 21.5 

10. VO(acac) 2  3.9 20.9 17.0 

11. VO(bzac) 2  4.1 20.8 16.7 

12. (NH4 ) 4 [VO-dd-tart].2H20*  3.5 20.6 17.1 

13. VOPc 3.9 27.3 23.4 

14. VOTPP 4.0 25.6 21.6 

15. VOMo04 4.4 21.4 17.0 

16. V20 5 4.8 23.0 18.2 

17. VOSO4 .3H20
+ 4.8 21.0 16.2 

18. VO(acen) 4" 4.0 20.6 16.6 

19. VO 3.2 21.2 18.0 

20. (NH4 ) 2SO4VSO4 .6H20 3.4 20.4 17.0 

21. V203 3.5 22.9 19.4 
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22. SmVO 3 3.3 23.9 20.6 

23. V2 S 3  3.1 23.1 20.0 

24. VN 4.8 20.0 15.2 

25. V02  4.5 25.8 21.3 

26. V40 7  4.1 25.2 21.1 

27. VC 5.2 20.5 15.3 

28. (V0(hshed)(acac)] 3.8 23.8 20.0 

29. PbV2O6 4.6 24.9 20.3 

30. Ca3V10028 .16H20 4.1 25.7 21.6 

31. 2 % sample 3.5 23.9 20.4 

32. 3 % sample 4.0 22.9 18.9 

33. 4 % sample 3.8 22.8 18.0 

34. 5 % sample 3.9 21.8 17.9 

Test compounds 

Data taken from unpublished work of B. H. Sonaye 
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TABLE.4.2. STRUCTURAL PARAMETERS FOR VANADIUM COMPOUNDS 

Sr. Compound Qa  Bond 	No.of Rb s c  Ref. 
No. type 	Bonds (A) 

1. V metal -- V-V 8 2.622 

Coordination Polyhedron : Tetrahedron 

2. CrVO 4 5 V-0 4 1.765 1.077 37(a) 

& 37(b) 

3. GdV04 5 V-0 4 1.760 1.093 38 

4. BiVO4 5 V-0 4 1.730 1.229 39 

5. Cd2V207 5 V-0 4 1.718 1.248 40 

6. Ca 3Fe3VGe012 5 V-0 4 1.724 1.215 41 

7. Pb 5 (VO4 ) 3C1 5 V-0 4 1.740 1.125 42 

8. Zn2 (VO4 ) 3  5 V-0 4 1.715 1.341 43(a) 

9. NaVO3 5 V-0 4 1.723 1.176 43(b) 

Coordination Polyhedron : Square pyramid 

10. VO(acac) 2  4 V-0 5 1.889 0.761 44 

11. VO(bzac) 2  4 V-0 5 1.894 0.752 44 

12. (NH4 ) 4 [VO-dd-tart].2H20 4 V-0 5 1.886 0.768 45(a) 

45(b) 

13. VOPc 4 V-0 l 5 1.937 0.671 46 

V-N 

14. VOTPP 4 V-0 5 2.006 0.562 47 

V-N 

15. VOMo04 5 V-0 5 1.913 0.715 48 

16. V205 5 V-0 5 1.840 0.871 49(a) 

17. VOSO4 .3H20 4 V-0 5 1.936 0.672 49(b) 

18. VO(acen) 4 V-0 5 1.922 0.698 49(c) 
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a 

Coordination Polyhedron : Octahedron 

19. VO 2 V-0 6 2.050 0.502 50 
20. (NH4 ) 2SO4VSO4 .6H20 2 V-0 6 2.140 0.403 51 

21. V20 3 3 V-0 6 2.010 0.555 52 

22. SmV0 3 3 V-0 6 1.929 0.685 53 

23. V2S 3 3 V-S 6 2.080 0.466 54 

24. VN 3 V-N 6 2.070 0.478 55 
25. V02  4 V-0 6 1.930 0.683 56 

26. V407  3,4 V-0 6 1.982 0.596 57 

27. VC 4 V-C 6 2.091 0.454 58 
28. [VO(hshed)(acac)] 5 V-0 ) 6 1.973 0.610 59 

V-N 
29. PbV206 5 V-0 6 1.962 0.629 60 

30. Ca 3V10028 .16H20 5 V-0 6 1.920 0.701 61 

31. 2 % sample (5) V-0 (5) (1.730) (0.892) 
32. 3 % sample (5) V-0 (5) (1.798) (0.848) 
33. 4 % sample (5) V-0 (5) (1.842) (0.837) 
34. 5 % sample (5) V-0 (5) (1.847) (0.826) 

le" a Q 	= 	Oxidation state 

b R 	= 	Bond distance 
c s 	= 	Bond valence 
d Trigonal prismatic complex 
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TABLE 4.3. VALUES OF STRUCTURAL CONSTANTS 

  

   

Coordination 	 Notation for 	Numerical Value 

polyhedron 
	

for the constant 	of the constant 

Tetrahedron 	 C 	 64.46 tetra 

Square Pyramid 	 C 	 61.08 sq.pyr 

Octahedron 	 Coct 	 77.62 

119 



CHAPTER 5 

COPPER K-ABSORPTION EDGE STRUCTURE 



5.1. 	INTRODUCTION 

There has been a considerable amount of work done on the 

X-ray absorption near-edge spectra (XANES) of .  the 
high-temperature superconductors with the hope that such 

measurements will provide detailed information about the 

electronic structure of the constituent metal ions. The most 

widely studied ion has been the copper ion 1-8 . Despite such wide 

interest in the problem and excellent reproducibility of spectra 

in a given system, there has been no commonly accepted 

interpretation of the XANES features. The major controversy is in 

the identification of the ubiquitous feature at about 6 eV above 

the main absorption peak in the XANES spectra of polycrystalline 

samples of all the members of the superconducting family of the 

copper oxides. This feature was first discussed by Alp et al l 

(peah C for example in Figure 5.1a). Considerable theoretical as 

well as experimental efforts have been expended in resolving this 
prob - em. One electron excitation calculations 1 (see Figure 5.1a) 
for La2CuO4 do not show the presence of this feature. Alp et al l 
have suggested that this feature must be associted with the 

presence of Cu 3+ ions. Subsequent single crystal studies by Heald 

et al. 7 
show two strong absorption features, B 1  and B2  (shown in 

Figure 5.1b) which may be associated with the is 4  4pn and is -4 

4pg transitions which have energies in agreement with the 

calculations of Alp et a1 1 . The feature C is seen as a shoulder 
(B 4 ) to the main feature B 2  for the polarization parallel to the 

ab plane. The origin of this feature has not been commented upon. 

It has been pointed out 8 that core-level spectroscopies cannot 

give information about the valence state when there is a strong 

configuration mixing between initial and final states. By 

including such configuration interactions in the Anderson 

impurity Hamiltonian model, Sarma8 has calculated the XPS core Cu 

2p3/2 as well as the Cu K-edge XANES spectra and has suggested 

that the feature C is to be associated with a Cu d 9 
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Figure 5.1: (a) Polycrystalline Cu K-edge XANES of La 2 Cu04  (from. Ref. 1) showing the 
main features (:full line); one electron theory calculation of XANES (dotted line) from Ref. 1.; 
configuration interaction calculation of Sarma (dashed line) from Ref. 8. (b) Single crystal 
XANES spectra of La2 Cu04  for e,z (full line) and for e lz (dotted line) 
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configuration, while the feature B is to be associated with a d 10 

configuration in much the same manner as Cu 2p3/2 933 eV band and 

942 eV satellite band in the core-level XPS studies. This study 

has the merit that it attempts to correlate XPS and XANES 

features. 

The X-ray photoelectron study 9-11 of the superconducting 

copper oxides have been concentrated on the valence band as well 

as the core Cu 2p3/2 region and the oxygen 1s level. Unlike the 

XANES studies the XPS studies have the disadvantage that it is 

highly surface specific. The degree of reproducibility of XPS 

features have thus been entirely unsatisfactory especially with 

respect to those associated with oxygen ions because of the 

possibility of the presence of hydroxyl or carbonate groups by 

contamination. 

A completely different approach is that followed by Lytle et 

al 4 who have interpreted the XANES region in terms of a 

backscattering model from nearby atoms and identified the higher 

energy features with different Cu-0 bond distances. In this model 

the features at B, C and D (Figure 5.1a) are related to the 

distances at 3.5, 2.6 and 1.9 A ° respectively. The 2.6 Ao 

distance has been related to the occupation of the copper ions in 

the La sites in La2CuO4 . 

One of the major shortcomings in the effort to understand 

the XANES features is the failure to examine the obvious chemical 

aspect, namely the examination of other ternary copper oxides 

which have structural features common to the superconducting 

family of oxides. The family of copper oxides themselves exhibit 

a fascinating diversity of structures that have been very 

systematically studied before the discovery of superconductivity 

in the copper oxide system by Bednorz and MUller12 , by the 

pioneering efforts of Muller-Buschbaum and his coworkers 13  as 

well as Raveau and coworkers 14115 . Sreedhar and Ganguly16 and 

Ganguly et a1 17 have carried out various studies such as magnetic 
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susceptibility and electron spin resonance on such oxides as part 

of effort to understand the properties of the non-superconducting 

copper oxides in relation to the properties of the 

superconductors. In this Chapter we present the results of our 

XANES as well as XPS investigations on a series of copper oxides 

which have structural features common to those of the 

superconducting family of copper oxides. 

5.2 RESULTS AND DISCUSSION 

The XANES from the Cu K-edge region of several compounds are 

shown in Figures 5.2-5. In Figure 5.2, K-edge absorption spectra 

of copper in Cu, Cu 20, CuO, La 2Cu04 , YBa 2Cu307 , La1.85Sr0.15Cu04 , 
Tl 2Ba 2Ca2Cu3010 and Tl0 2 V0.8 Sr2 (Ca0.8 Y0 2 )Cu2  0y  are presented. ..  
Some of the spectra reported here are very similar to those 

reported earlier in the literature 1-7 . 

In Figure 5.3, we show the XANES spectra of La 2Li0.5Cu0.504 

 and Ba4NaCuO4 (CO3 ) 9 and in Figure 5.4 the profiles of K-edges in 

Nd2CuO4' CuAl 204'  Y2BaCuO5, Y2Cu205 and Sr2CuW04 are given. In 

Figure 5.5 are shown the K-edges of copper in SrCuO 2, MgCu203' 
Ca 2CuO3 and CaCu3Ti4012' Nd2CuO4 has copper ions in a 

square-planar coordination with the Cu-0 distance of - 1.98 A ° . 

The square-planar Cu0 A  units share corners to form a 

two-dimensional network 2f in this structure. The main difference 

from La 2CuO4 is that in this compound there are no Cu-0 bonds 

along the c axis. Nd2Cu04  is therefore an ideal model for a pure 

square-planar array of corner linked Cu04  units. From various 

studies22-25 like X-ray and electron diffraction, magnetic 

susceptibility, EPR and Li NMR on La 2Li 0. 00.504  with B = Co, Ni, 

Cu, it has been concluded that the B ions are in trivalent state 

including Cu. The most important result has been obtained from 

the magnetic susceptibility and Li NMR studies. When B = Cu or Co 

the system is diamagnetic; when B = Ni, the Curie constant is 
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Figure 5.2: Cu K-edge spectra in copper metal, Cu 2 O, CuO, La2 Cu04 , YBa2Cu307--8, 

La1.85Sro.isCu04, T12Ba2Ca2Cu3010 and  T10.2VosSr2(Cao.sYo.2)Cu20 y  
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Figure 5.3: Cu K-edge spectra in La2Lio.sCuo.,04 and Ba4NaCu04(CO3)2 
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typical of one unpaired electron as expected for low-spin Ni 3+ 

ions (t2g
6

' eg
1 ) and the EPR signal characteristic of Li+3  Ions26 

as in fluorides. The Li NMR does not show any change 25 in the 

chemical shift on changing B. Since electron diffraction studies 

show evidence for cation ordering22 , the constancy of the NMR 

chemical shift suggests that the Li environment is identical in 

all the compounds. This could only happen when there are no holes 

on the oxygen and all the B ions are in the trivalent state. 

La2Li05Cu0.504 is therefore a suitable model for the study of 

the absorption edge of isolated Cu 3+ ions. CaCu3Ti4O12 has the 

copper ions located at the A site with twelve oxygen neighbours 27 

with three sets of Cu-0 distances ( 1.96x4, 2.78x4 and 3.191x4 

A° ) so that this compound is ideally suited for testing the model 

of Lytle et a1 4 . The positions of the peaks expected from the 

ruler of Lytle et at are indicated by arrows in the Figure 5.5. 

We see that the XANES of Nd2CuO4 is very similar to that of 

La 2CuO4 and YBa2Cu3O7 shown in Figure 5.2. The XANES of 

La2Li 0.5Cu0.504 is very different and the main absorption peak 

seems to have shifted by about 3 eV relative to La 2CuO 4 . The 

spectra of La 2Li0.5Cu0.504  bears a striking similarity to the 

reported spectra of KCuO2  in which the copper ions are expected 

to be in the trivalent state. In the XANES spectra of CaCu3Ti4O12 

we do not see any correlation between the features and those 

expected from the model of Lytle et a1 4 . 

In Figure 5.4 we show the XANES spectra of CuAl 2O4  in which 

the copper ions are in tetrahedral coordination 28 ; Y2BaCuO 5 in 

coordination with the copper-oxygen distance having - 2.05 o ; 

Y2Cu2O 5 in which the Cu2+ ions have a strong tetrahedral 

component of distortion30 ; and Sr2CuWO6 in which the copper ions 

are in isolated octahedral environment 31 . All these compounds 

have16  a Curie constant (calculated from the temperature 

dependence of the magnetic susceptibility at high temperatures) 

J. 

which the copper ions are in isolated square-pyramidal 29 
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close to 1.73 pB. In all these compounds the feature C is either 

absent or is very weak. We note that CuAl 2O4  and Y2Cu2O5  .show a 

relatively high intensity of the feature P indicated in Figure 

5.1 which is generally associated with a 1s 3d transition 37 . 

In Figure 5.5 we show the XANES spectra of SrCuO2 , 

MgCu203' Ca2CuO3 and CaCu3Ti4O12. In SrCuO2 there are32 pairs of 

edge-shared square-planar Cu0 4  units forming chains along one 

direction in a manner similar to that in some of the 

superconducting family of copper oxides 33 . In MgCu203  the 

structure34 has features similar to that of SrCuO2 except that 

the copper ions are in octahedral coordination with two oxygen 

ions at 1.94 A°, two at 2.01 A°  and one each at 2.53 and 2.76 A ° . 

The Cu-0 linkage along the chain involves long Cu-0 distances. In 

Ca2CuO3 the square-planar CuO 4 units (two oxygen atoms at 1.89 A ° 
and two at 1.96 A °  ) share corners along one direction to form a 

chain35 just as the Cu (I) site ions in 36  YBa2Cu3O7. 

Since the relative intensities of the main and satellite 

features of the XPS signals from the core levels are prominent, 

we have recorded the Cu2p XPS spectra of some of the copper 
3/2 

compounds studied by XANES. The results are shown in Figure 5.6. 

In the forthcoming few paragraphs, we shall briefly review 

the interpretations of the XANES spectra as discussed in the 

literature. This has been done for the sake of highlighting the 

essential features of the various interpretations. The purpose is 

to focus on the possible identity of the feature C shown in 

Figure 5.1. As mentioned earlier we will find that not all these 

interpretations are consistent with one another. 

The X-ray K-edge absorption spectra of copper ions show 

shoulders (see Figure 5.1) on the absorption edge (features B and 

C) as well as pre-absorption edge feature P. Also there are other 

features in a range within 50 eV above the absorption threshold 

(D). The early analysis of these features were based on the 
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assumption that correlation effects are negligible comp;red to 

the Is binding energies and the state to which the 1s electron is 

excited is atomic in character and localized on the metal ion 38 . 

The final state of the ion with atomic number Z is expected to be 

similar to that of the corresponding (Z+1) ion with the same 

charge but having the 1s shell full. Thus atomic spectroscopic 

splittings may be used for the analyses of the XANES region. In 

covalent compounds the ligands, however, have a significant 

influence and introduce additional ligand-to-atom shakedown 

transitions that are not possible in atomic spectra. Thus when a 

1s electron is removed the ground state of the relaxed 

wavefunction changes from d9  to di°  with holes introduced on the 

ligand by a ligand-to-metal charge transfer. Such charge transfer 

states could have energies around 6-8 eV lower than the main 

transitions as demonstrated by Bair and Goddard 38 . The lowering 

of energy is due to the increased screening of the core hole when 

an electron is transferred from the ligand to the d shell of the 

cation. 

The assignment of the features especially near the band edge 

seemed to have been satisfactorily resolved with the introduction 

of linearly polarized synchrotron radiation for the study of 

polarization in the XANES transitions in single crystals 39,40 

Such assignments becomes more facile in compounds of Cu 2+  with 

axial symmetry. The 4p states could be spilt into 4pc or 4pn 

molecular orbital states in such a symmetry and could be of the 

order of 4-5 eV42,43 . The calculations of Alp et.a1. 1 show that 

this splitting is of the order of 5eV in La 2CuO 4 . Such splitting 

cannot account for the feature C. It is because of this fact that 

Alp et.a1. attributed the feature at C to the presence of Cu 3+ 

ions. The splitting between the 4pn and 4pc levels are expected 

to decrease - in clusters with tetrahedral or octahedral 

symmetries 38 . 

The pre-absorption edge features can then be assigned on the 
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basis of the conventional interpretation of the XANES region. The 

pre-absorption edge feature P in Figure 5.1 have been 

ascribed20,37,38 to 1s to 3d transitions which are dipole 

forbidden but quadrupole allowed. The shoulder on the absorption 

edge around 7-10 eV relative to the 1s to 3d transition (features 

A in Figure 5.1 for the single crystal results of Heald et.al . on 

-4 La1.85Sr0.15CuO4 ) is likely to be due to 1s to 4pn 7 ' 38 

shakedown transition. The main peak is therefore to be associated 

with 1s to 4p transition and is expected to yield information on 

the p-type unoccupied states. The features B 1  and B2  could relate 

to the direct 1s to 4pn and 1s to 4pc transitions. 

The relative intensities of the main and shakedown 

transitions are expected to be in the ratio 

1:(<3d / L1 >) 2 	 (5.1) 

where the term (<3d / L 1>) is the overlap of the ground state 3d 

orbital with the excited state L 1 ligand orbital with one hole. 

Such a ratio really implies that there are two distinct states 

into which transitions can be effected: The one electron 

excitation which involves the initial state and the other a 

multielectron excitation which involves the energies in the final 

state after the shakedown or charge-transfer process. 

The main ambiguity lies in the interpretation of the 

features at higher energies. The next series of transitions 

should involve the closely spaced 5s, 4d, 5p etc. levels which 

should lie about 10 eV above the 1s to 4p transition or around 30 

eV above the 1s to 3d transition 38 .Backscattering effects due to 

other ions not included in the first coordination sphere of the 

central ion are usually dominant1,6 in the region D. Thus an 

unequivocal identification becomes difficult in this region 

especially because the relative intensities of the 1s to 5p main 

and shakedown transitions are difficult to estimate. 
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The results of Heald et al. 7  (Figure 5.1b) support at least 

qualitatively the calculations of Alp et al (Figure 5.1a). In 

these calculations, the feature B 1  in the spectra of Heald 

et.a1. 7  (Figure 5.1) is to be attributed to final states composed 

of Cu2+ axial 4p states (feature A in the calculations of Alp 

et.al. 1 in Figure 5.1a ) with weak scattering from oxygen 

neighbours. Similarly the feature B 2  in the single crystal data 

may be correlated with the feature B in the calculations 

associated with the equatorial 4p states. 

The shoulders B3 and B4 (Figure 5.1b) in the single crystal 

work of Heald et al l have not been commented upon. In these 

crystal studies of Kosugi et a1 40 . such shoulders are also 

observed and have been attributed to is to 5pn or 5pa transitions 

which are expected to show the same kind of anisotropies as the 

is to 4p transitions. The relative position of these 5p energy 

levels have not been calculated in the case of La 1.85Sr0.15CuO4' 
In CuC1 2 molecule,Bair and Goddard38 have calculated the 5pa 

level to be about 3.1 eV above the n = 4 level and the 5pn level 

to be about 1 eV above the 4pa level. These energy differences 

are much smaller than that observed with the single crystal of 

La1.85Sr0.15CuO4' On the other hand in the configurational-

interaction calculations of Kosugi et.a140 for the Cu K-shell of 

[CuC1 4 ] 2- ions the deference in energy between the 1s -0 4p and 1s 

-0 5p transitions are - 7.5 eV which is roughly the separation 

seen in the case of single-crystal XANES spectrum of 

La1.85Sr0.15Cu04 . 

5.3 XPS and XANES 

The difference between XANES and XPS is that the first 

excited state to which the electron makes a transition by the 

absorption of a photon of energy hv is the first unoccupied state 

above the Fermi level in the case of XANES and that above the 

A 
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vacuum level in the case of XPS. Both these methods enable one to 

locate the binding energy of the electrons as referred to the 

Fermi level. It is important to remember that this binding energy 

is the difference in energies between the final state with N-1 

electrons and an initial state with n electrons : B.E. = E f  - Ei . 

Consequently it is necessary to obtain a good description of all 

the possible initial and final states which follow the absorption 

or photoemission process. The final states reflect the kind of 

screening processes invoked for the core hole. The binding 

energies should be identical in two processes provided that the 

same core hole is studied. Otherwise the separation in energies 

have to be modified by the differences in the term U kc  which 
describes the interaction between the core level c and the outer 

level k. In the case of Ce the configurational mixing deduced 

from XPS and XANES data 41from the same core level are identical 

which suggests that the ratio of the intensities for the fully 

screened (with ligand to metal charge transfer) and poorly 

screened processes should be the same in the two processes 38 . 

The importance of multielectron excitations involving 

ligand-to-metal charge transfer process in core-level 

spectroscopies was first realized in the case of XPS studies. 

Larsson42 was among the first to highlight the importance of such 

processes in accounting for the strong satellites in the core 

level XPS spectrum of transition metal ions such as Cu 2+ . The 

satellite corresponds to the state assumed in crystal field 

theory with nine 3d electrons whereas the main peak corresponds 

to a state with all ten 3d electrons. In this picture the 

satellite becomes larger when the ligand is more electronegative. 

In the case of ligand admixture into the final state the relative 

ratios of the satellite and main peak are expected to be reduced 

over that in the absence of admixture. Since the ligand-to-metal 

charge transfer processes are the same in both XPS and XANES, it 

becomes necessary to assume that the relative intensities of the 

A 
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shakedown or fully screened configurations as well as the main 

poorly screened configurations should be the same in both. This 

is the basic objective of the calculations of Sarma 8 . 

Sarma's calculations 	are derived from the original 

calculations of Alp et.al . As mentioned earlier, these 

calculations are based on one electron excitation picture 43 in 

which the state to which the electron is excited is the initial 

state. Implicit in the calculations of Sarma is the assumption 

that the most intense features in the calculations of Alp et.al  

are due to multielectron excitations from the is to the fully 

screened configurations 4pa and 4pn configurations (e) where the 

major contribution are from the final states. Sarma then adds on 

the satellite features of XPS at suitable energies after the 

normalization of intensities (see Ref.42) to the main peaks of 

Alp et.a1. By including lifetime broadening Sarma has been able 

to reproduce fairly well the experimental features of La 2Cu04  as 

shown in Figure 5.1. By doing so Sarma has completely ignored the 

earlier intensity calculations of say Bair and Goddard 38 or 

Kosugi et.a1 40 which identify the main peak with the is to 4p 

transitions. Sarma has not commented on this discrepancy despite 

the fact that several papers in this area rely heavily on the 

calculations of Bair and Goddard. The merit of Sarma's 

interpretation is the remarkably good fit with realistic 

parameters and also the attempt to correlate XPS and XANES 

intensities. Another important aspect of this interpretation is 

that his calculations have shown that the satellite of the 1s to 

4pa main peak should be very small compared to that of the is to 

4pn transition. This is actually observed in the later work on 

single crystals (features B 3 and B4 in Figure 5.1). However, in 

such an interpretation it would be difficult to account for the 

features at lower energies (around 7 eV) which have been 

attributed to is to 4pn shakedown transition by polarized 

synchrotron radiation studies on oriented single crystals 7 . 
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The procedure adopted by Sarma was actually first examined 

by Stern44 who was among the first to propose that the structure 

on the higher energy side of the main absorption peak in XANES 

could be related to the satellite peak (what he terms as a 

shake-up satellite) of the main core level spectra in 

-photoelectron spectroscopy. Stern, however, realized that XPS and 

XANES intensities need not be similar. The difference in the 

satellite strengths in XPS and XANES could be attributed to the 

different excitation energies of the photoelectrons involved; in 

the former the excitation energy is hundreds of electron volts 

while in the latter the photoelectron is at the threshold. The 

highly energetic photoelectron state in the former thus does not 

play an important role in shielding the core hole compared to the 

absorption process in which the photoelectron is still located 

on the metal ion and thus partially shields the core hole from 

the ligand. The charge transfer processes or final state effects 

thus become more important in photoelectron spectroscopy. It has 

also to be noted that at the threshold the core hole potential is 

turned on adiabatically while at very high energies the sudden 

approximation becomes valid. This could be interpreted in terms 

of a more overlap of the photoelectron with initial states at the 

threshold than at higher energies. 

5.4 SCATTERING EFFECTS 

As mentioned earlier a completely different interpretation 

is that due to Lytle et al 4 who find a simple relation between E 

and 1/R2 where R is the distance of the ligand in various 

coordination shells from the central cation. In this model the 

feature at C is to be attributed to a copper-oxygen distance of 

2.6 A °. This is typical of the A-0 distance in ABO 3  pervoskites 

and from this Lytle et al 4 . suggest that the feature C is to be 

associated with Cu2+ ions at the A sites. This assumption has 
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been criticized by Heald et.a1. 7 on the basis of their single 

crystal work since the feature C is very sensitive to the 

orientation although no such anisotropy is expected in the Cu-0 

distances if the copper ions occupy the A sites. However, such an 

anisotropy is anticipated if the copper ions occupy the Ba sites. 

5.5 INTERPRETATION OF PRESENT RESULTS 

In the interpretation of the results we resort to 

qualitative arguments first of all because the resolution of our 

measurements are not sufficient to warrant such a calculation. It 

has to be noted, however, that in some cases such as metals the 

modern techniques using intense synchrotron radiation18 and the 

earlier techniques using weaker radiation 45 gave nearly identical 

results. The resolution obtained by us is sufficient to 

distinguish between the main features A',B,C and D. The main 

purpose of this study is to obtain information regarding the 

origin of the feature C in a systematic manner. 

5.5.1 Scattering Models 

As mentioned in section 5.4 the anisotropic behaviour of the 

feature C in the single crystal data of Heald et.a17 . does not 

unambiguously refute the scattering model of Lytle et.a1 4 . 

However, the features near the absorption edge B 1  and B2  are seen 

at the same energies in many single crystal studies of copper 

complexes and for this reason cannot be simply accounted for by 

scattering models. We have specifically examined CaCu 3Ti 4012 

 which has Cu ions at the A sites. There three sets of four oxygen 

ions having Cu-0 distances27 of 3.19, 2.78 and 1.96 A o . This is 

the kind of distance used by Lytle et.al . in accounting for 

spectra of the superconducting compounds. The XANES spectra of 

CaCu3Ti 4012 should then be very similar to that of La 2CuO4 . The 

spectra in Figure 5.3 is, however, slightly different with the 

at 
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peak positions being far from that predicted from the ruler of 

Lytle et.al . This seems to demonstrate that the model of Lytle 

et.al . is inapplicable at least in a straightforward manner. In 

the following discussion we shall use the scattering model in 

interpreting our results. 

5.5.2 EVIDENCE FOR Cu3+ IONS 

The comparison of La 2CuO4  (Figure 5.2) with La2Li 0.5Cu0.504 

 (Figure 5.3) shows a shift in the main absorption edge by about 

4-5 eV. This the kind of shift found in KCuO 2 relative to that in 

the series La2-xSrxCuO4 and hence confirms the observation that a 

Cu3+ ion would have the maximum in the absorption edge at around 

20 eV. It is important to note that L 3  XANES studies on compounds 

containing trivalent copper ions 49 ''reveal the absence of any 

significant amount of a d 8 configuration. It has therefore been 

postulated that the Cu 3+ ion is unstable in an oxide matrix and 

instead a hole is created on the ligand oxygen ions. This aspect 

has been discussed earlier in connection with the oxidation of 

Ni 2+  ions in oxide matrices by Gangul y46. One of the conditions 

for the creation of holes on oxygen seems to be that the energy 

level of the metal ion in the higher oxidation state should be 

below that of the anion levels 47 . This seems to be the case for 

ions such as Cu3+ or Ni3+ . Thus the (Cu-0) + unit is composed of 

Cu2+  0 ions. Of importance to this study is our observation that 

the properties of La2Li0.5Cu0.504 (M = Co, Ni, Cu) are consistent 

with each other if the copper ions are in the low-spin trivalent 

Cu3+ state. This conclusion is based on several studies including 

optical spectra, Li NMR, ESR, Raman and infra-red spectra as well 

as systematics of lattice parameters. The most important of these 

perhaps, the ESR for M = Ni is typical of Ni 3+  ion and Li NMR is 

identical for all M showing the identical environment of the 

nearest neighbour Li ions which share the same oxygen as the M 

ions in the ab plane. The 57Co MOssbaur results of Fontcuberta et 
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a1 23  with al 	ith La2Li0.5Co0.504 are also consistent with the Co ion in 

the low spin trivalent state. The L 3  XANES results of Bianconi et 

al 49a however show that in La2Li05Co0.504 the hole is on oxygen 
• 

and not on copper. This apparent contradiction between our 

— results25 using conventional techniques and those of Bianconi et 
a149a using L3 XANES technique is not clear to us yet. We note 49b 

superconductors is very irreproducible. 

5.5.3 is ►  3d Transition 

The pre-absorption edge feature, P, is usually attributed to 

the is 3d transition. Since the tetrahedral coordination does 

not have inversion symmetry the ligand field breaks the spherical 

symmetry of atom potential. As a result the dipole selection rule 

is relaxed and the quadrupole transition strength increases. In 

accordance with this the copper ions in octahedral coordination 

such as in MgCu 2O3 , Sr2CuWO6 , or even in square-pyramidal 

coordination as in Y2BaCuO 5 show very little pre-edge absorption 
feature. Only in CuAl 2O4  or Y2Cu205  where the nearest neighbour 

coordination shell does not have an inversion symmetry do we find 

a strong pre-edge absorption feature. Thus as per expectation 

(see section 5.2), the pre-absorption feature, P, can be truly 

attributed to the is to 3d transition. 

5.5.4 COMPARISON OF XPS AND XANES 

The results of Sarma highlighted the point (see section 5.3) 

that the XANES intensity near the feature C could be related to 

the intensity of the poorly screened configuration in the XPS 

such as the feature at 942 eV in the Cu 2p 3/2  region. We find in 

that the L3 XANES spectra of NaCuO 2 as reported by Sarma et al 

is very different from that reported by Bianconi et al49a . Unlike 

the K-edge spectra the technique for obtaining the L 3  spectra is 

surface sensitive49b just as XPS which in the case of 
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our studies that the compounds such as CuAl 2O4 , Y2Cu2O 5 , 

Y 2BaCuO 5,  Sr2CuWO 6 in which the copper ions are either isolated 

or do not have strong nearest neighbour antiferromagnetic 

interaction strengths, do not show any feature corresponding to 

the feature C although these compounds show a very high satellite 

intensity in the XPS (Figure 5.6). The main absorption peak shows 

very little difference in energies in these compounds so that it 

is unlikely that the satellite feature has been absorbed into 

the main band. It is also interesting to note that the spectra 

obtained with Y2BaCuO5 in which the copper ions are in isolated 

five-fold square-pyramidal coordination just as the Cu (II) ions 

in YBa 2Cu3O7 are almost identical to those calculated for the 

first coordination shell for the latter ions. In these 

calculations only one-electron excitation is assumed. We 

therefore do not see any direct correlation between the intensity 

of the feature C in these compounds with that of the XPS 

intensities as suggested by the calculations of Sarma 8 and first 

examined by Stern 44 . 

From the above discussion we may come to the following 

conclusions regarding feature C : 

i) The feature C is unlikely to be due to one-electron excitation 

process involving main is 4 Spa or 5pn transitions since in such 

an one-electron picture it should be seen in both isolated copper 

ions (with no Cu-O-Cu interactions) as in Sr 2CuWO 6 , Y2BaCuO 5 
etc., as well as in other compounds such as Ca 2CuO3 , SrCuO 2  etc., 

which have extended 180 °  Cu-O-Cu interactions. 

ii) Within our experimental resolution the feature C does not 

seem to correspond to the poorly screened configuration 3d 1L 0 at 

least not in the sense 	suggested by Stern44 or Sarma8 (see 

section 5.2) in which the main peak corresponds to the fully 

screened d0L1 configuration. The calculations of Sarma suggest 

that this separation should be - 7 eV and should have been if it 

had been present with the same relative intensities as in the 
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XPS. 

iii) As discussed earlier (section 5.2) the feature C does not 

seem to be due to scattering effects as proposed by Lytle et.a1 4 . 

As noted earlier the feature C is to be associated with the 

feature B4 in the single crystal work of Heald et a1 7 (Figure 

5.1b). In order to understand the single crystal results of these 

authors it is necessary to understand first of all the chemical 

systematics in other single crystal work. To our knowledge the 

only work of these kind is carried out by Smith et a1 39 . In this 

study these authors examined the X-ray absorption spectra of a 

series of single crystals of copper with various ligands. The 

important results emerging from this study is that for the 

polarization parallel to the plane the same two features (B 2  and 

B4 ) are seen. The separation in energy between these two features 

are independent of the nature of the ligand and is close to that 

in Figure 5.1b. The actual energies are, however, sensitive to 

the nature of the ligand. For the lower energy peak (to be 

identified as B 2 hereafter) the energy changes from 8994 eV in 

the case of ionic Cl to 9001 eV with the more covalent 

trimethylimidazole in which the ligation is through nitrogen. 

La1.85Sr0.15CuO4 the energy of B2 is - 8997eV which would 

indicate that the oxygen ligand is less covalently bound than the 

nitrogen ligand as is to be expected. The ratio, R 2 , of the 
intensities B2/B4 increases with increasing covalency. R 2 is much 

larger in the superconducting copper oxides. 

When the beam polarization is perpendicular to the plane, 

Smith et a139 find that there are two sharp peaks which may be 

attributed to highly localized electrons of copper ions. The 

energies of these two resonances (- 8986 eV and 8993 eV) are 

rather insensitive to the nature of the ligand. They correspond 

closely to the positions of the A and B 1  peaks in single crystals 

of La1.85Sr0.15CuO4 (Figure 5.1b) and Nd 2CuO4 (Figure 5.3). The 

low energy feature is therefore referred to as A and the higher 
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energy feature as B 1 . The sharpness of these features increases 

as ligand interaction decreases. The ratio of the intensities of 

feature A to B 1 is rather insensitive to the nature of the ligand 

when the dz
2 electrons are localized on copper but becomes rather 

reduced when these electrons are delocalized over the axial 

ligands by it bonding 39 . We find that the feature A is quite 

sharply defined in the powder spectra of Nd 2CuO4  (Figure 5.4) in 

which there is no axial ligation relative to that of La 2 CuO4 . The 

feature A is barely discernible in the powder spectra of 

La1.85 Sr0.15CuO4' The decrease in intensity of the feature A on 

going from Nd2CuO4 to La1.85Sr0.15CuO4 is in agreement with the 

increasing conductivity and hence increasing delocalization. 

We may identify the conditions for observing feature C (and 

A) in the powder spectra if we assume that in systems with long 

range 180 °  Cu-O-Cu interactions there is considerably more 

delocalization of the electrons over that in which the copper 

ions are isolated as in Y 2BaCuO 5 or Sr2CuWO6, or do not have 180 ° 

 Cu-O-Cu interactions, as in Y2 Cu2O 5  or CuAl 2O4 . The more covalent 

nature of those compounds with 180 °  Cu-O-Cu interactions is seen 

in the magnetic susceptibility studies. 16 All these compounds 

have a low susceptibility indicative of high antiferromagnetic 

ordering temperatures and hence transfer integral or covalency. 

Those without such interactions show well defined Curie - Weiss 

type of behaviour with the Curie constant being close to that of 

copper ions in ionic compounds 16 . From the single crystal studies 

of Smith et a139 we would then expect B 2 feature shifted to 

higher energies in the more covalent compounds with delocalized 

180 ° Cu-O-Cu interactions (more covalent) compared to those 

without such interaction. The associated higher energy satellite 

feature B4 (feature C in Figure 5.1a) would then become more 

prominent. The results of Lytle et al ( Figure 7 of ref.4) are 

consistent with such an interpretation where the main peak 

feature is seen to shift to higher energies on going from CuTiO 3  
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to copper phthalocyanine. 

The feature A is not conspicuous in powder spectra of the 

more ionic compounds (Figure 5.5) . In compounds such as .Y2Cu20 5 

 and CuAl204 the tetrahedral environment could completely change 

the nature and energies of the resonances. However in Sr 2CuW0 6 

 and even in Y2 BaCuO5 the square-planar coordination around the 

isolated copper ions is more prominent. The distortion of the 

octahedra in the former (c/a ratio = 1.16 ) is considerably less 

than that in La 2CuO4 (c/a ratio = - 1.26 ). In Y 2BaCuO5 the axial 

to basal ratio in the square-pyramidal coordination is also 

-1.17. This is consistent with the observation of Lytle et a14  

that the feature A becomes more prominent as the environment 

becomes more square-planar in nature (see Figure 7 of ref. 4). 

Thus the prominence of the feature A is to be attributed to the 

relatives shifts of the energies of the resonances associated 

with beam polarization perpendicular or parallel to the 

square-planar coordinated ligands. 

It is difficult at this stage to assign the electronic 

transitions unequivocally to the features especially in the 

absence of high resolution data and in the absence of rigorous 

theoretical calculations. However, we shall make some general 

qualitative remarks regarding the possible assignments in the 

following paragraphs. 

We note first of all that the calculations of Alp et al are 

in good agreement with the later single crystal work, as far as 

the energies are concerned. These calculations are based on the 

one-electron theory for the interpretation of near edge structure 

in which the main transition is to be associated with 1s to 

continuum (positive energy) p states. This corresponds to the. 

initial state in the one-electron excitation model. Thus, the 

feature B 1 and B2 would correspond to the main 1s to 4p 

transitions, respectively. The other features could be derived 

from multi- electron excitation. The lower energy feature, A, 

143 



would then correspond to the shakedown process of Bair and 

Goddard38 . In the calculations of Smith et a1
39 this is 

screened "shakeup" multielectron d 1 L °  transition of the 

corresponding 1s to 4pa transition. In such an interpretation the 

intensity of the "shakeup" feature C or B 4  is expected to 

decrease with increasing covalency as actually observed in the 

single crystal studies of Smith et a1
39

. The shift to higher 

energies of the 1s to 4p transitions with increasing covalency is 

consistent with the antibonding nature of the unoccupied 

one-electron 4p level obtained from molecular orbital 

calculations 18 . 

It is not clear, however, why the "shakedown" transition 

should be associated only with the is to 4pn transition and the 

"shakeup" transition only with the is to 4pa transition. If both 

single electron and multielectron excitations were simultaneously 

allowed one would have expected each main transition to be 

accompanied by these two satellites. The later should become 

important at higher energies relative to the energies associated 

with former. The relative intensities of the satellite features 

cannot be obtained therefore in a straightforward manner from XPS 

studies using analogous of Eqn.5.1 for example. Evidence for two 

satellites associated with a main transition may be found in the 

XANES of some of the single crystals. Thus the feature B 3  on the 

higher energy side of B 1 in result of Heald et a1
7 (Figure 5.1) 

could correspond to the "shakeup" satellite. Smith et a1
39 find a 

three peak structure for the polarization parallel to the plane 

in some of the complexes (see Figure 3 of ref 39) and believe 

that there could be some real intensity (not associated with 

attributed to a bound-a-bound transition localized on copper 

which should correspond to the fully screened d °  (hereafter the 

superscript will refer to the number of holes) configuration that 

is familiar in multielectron processes as in XPS. By the same 

token the feature C or B 4 should correspond to the poorly 
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artifacts) to the lower energy feature. 

The absence or relatively lower intensities of the "shakeup" 

satellite for B 1may be attributed to the weak non-bonding nature 

of ligation perpendicular to the plane. The dominance of the 

feature B 3 in La1.85Sr0.15CuO4 (Figure 5.1b) is then consistent 

with either holes on the axial oxygens or with a change from 

-y 	-r 
to d 	orbitals. Bianconi et a1 50 have proposed from 2 2 	2 2 x 	 z  

Cu L 3 X-ray absorption spectra of single crystals of YBa 2Cu307-8 
that such a reordering of orbitals could take place. The 

calculations of Alp et al also show such change. Another factor 

that could be important is that the probability of multielectron 

excitations become diminished when the electrical conductivity 

increases. This is suggested by the results of Grunes et a1 18 who 

pointed out that for most metals the one-electron excitation 

calculations are sufficient to account for most of the features 

in metals but breaks down completely when applied to insulating 

oxides. It is interesting to note that in La2Li05Cu0.504 (Figure 

5.3) the feature A is rather prominent and appears at 7 eV just 

as in the other Cu 2+ compounds. One would have anticipated a 

shift to higher energy because of the higher oxidation state. 

This emphasizes the non-bonding character of the axial ligands. 

The dominant intensity of the band at 20 eV is because of the 

characteristic "trivalent " character. 

We find the above model attractive because of the simple 

manner by which we may account for all the features. All of the 

ingredients in the above model have been considered at one stage 

or another but have not been assembled together in this manner. 

The main difficulty with this model is that the energies 

separating the satellite features do not correspond to those 

found in XPS. 

In a sense we could modify the above picture and associate 

the main transition as the d 1 hole (d9 electron) configuration 
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and the satellites as due to d°  (lower energy "shakedown") or d2 

(higher energy "shakeup") configurations of copper in mich the 

same manner as the configurations included51 in the problem of 

Ce. The d°  configurations (Cu t ) is known to be stabilized in 

axial symmetry and dominates the axial beam polarization features 

while d2 (Cu3+ ) is known to be stabilized in square-planar 

geometry and therefore dominates for beam polarizations parallel 

to the plane. Since the feature C is close in energy to that of 

trivalent ions, it could support such a conjecture. 

In this work, a large number of copper oxides with different 

structural features have been investigated through XANES studies 

in order to understand the XANES features reported for the 

superconducting compounds. The results obtained with 

polycrystalline samples have been compared with other single 

crystal work on copper complexes as well as the superconductors. 

The various models used so far to interpret the XANES features 

have been reviewed. The importance of one-electron and 

multi-electron excitations have been examined. 

The present study has therefore been useful in delineating 

the conditions for the observation of the feature which is 

observed in all the superconducting copper oxides at about 20 ev. 

This feature is to be associated with the presence of extended 
180 °  Cu-O-Cu interactions between corner-linked square-planar 

A 

	 Cu04 units. 

Scattering models have been specifically examined using 

suitable model compounds and found to be unsuccessful in 

explaining the XANES features. The best explanation seems to 

associate the features with both single-electron and 

multi-electron excitations picture. 
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THALLIUM L - ABSORPTION EDGE STRUCTURE 
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6.1 INTRODUCTION 

It is well known 1-5 that monovalent and trivalent thallium 

compounds have interesting chemistry as a consequence of 6s and 

6p electrons present in the valence band. The nature of the 

bonding in these compounds also varies widely. For example, 

covalent contributions to the bondings 6  in thallium (I) halides 

reach a maximum with TlI which has a double-layered orthorhombic 

structure 7 . 

A feature of fundamental importance which influences the 

structure and bonding in Ti compounds is that the 6s, 6p and 6d 

levels are sufficiently close and hybridization of these orbitals 

is energetically favourable in several Ti compounds. 

Hybridization alters the character of the otherwise pure and 

vacant 6p and 6d levels of monovalent and trivalent thallium in 

covalently bonded compounds. In the absence of hybridization, 

like in ionically bonded T1 1+ or T1 3+ compounds, the same 6p and 

6d levels are subject to strong crystal field effects of the 

coordination sphere of ligands and depending on the point group 

symmetry of the thallium atom, degeneracies of the p and d 

manifolds are lifted up. Hence it suggests that in either 

situation, XANES spectroscopy should prove to be a very strong 

informative experimental approach to study the coordination 

geometry and bonding relations in thallium compounds. Since the 

near-edge features involve the transition from some core states 

to allowed lowest unoccupied empty states in the valence region 

of a given atomic centre, XANES spectra should reveal not only 

the allowedness or otherwise of these transitions but also the 

mixing or splitting of the final state orbitals 8-9 . In this 

Chapter, we report XANES and EXAFS investigations of selected 

monovalent and trivalent thallium compounds where using the known 

structural data, informative deductions on structural-bonding 

relations have been made. Both Ti L I and L11,111 edge XANES 

spectra have been used since they probe 2s --> 6p and 2p --> 6d 
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transitions respectively. 

Also since X-ray spectra probe dominantly the effect of 

local coordinations, we have extended the investigations to a new 

class of superconducting oxides containing thallium10-14 , which 

show the highest transition temperatures to-date. We may expect 

on reasonable grounds that the near-edge analysis of these 

superconductors will provide us the information on atomic 

environment of thallium ions. 

In previous Chapter, we have studied V K-edges in CrVO 4 , 

GdVO4 , BiVO 4 , Cd2V20 7 , Ca 3Fe 3GeV012 , Pb 5 (VO 4 ) 3C1, Zn3 (VO4 ) 2 , 

NaV03 , VO(acac) 2 , (NH4 ) 4 [VO-dd-tart1 2 .2H20, VOPc, VO(bzac) 2 , 

VOTPP, VOMo0 4 , V20 5 , VO, (NH4 ) 2 SO4 .VSO4 .6H20, V203 , SmV0 3 , V2S 3 , 

VN, V0 2 , V407 , VC, [VO(hshed)(acac)], PbV206 , Ca 3V10028 .16H20. 

and the superconducting cuprate oxides of composition 

Tl 1-xVxSr2 (Ca0.8Y0.2 )Cu20y' where x = 0.2, 0.3, 0.4 and 0.5. Our 

XANES analysis has shown that the vanadium ions in these 

superconducting oxides are in pentavalent state. As mentioned 

above, thallium shows two valencies, Tl 1+ and T1 3+ . It would be 

therefore interesting to see whether the vanadium doping on Ti 

ion sites in the superconducting oxides forces Ti to change its 

atomic environment. It is with this aim, we have undertaken the 

study of Ti LI  , lin  and LIII edges in some model compounds and 

in thallium based superconductors. In particular, we have 

measured the L I' LII and  LIII absorption spectra of thallium in 

model compounds namely T1C1, T1Br, T1I, T1 2CO 3 , T1NO 3 , T1 2SO4 , 

Tl(CH 3C00), T1(C5H5COCHCOCH 3 ), Tl(C 5H702 ), T12Ta20 5 , T1 203 , 
Tl(NO3 ) 3 .3H20, T1(CH3C00) 3 , Tl(CF3C00) 3  and Ba2T1 20 5  and 

superconducting oxides of composition T1 1 _xVxSr2 (Ca 0.8Y0.2 )Cu20 y 1  
where x = 0.2, 0.3, 0.4 and 0.5. In addition to these oxides, we 

have also examined the LI' LII' and  LIII edge spectra in 

T10 5  Pb0 5 Sr2 CaCu207' T1Ba2CaCu207' Tl 2Ba2CaCu208' and  
Tl 2Ba2Ca2Cu3010' 
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6.2. RESULTS AND DISCUSSION 

In Figures 6.1-6 are presented the normalized L III and LI 
absorption spectra of model thallium compounds and 

superconducting oxides containing thallium studied in this work. 

The procedure used for normalizing these XANES spectra is similar 

to that employed for the study of vanadium compounds. 

As mentioned below, these. normalized X-ray absorption 

spectra suggest at once that the XANES of L III  edge of monovalent 

and L I -edges of both monovalent and trivalent compounds have far 

fewer features as compared to L III  - edge of trivalent thallium 

compounds. We shall first discuss the thallium L III -edge spectra. 

It may be stated here that the L II -edge spectra of thallium are 

very similar to LIII -edge spectra. Therefore, the profiles of 

LII -edges are not given here. We could not record the L I' L II and 

LIII absorption spectra of pure thallium metal since it gets 

easily oxidized in air at normal temperatures 2 . The profiles of L 

absorption edges reported in the above figures are obtained by 

averaging the results of a very large number of spectra recorded 

in turn from each sample. 

We see in Figure 6.2 that the L III  absorption discontinuity 

of thallium in trivalent thallium compounds splits into three 

components whereas no splitting is observed in L III  - edges in 

monovalent compounds (Figure 6.1). L I  - edge spectra of both the 

monovalent and trivalent thallium compounds show no splitting 

(Figures IV.3-4). For plotting purpose the inflection point on 

the LIII - edge in T1 203  is taken as a reference point. Its 

energy is found to be 12665.00 t 0.50 eV. Energy calibration was 

done by assigning the energy 12654.50 eV15 to the inflection 

point on the K - edge of pure selenium metal recorded for this 

purpose. This calibration was also checked by assigning the 

energy 12063.40 eV to the peak position of tungsten L
/ 

emission 
4 

 

line. 
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Figure 6.1: Normalized TI L 111  absorption spectra of T1 2Ta2 06 , T1C1, T1Br, TiI , T11\103, 
T1 2 CO3 , T12 SO 4 , T1(CH3C00), Tl(C6H 5COCHCOCH3) and TL(C511702) 
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Figure 6.2: Normalized Ti LH/ absorption spectra of T1 2 03, BaT12 05 , Tl(CH3C00)3, 
T1.(CF3 C00)3 and Tl(NO 3 ) 3 .31-12 0 
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Figure 6.3: Normalized T1 L 1  absorption spectra of TI 2Ta2 06 , TICI, T1Br, Tli, TINO 3 , 
T12 CO3 , T1 2 SO4 , TI(CH3 C00), T1(C6H 5 COCHCOCH3) and TI(C5I-1702) 
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Figure 6.4: Normalized Tl LI absorption spectra of T1 2 03 , BaT12 0 5 , Tl(CH3C00)3, 
Tl(CF3C00)3  and TI(NO3) 3 .3H20 
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Figure 6.5: Normalized TI L 11  absorption spectra of T1Ba 2 CaCu 2 O 7 , T10 . 5Pb0 . 5 Sr2 CaCu2 07, 
T12Ba2 CaCu 2 08 , T1Ba2Ca2Cu30 1 0 and Tli_xVsSr2(Cao.8Yo.2)Cu20 y , (x = 0.2, 0.3, 0.4, 0.5) 
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Figure 6.6: Normalized Tl 1,1 absorption spectra of T1Ba 2 CaCu 2 O 7 , T10.5Pb0.5Sr2CaCu207, 
T12Ba2CaCu208, T1Ba2Ca 2 Cu30 10  and T1i„VzSr2(Cao.sYo.2)Cu20y,  (x = 0.2, 0.3, 0.4, 0.5) 
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It may be mentioned here that the thallium L111  - edge 

spectra in Ti, T1C1, T1Br, T1 203  , Tl(NO3 ) 1 , T1 2 (SO4 ) 3  and 

Tl(CH3COO) were recorded by Agarwal and Verma
16' on a Cauchois -

type bent crystal X-ray spectrograph using photographic 

technique. These workers have given the microphotometer traces of 

LIII edges in T1C1, T1Br, and, Tl(NO 3 ) 3 only. Since these spectra 

are recorded on a low-resolution spectrograph and their 

microphotometer traces show a lot of noise in the recorded 

spectra it is difficult to compare our spectra with them. Studer 

et al17,18 have reported X-ray absorption spectra for some 

thallium compounds and the profiles are given for T1Br, T1 2Ta 2O 6 

 and T1203' Vijayakrishnan et a1 19 studied LIII -edge spectra in 

T1C1, T1NO 3  and T12CO3 . The spectra for the compounds studied in 

the present investigation are similar to the spectra reported by 

Studer et al17,18 and Vijayakrishnan et a1 19 . 

6.2.1 THALLIUM LIII - EDGE SPECTRA 

Thallium LIII - edge spectra for monovalent compounds are 

reported in Figure 6.1. In Figure 6.2 are given the L III  edge 

spectra for trivalent thallium compounds. Figure 6.1 shows a 

single absorption peak while the spectra in Figure 6.2 shows a 

weak peak followed by a shoulder on rising absorption which 

culminates into a strong absorption peak. 

The outer electronic configuration of monovalent thallium is 

: 6s2 6p° 6d°  and hence the single absorption peak observed in the 

monovalent thallium compounds viz. T1C1, T1Br, T1I, T1 2CO3 , 

T1(NO 3 ), T1 2Ta206  corresponds to the allowed transition of 2p 3/2 
electron to 6p state which is admixed with 6d and 2s characters 

of metal and ligands respectively. On the other hand following 

the electronic assignment schemes invoked by Retoux et a1 20 and 

Heald et al 21 for LIII absorption edge features 6s, 6p and 6d 

states being completely vacant in trivalent thallium compounds, 

the weak peak, the shoulder and the main absorption peak can be 
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attributed to the transitions 2p 3/2  4  6s , 2p3/2  4  6d (t 2g ) and 

2p3/2 4  6d (e g ) respectively. The final states of the latter 

transition are admixed with 6p from metal and 2s •  and 2p 

characters from ligand. It is interesting to note that the 

shoulder peak of trivalent compounds and the main absorption peak 

of monovalent compounds occur almost at same energy. The 

important difference between the spectra of monovalent and 

trivalent compounds is the 4 eV shift in the inflection point 

energyof LIU  edges and a 12 eV energy shift of main absorption 

maxima is clearly seen in the figures. It is surprising that in 

monovalent thallium compounds, 6d being vacant, a peak 

corresponding to the electronic transition, 2p 3/2  4  6d is not 

observed. In fact, the transition probability for p 4  d 
transition is more as compared to that for p 4  s transition22 . It 

may be mentioned here that Studer et a1 19 and Rao and Wong 23 have 

studied L-edge spectra in thallium and lead compound's 

respectively and assigned such electronic transitions to the 

spectral features observed. 

On the basis of these absorption spectra of thallium model 

compounds, one can distinguish between the monovalent and 

trivalent thallium ions in the superconducting oxides. We shall 

first determine the valence state of thallium ions in a 

well-characterized superconductors. 

The LIII -absorption spectra of T1 0.5 Pb0.5 Sr 2  CaCu2 07 ' 
T1Ba 2CaCu2O 7  , T1 2Ba2CaCu208  and T1 2Ba 2Ca 2Cu3O10  superconductors 

are shown in Figure 6.5. The overall profiles of these oxides are 

very similar to those of T1 203  and other trivalent thallium 

compounds suggesting octhedral environment of ligands around 

trivalent thallium ions. However, from a more careful examination 

of intensities and energies of the peaks in the L III -edge region, 

it is found that they are slightly different from those observed 

for trivalent compounds. This seems to suggest that the 

octahedron of ligands around the thallium ions is distorted. This 

• 
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sort of distortion can be studied in detail if we analyze the 

EXAFS spectrum associated with the L 111 -edge. This is done in the 

next section of this Chapter. These observations on the whole, 

clearly indicate the presence of octahedrally coordinated Tl 3+ 

ions in these four well-characterized superconducting oxides. Our 

results in this respect are in good agreement with those obtained 

by Studer et al 17,18 It may be interesting to mention here that 

on the basis of the crystal structures of these oxides Studer et 

al have ruled out the possibility of existence of Tl 1+ ions. 

However, it is possible that the holes may be delocalized on an 

oxygen p-like valence band. According to the theoretical 

considerations of the Cu-0 sheets, holes are more or less 

delocalized in the in-plane non-bonding oxygen p band formed by 

orbitals pointing towards the centre of the negative oxygen 

square, so that Tl(I) configuration appears to be one of the 

possibilities for doping. However, from the similarity of the 

X-ray spectra of superconducting oxides and T1 20 3 , there is 

absolutely no doubt that T1 3+ ions exist in such oxides, as has 

been shown by us as well as by Studer et al 17,18 . 

After having confirmed the presence of Tl 3+ ions in well 

characterized superconducting oxides, we will now determine the 

valence state of Ti ions in Tl1-xVxSr2(Ca0.8Y02)Cu20y.  The X-ray 

absorption spectra in Figure 6.5 show similarity with the spectra 

of Tl203' suggesting thereby the presence of Tl 3+ ions in 

octahedral configuration in these oxides. The slight reduction of 

intensity and increase of energy of principal absorption maxima 

are also observed in these oxides. It is very difficult to give 

any reason for this, but it seems that the crystal structure has 

some relation to their absorption spectra. 

Vijaykrishnan et a1 19 have noted that the shoulder-like 

feature of T1 3+ compounds and the main peak in Tl 1+ compounds are 

in same energy region. This observation has also been noted by 

U S. 
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In order to understand the features in the spectra of Ti 

cuprate superconductors in the region between the pre-edge peak 

and the main absorption peak, Vijaykrishnan et al 19have recorded 

the Ti LIII spectra of physical mixtures of T1 2CO3 and T1203 in 

varying proportion. These authors observe that there is a 

progressive development of intensity in the region between the 

pre-edge peak and main absorption maximum. Furthermore, this 

feature shifts towards the main peak of T1 14-  with the increase in 

the proportion of T1 2CO3 . The position of the main absorption 

peak due to Tl 203, however seems to remain constant. On the basis 

of these observations, these authors have suggested that the 

above feature between the pre-edge and the main peak could be due 

to a T11- like state different from a distinct localized Tl 1+ 

species present in these cuprates. Their proposal of existence of 

Tl 1+ like state in cuprate superconductors has some support from 

the X-ray photoemission studies of Suzuki et a1 24 who have 

measured the Ti 4f core level binding energies in T1 20, T1 203  and 

T1 2Ba2Ca 2Cu3010 in order to elucidate the chemical state of Ti 

• ions in the superconducting oxides. The binding energies of Ti 4f 

level are found to be 118.6, 117.4 and 118.2 eV for T1 20, T1 20 3 

 and Tl2Ba2Ca2Cu3010 respectively, i.e., the binding energy of Ti 

4f 7/2 level in T1 2Ba2Ca2Cu3010  is higher than that in T1 203  but 

slightly lower than that in T1 20. These authors concluded on the 

basis of binding energy data that the valence of Ti in the 

superconducting oxide T1 2Ba2Ca2Cu3010  is between 3 +  and 1 + . It is 

not convincing that the binding energy of T1 +  ion is greater than 

the binding energy of T1 3+  ion. Moreover, no reason has been 

given by Suzuki et al for this observation. In most of the 

compounds it is generally observed 25-28 that the higher valent 

metallic ions show binding energies greater than those in lower 

valent metallic ions. We feel that authors could have measured 

the binding energies in a few more monovalent and trivalent 

thallium compounds before arriving at the final conclusion. 
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Li et a129 have also carried out X-ray absorption 

measurements on T1 2CO3' T1 203' T1 1-xBixSr2CuO 5 ( x= 0.2, 0.5) and 

Tl Bi Sr CaCu207* The Ti LIII 0.5 0.5 2 	 absorption 	edges 	of 

T1 0.8 Bi0.2 Sr 2  CuO 5  , T10 5 Bi0.5 Sr2  CuO 5  and Tl 0.5 Bi0.5 Sr 2  CaCu20 7 
 are at the lower energy side relative to the LIII  edge in T1 20 3 . 

Although the edge shifts in these compounds are most likely due 

to changes in the effective charge of Ti ions, the possibility of 

other origins (e.g., coordination geometry related) cannot be 

ruled out. Interestingly, the pre-edge feature is significantly 

lower in T1203 than in the other non-T1 1+ compounds. These 

authors attribute this to a combination of two effects : the edge 

feature in the superconducting compounds is riding higher on the 

edge-step which has been down-shifted by the decrease in Tl 

valence ; and a decrease in the width of the 6s-orbitals the 

pre-edge feature has occurred in these compounds. If the Ti 

valence in the Tl-based cuprates is less than 3 + , it would be 

possible for the Ti 6s level to cross the Fermi level, even 

though the band structure calculations show that the Ti 6s level 

in the single T1-0 layered compounds including Tl Bi Sr CuO x 2 	5 
and Tl Bi Sr CaCu207 is above the Fermi level 

301g 

0.5 0.5 2 	 . However, 

careful examination of the L -edge profiles, ( presented in the 

next section) the possibility of presence of monovalent thallium 

ions in these cuprate superconductors can be ruled out clearly. 

Studer et al 17 reported the Ti L III -edge spectra of 

thallium in cuprate superconductors containing thallium. They 

interpret the experimentally observed spectral features of 

LIII -edge in terms of the T1-0 distances in these systems using 

Natoli's multiple scattering approximation34 . They find T1-0 

distances similar to those in Tl 1+-0 distances in cuprates but 

conclude that the T1 1+ state is absent within the experimental 

error ( t 10%). It may be noted that one finds both T1 1+-0 and 

Tl 3+-0 type distances in the cuprates since Ti has a highly 

distorted oxygen octahedra. It is the view of Vijayakrishnan et 
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a1 19 that the presence of different distances can by no means be 

used as an argument in favour of or against the presence of T1 1+ 

 or any such species. They argued that in Bi cuprates also one 

finds distances close to those of Bi 3+-0 and Bi 5+-0 although 
there is no Bi S+  in these cuprates. Furthermore, these authors 

have commented that Studer et a1 17 have not discussed the 

pre-edge feature in the spectrum of T1203 or its closeness to the 

main peak of Tl 1+ compounds. However, we do find in one of the 

papers of Studer et al 17,18 , a detailed discussion on the feature 
B. 

Our results support the proposal of existence of Tl 3+ state 

in the thallium doped cuprate superconductors. This can be 

clearly seen by the L I -edge profiles, presented in the next 

Section. It may be noted that Vijayakrishnan et a1 19  have not 

studied the L I -edge profiles in these superconductors. Moreover, 

we feel that the LIII-edge  profiles of physical mixture of 

compounds T1 2CO3  and T1 203  in different proportion may not give 

correct picture. Thus, for example the Lui-edge spectrum of the 

• mixture, 60% T1 2CO3 (containing 60% Tl ) and 40% T1203 (40% 

Tl 3+ ) will be very much different from the spectrum generated 

from the 60% p vs. E curve of T1 2CO3  and 40% p vs. E curve of 
Tl 203' as has been shown by Anjli et a1 35  in cuprate 

superconductors. A better way of doing this is to synthesize a 

compound wherein Ti exists in both valence states and record its 

LIII - edge spectrum. However, it is very difficult to prepare 

such compound in our laboratory. We therefore have not done this 

sort of analysis. 

6.2.2 THALLIUM LI EDGE SPECTRA 

The L - edge spectra for the monovalent and trivalent 

compounds and superconducting oxides are given in Figs 6.3, 4, 

and 6. Here, the edge profile is simple in all the cases. 

Splitting of the edge is not at all observed. The only difference 
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in monovalent and trivalent thallium compounds is that the 

inflection point shift is about 4 ± 0.5 eV and main absorption 

peak shift is about 12 ± 0.5 eV. In monovalent compodnds 6s 

orbital is occupied, but 6p is completely vacant. The main 

absorption peak observed in these monovalent compounds (Figure 

6.3) corresponds to 2s 4  6p transition and since 6s is being 

unavailable for transition to occur, no splitting of the L I  edge 

is visible. In trivalent compounds, the 6s and 6p orbitals being 

vacant, a pre-edge peak corresponding to the forbidden 

transition, 2s -> 6s is expected to be observed. However, we have 

not observed such peaks. Here in this case, like the monovalent 

compounds, only the main absorption peak is observed. This peak 

corresponds to 2s -) 6p (the pre-peak being absent). 

The L I edge spectra of all the superconducting oxides, 

T1 0.5 Pb0.5 Sr2 CaCu207' T1Ba 2 CaCu207' Tl 2Ba2 CaCu208' 
T1 2Ba2Ca2Cu3010 and  Tl1-xVxSr2(Ca0.8Y0.2)Cu20y where x = 0.2, 

0.3, 0.4 and 0.5 are similar to those in Tl203 and other 

trivalent compounds. It is also observed that the main absorption 

• peaks are located at the same energy. The only noticeable 

difference is the intensity of peak corresponding to 2s 4  6p 

transition. The intensity of this peak is slightly less in 

superconducting oxides as compared to that in T1 203 . Similar 

results have been obtained by Studer et al 17 ' 18 in 1212; 2212, 

1223 and 2223 superconducting oxides. 'Thus, the results of L / 

 XANES also lead us to conclude that the octahedrally coordinated 

thallium ions exist in 3 +  state in superconducting oxides. In 

other words, it means that they are in the 6s levels. 

6.2.3 SHAPE RESONANCE REGION OF ABSORPTION 

A well characterized absorption peak beyond the first 

absorption minimum of the K-edge spectra of elements is often 

ascribed to shape resonances36-38 . These absorption peaks arise 

as a consequence of the potential barrier created by the ligand 
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I. 

electrons. The presence of a potential cage forces the atomic 

states to exist either entirely inside or outside the cages. The 

inside states, better known as inner well states, are 

energetically capable of evolving into continuum states. HOwever, 

they are compressed into the shape of the ligand cage so that 

they can produce sufficient overlap with the initial is states 

and hence give rise to shape resonance absorption. Extending the 

same arguments to L I edge spectra, we may consider the absorption 

features in the region of 25-40 eV in the monovalent thallium 

salts as due to shape resonances arising from 2s electron 

excitation to quasi bound states having a p character. Our 

studies in this region do not suggest useful generalizations of 

any kind since this energy range also falls within the XANES 

EXAFS transition region. This could also be due to a variety 

polyhedral environments around the Tl 1+ ions in the compounds 

investigated. However we note that in the highly ionic thallium 

nitrate, in which the coordination polyhedron is both large and 

highly symmetrical, the shape resonance peak is relatively well 

defined (see Figure 6.3). The shape resonances are ill defined 

• when covalency dominates the nature of bonding as in T1I, and 

when the symmetry of the coordination polyhedron is low. 

LIII edge spectra also exhibit an absorption feature 

attributable to shape resonance in the same energy region. Such 

transitions are possible if the quasi bound states have 

sufficient d character in them. It is plausible because in the 

Xa-MSW calculations which have been used with success to simulate 

such spectra 37-38 , the wave functions employed do include such 

higher angular momentum states in them. 

6.3. THALLIUM L III - EDGE EXAFS SPECTRA 

Since no single crystal structure data are available on the 

superconducting oxides, Tl1_xVxSr2(Ca0 8  Y0 2' )Cu2  0y  studied in  
this investigation, we thought it worthwhile to measure the EXAFS 
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at thallium LIII - edges and analyze the data using Fourier 

transform and non-linear curve fitting techniques in order to get 

structural information on these complex oxides. • 

We have used T1203 as a model compound containing T1-0 atom 

pair. The Fourier transforms of L III - edge EXAFS spectra for 

T1 203' T12Ta206 and  Ba2T1205 are shown in Figure 6.7 and in 

Figure 6. 8 are given the Fourier transforms of EXAFS spectra 

for T1Ba2CaCu207' T1 0.5 Pb0.5 Sr2 CaCu20 7' T1 2Ba 2CaCu208' 
T1 2Ba2Ca2Cu3010 and  T11-xVxSr2(Ca0.8Y0.2)Cu20y where x = 0.2 and 

0.5. 

The Fourier transform of the L111-edge  EXAFS data in T1 20 3' 
presented in Figure 6.7 shows three distinct peaks. The first 

peak is the dominant one and corresponds to T1-0 distance. Its 

intensity is large as compared to the others. (The small peaks on 

large R side (R > 4.5 A °) in the Fourier transform are most 

likely resulted from an improper background removal at large k 

values.) This dominant peak in T1 203  was inverse Fourier 

transformed to yield the contribution of backscatterers about 

T1 3+ ions. 

To determine the local structure of T1 3+ ions in the 

superconducting oxides, as mentioned earlier, we use T1 203  as the 

reference compound to model the Tl 3+ structure in oxide 

environment. In the single-scattering approximation 39-41 the 

observed EXAFS x(k) may be described by 

)(0.0 	-1/k E
3 
 sin [ 2R j k + 	( k ) 

J 
(6.1) 

havingoscillatorytermswithfrequencies[a jk+. 445 .1 00], and 

amplitude terms A
j 

is given by 

A j  = 2 	
J 	

2 . 	(N./R.) 	f.(n,k) exp(-2c . k 2  ). 
J 	J  

(6.2) 

The parameters on the right hand side of equations 6.1 and 6.2 

may be classified as (a) scattering parameters which include 
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phase shift 0,(k), backscattering amplitude f (m,k) and mean free 

path X and (b) structural parameters which include coordination 

number N
j' 
 cr Debye-Waller type factor , and bond distance R 3 . The 

summation is over all coordination shells j participating in the 

EXAFS event. In a model system such as T1 20 3  for which 

crystallographic data are available, i.e. coordination number N 
j . 

 the interatomic distance R and Debye-Waller factor a are known, 

its EXAFS spectrum may be used to generate a set of 

self-consistent scattering parameters, which can then be 

transformed to an unknown system of similar chemical nature to 

determine structural parameters for the unknown. 

A least- squares procedure41-42 is set up to minimize the 

variance S, where 
N  

S = E ( xi  - x.) 2 
i 

(6.3) 

Here . are the Fourier- filtered experimental data and xis the 

analytical expression given in equation (6.1) which describes x i 
for N data points. Since x(k) is not a linear function of the 

various parameters, a Taylor series expansion is used which 

expresses X(k) in terms of approximate parameter values, P and 

parameter adjustments, AP j = P j  - P j  . When the least -squares 

condition is applied, a set of simultaneous equations is obtained 

in terms of AP j  rather than P j  . The equations are solved for the 

adjustment AP
j' 
 and the parameters were adjusted by AP, to give 

a new set of estimates. The procedure was then reiterated with a 

new estimate P and so on until the new solution differed from 

the last by less than a desired value, which is usually 1%. 

6.3.1 DETERMINATION OF Ti- 0 PHASE SHIFT AND ENVELOPE FUNCTION 

FOR OXYGEN 

Crystalline T1203 is isostructural 7 with C-Mn203' It is 

related to that of CaF 2, from which it may be derived by removing 

one-quarter of the anions and the rearranging the atoms somewhat. 
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The six coordinated Ti atoms are of two types. 	Instead of 8 

neighbours at the vertices of a cube,. two are missing. For one 

quarter of the T1 atoms these two are at the ends, of a 

body-diagonal, and for the remainder at the ends of a 

face-diagonal. Both coordination groups may be described as 

distorted octahedron. in the first coordination group, thallium 

is linked to six oxygen ions at a distance of 2.26 A °  and in the 

second, it is coordinated to four oxygen atoms in the range 2.13 

A°  - 2.18 A°  and two at 2.47 A ° . 

To elucidate the structural environment of thallium giving 

rise to the observed EXAFS in the superconducting oxides, we 

first use the above structural parameters for T1 20 3  in the curve 

fitting analysis of Fourier-filtered EXAFS in the region 0.8 -

2 3 A° 
 

From the Ti LIII-edge  EXAFS data, it is clear that the first 

radial peak in the region 0.8 -2.3 A °  of the Fourier transform 

for T1203 shown in Fig 6.7, corresponds to the shell of six 0 

atoms about the absorbing Ti atom in the C-M 203  -type crystal 

• structure. The inverse transform in Figure 6.9 indeed shows an 

experimenta7 envelope characteristic of a low Z backscattering 

atom, i.e. oxygen. To obtain self consistent phase shifts for the 
22,43-44 i T1-0 atom pair, the values of Teo and Lee 22, n the form 

4) 3 	= P0 +P 1k +P2k
2 +P 3 /k

3 	 (6.4) 

were used as the initial inputs. The envelope function 
f i (n,k)exp(-212 i /X) for oxygen was obtained empirically from the 

filtered EXAFS itself [Figure 6.9] and was fixed in the 

simulation. E0 , the inner potential or the threshold energy 

required to determine the value of photoelectron wave-vector, k, 

was found to be - 12659 eV. It is obtained44 after matching the 

peaks in imaginary part and modulus of the Fourier transform. N = 

6 and R = 2.25 A °  were used as fixed structural parameters. The 
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thermalparameterg.
7 
 was varied. The simulation was done in k 

space to emphasize the backscattering contribution of oxygen at 

low k. The results are shown in Fig 6.9, where the curvw(solid 

line) denotes the Fourier filtered spectrum and the points denote 

the simulated spectrum. The input values of N and R, the phase 

parameters and the thermal parameter determined in the fitting 

are 

P0  = 5.148 	P1 = -1.083 	P2 = 0.025 	P4 = 52.03 

a. = 0.002N3  . = 6 	R. = 2.25 A° 

The computer simulation was fitted with a standard deviation of 

5 % of the maximum amplitude of the experimental xF .k3 . 

The plot of experimental phase shift versus wave vector k 

for T1-0 atom pair obtained in the simulation is shown in Figure 

6.10(a). We have plotted in Figure 6.10(b), the phase shift data 

of Teo and Lee 22 . Central atom phase shift for 1 = 2 are not 

• given by these authors for thallium. Therefore the phase shifts 

for Ti were obtained by interpolation as suggested by these 

authors themselves. It is to be noted that in the theoretical 

plot, 47( has been added to the values of phase shifts for the 

comparison. It is seen from the Figure 6.10(a) and Fig 6.10(b) 

that the experimentally determined phase shift curve for T1-0 

atom pair is very close to that obtained from theoretical values 

given by Teo and Lee 22 . 

6.3.2 THALLIUM ENVIRONMENT IN T12Ta206 AND  Ba2T1205 
The phase shifts for T1-0 pair and envelope function for 

oxygen extracted from the filtered experimental L III -edge EXAFS 

of crystalline T1 203  as described above were then transferred and 

used to determine N, R and a in two well known crystalline 

compounds namely T1 2Ta2O6  and Ba2T1205' Curve fitting was 
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14  

• 	 Figure 6.10: (a) Phase shifts for Tl-0 atom pair : Experimental 
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Figure 6.10: (b) Phase shifts for T1-0 atom pair : Theoretical 
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A, 

• 

A °, there are only four oxygen atoms. This number agrees 

reasonably well with that determined from X-ray diffraction 

measurements. The two distant oxygen atoms at 2.41 A °  reported 

from diffraction measurements appear to form a second 

coordination shell surrounding the thallium ion. 

6.3.3 THALLIUM ENVIRONMENT IN SUPERCONDUCTING OXIDES 

We shall first briefly discuss the structural studies 

carried out on the superconducting oxides studied in this work. 

The recent discovery by Sheng and Hermann 10,47 of 

superconductivity in the Tl-Ca-Ba-Cu-0 system has sparked 

numerous investigations of the phases present in this 

system48-53 . It is now known 51 that superconducting phases in 

this system can be represented as TlmBa2Can-1Cun0m+2(n+1)' where 

m = 1,2 and n is the number of consecutive Cu-0 layers. Values of 

n range from 1 to 3 in bulk phases but can range up to at least 5 

on a microscopic level 54 . The superconducting transition 

temperature, Tc  is about 125K for the n = 3 and m = 2 phase and 

appears to be about 140K for the n = 5 phase. 

From X-ray single crystal data, the structures of the 

phases, with n = 1, 2 and 3 have been solved and refined 49,54-55 

The unit cells are tetragonal, space group I4/mmm, with a 3.85 

Ao and c P5 23.2, 29.3 and 35.9 A ° respectively. No evidence was 

found for any superlattice peaks indicative of an enlarged cell 

(a = 5.44 A°) in either the single crystal data or in X-ray 

powder diffraction measurements on bulk samples. 

The structures are comprised of single 55 , double 49 or 

triple 54  Cu02  sheets, with Cu in the square planar coordination, 

that alternatively stack with sheets of barium ions and double 

sheets of T1-0 atoms. When Ca is present, it is found between the 

Cu-0 sheets. There is considerable disorder of the oxygen atoms 

in the T1-0 sheets in the form of displacements of about 0.4 A ° 

 from the ideal positions. (The compound with m=2 and n=3 
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T1 2Ba 2Ca2Cu3010 (2223) possesses the highest known Tc of 125K). 

In short, these phases possess a layered structure with distorted 

rock salt-type layers of T10 and oxygen-deficient perovskite-type 

layer (ACuO3-y)  with A= Ba, Ca. 

T1Ba 2CaCu207 (also called "1212-phase") is a member of the 

structural series (T10)mBa2Can-1Cun02+2n' where m = 1 and n= 2, 

i.e.,it contains T10 single-layers and two consecutive Cu0 2 

 layers that are separated by a Ca layer. The layer sequence 

Ca-Cu02 -Ba0-Cu02-Ca etc leads to a translation period 

perpendicular to the layers of 12.75 A°  and to a prominent 

low-angle reflection at 20 = 6.94 A°  (Cu Ka ) in the X-ray 

diffraction pattern 56 . The structure contains one thallium site 

with flattened octahedral oxygen coordination, one calcium site 

with deformed cubic, one barium site with nine-fold (capped 

square-antiprismatic), and one copper site with square-pyramidal 

oxygen coordinations and three oxygen sites. The two short T1-0 

and four long T1-0 distances in this phase are 2.01 and 2.73 A ° 

 respectively and considerable disorder in the T1 and Ba sites has 

been reported. Ganguli et al 57  found no such disorder in 

T1 0.5 Pb0.5 CaSr 2Cu207' and the Tl/Pb-0 distances to be much 

shorter, being 1.98 and 2.71 A °. Moreover, these authors 

commented that the introduction of Pb in the T1 layers makes the 

bonds considerably more covalent and that the shorter Cu-0 

distances obtained from neutron diffraction measurements seem to 

be related to the higher Tc of this cuprate superconductor. 

Refined structural data on 

single-crystal X-ray diffraction 

et a1 58 and from neutron powder 

T1 2Ba2CaCu208 are reported from 

by Subramanian et al 49 and Onodo 

diffraction by Cox et ai 51 . The 

structure has body centerd tetragonal symmetry and shows 

relatively large variations in the c parameter. It contains one 

thallium site with deformed octahedral oxygen coordination, one 

barium site with nine-fold, one calcium site with nearly cubic, 

and one copper site with square-pyramidal oxygen coordination, 
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and three oxygen sites of which that constituting the T1 202 
layers is shifted away from its average site 4e by about 0.5 

A° .The thallium ions are coordinated to one oxygen atom at 1.983 

A° , one at 2.022 A°, two at 2.470 A °  and two at 3.027 A° . 

The superconducting oxide, Tl 2Ba 2Ca2Cu3O10 ( also called 

"2223 - phase") contains T1202 double layers and three 

consecutive CuO2 layers that are separated by two calcium layers. 

A 

The structure of this compound has tetragonal symmetry 54 and 

contains one thallium site with distorted octahedral oxygen 

coordination, one barium site with nine fold, one calcium site 

with nearly cubic and two copper sites with square planar (Cul) 

and square-pyramidal (Cu2) oxygen coordinations respectively and 

four oxygen sites. The Ti site has defects or is partially 

occupied by 10% calcium51 . The bond distances within T10 

single-layers at 150 K are T1-0 = 2.47 and 3.01 A ° , those between 

the two T10 single-layers are 2.017 A °  and those between the 

T1 202 and CuO2 layers are 1.944 A
o . 

The 	Fourier 	transforms 	for 	T1Ba2CaCu2O7, 
• Tl 	Pb Sr CaCu0 ' TlBaCaCu0 and Tl2Ba2Ca2Cu3010 are shown 0.5 0.5 2 	2 7 	2 2 	2 8  

in Figure 6.8. The first and the strongest peak in the transform 

of the first two compounds is the signal from the first 

coordination shell of oxygen atoms around each thallium atom. The 

two transforms are almost similar to each other because of 

similarity of their crystal structure. To interpret these data we 

have used the Fourier filtered data from T1203 standard to obtain 

the backscattering amplitude of oxygen and T1-0 atom pair phase 

shift as a function of wave vector k. A non-linear least-squares 

fitting technique was then employed to match the calculated x(k) 

to the measured one obtained from inverse Fourier transform of 

the first peak in Fig 6.8. The results of this first-shell 

fitting for the two compounds are shown in Fig 6.13 (a and b) 
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Figure 6.13: (a) Inverse Fourier transform (* * *) and simulated EXAFS of the first FT peak (solid line) for 
TIBa2CaCu2O7 
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Figure 6.13: (b) Inverse Fourier transform (* * *) and simulated EXAFS of the first FT peak (solid line) for 
T10.5P130.5Sr2CaCu207 
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and the structural parameters determined from the fitting are 

N. 	 R. (A ° ) 	 ;
j 
 (A ° ) 

T1Ba2CaCu207 
	 2.15 	 2.04 	 0.003 

T1 0.5Pb0.5Sr2CaCu20 7 
	2.10 	 1.99 	 0.006 

The validity of the fitting procedure is proven by the excellent 

agreement between the structural parameters obtained by the 

analysis of EXAFS spectra and the X-ray diffraction values for 

these compounds 56-57 . We have also isolated the second peak in 

both these compounds and by transforming the peak to k- space and 

by performing the non-linear least-squares analysis, we find the 

T1-0 bond distances of 2.72 and 2.71 A °  respectively for the 

above oxides. However, there is a large uncertainty in the 

determination of near-neighbours. These numbers are 4.7 and 4.5. 

This may be due to the overlapping of second oxygen shell (2.75 

A°) with other shells on higher R side as well as due to the 

higher Debye-Waller factor. 

As can been seen from the Fourier transforms in Figure 6.8 

there are four peaks in the case of T1 2Ba2CaCu208  and three peaks 

in T12Ba2Ca2Cu3010' The first-shell fitting results presented in 

Figure 6.14 (a and b) and the parameters obtained in the fitting 

are 

T1 2Ba 2CaCu208 
T1 2Ba2Ca2Cu3010 

N.
J 	

R.
J 
 (A ° ) 	 a.(A° ) 

•   

	

1.97 	 2.02 	 0.001 

	

1.05 	 2.10 	 0.004 

• 
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Figure 6.1 . 4: (a) Inverse Fourier transform (* * *) and simulated EXAFS of the first FT peak (solid line) for 
T1213a2CaCu208 
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Figure 6.14: (b) Inverse Fourier transform (* * *) and simulated. EXAFS of the first FT peak (solid line) for 
T12Ba2Ca2Cu3Olo 
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For T12Ba2CaCu2O8  , the intensity of the first peak is large as 

compared to that in T12Ba2Ca2Cu3O10 . It can been seen from the 

values of bond distance and coordination number that there is a 

good agreement between our results for T1 2Ba2CaCu2O8  and those 

obtained from X-ray and neutron diffraction measurements49 '51-54 

However, for T12Ba2Ca2Cu3010 ,though the T1-0 distance agrees 

with that reported, the number of near-neighbours is found to be 

one. One could expect two oxygen atoms to be coordinated to 

thallium ion. In all the four superconducting oxides, our results 

show that one or two oxygen atoms appear to be closer to the 

central thallium ion than those found from X-ray diffraction 

measurements. This could perhaps be due to the lack of precision 

on the oxygen atomic positions deduced from X-ray or neutron 

powder diffraction measurements. It may be mentioned here that in 

the case of 2212 superconducting oxide study by neutron 

diffraction, Subramanian et a149 observed two very short T1-0 

distances along the c-axis of the structure, i.e., the direction 

of the intergrowth, again in agreement with our EXAFS distance. 

From the Fourier transforms of these compounds, it is • 
difficult to estimate the number of second-nearest neighbours of 

thallium because of interference between the second oxygen shell 

(T1-0 distances at 2.47 and 3.027 A° ) and the thallium shell 

(T1-T1 distance at 3.70 A °) and the barium and copper shells 

between 3.5 and 3.8 A °. These second peaks ( double-peak 

character) at larger distance in the above mentioned thallium 

bilayered compounds seem to be the characteristic of FT spectra 

of such compounds. It is to be noted that such double peak 

character in Fourier transformed spectra of monolayered compounds 

is absent. 

The Fourier transform of k 3x(k) of the Ti LIII edge EXAFS of 

the two superconducting oxides of composition, 

Tl1-xVxSr2 (Ca 0.8Y0.2 )Cu20y where x = 0.2 and 0.5, are shown in 

Figure 6.8. One major peak is seen in the Fourier transforms of 
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both the samples followed by two peaks of less amplitude. The 

position of this major peak is almost the same irrespective of 

the vanadium doping level. It can be attributed to the'oxygen 

atoms surrounding thallium ion. The other peaks observed on the 

high R side may be due to the distant neighbours of thallium. 

To get quantitative information, a curve fitting analysis 

was performed on the inverse Fourier transform of this peak in 

both the compounds (Figure 6.15 (a and b)). The simulated spectra 

are shown in Figure 6.15 and the the T1-0 distances and 

coordination numbers obtained from this analysis are given below. 

Sample 

x = 0.2 

x = 0.5 

N.
7 	

R.(A° ) 	 or.(A° ) 
 ] 	 ] 

	

2.20 	 2.01 	 0.002 

	

2.10 	 2.03 	 0,0025 

The predicted number of oxygen atoms in the first coordination • 
shells around thallium ion in both the compounds agree well with 

that expected for T1Sr 2CaCu2O7  or T1Ba2CaCu2O 7  structure. The 
T1-0 distances 2.01 and 2.03 A °, appear to agree with those in 

other superconducting oxides studied in this investigation. The 

distant peaks observed at 2.72 and 3.20 A °  also correspond to 

T1-0 interactions. Our results thus lead to the conclusion that 

the substitution of vanadium at Tl site does not change the local 

environment around thallium ion. Like T1Ba 2CaCu2O7 , there exists 

a distorted octahedron of oxygen atoms around thallium ion. It 

may be interesting to mention here that the single crystal data 

are not hitherto available on these superconducting phases. Our 

results will be useful to the researchers working in the field of 

X-ray crystallography of these phases to arrive at the accurate 

values of coordination numbers, bond distances and structural 
disorders. 
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Figure 6.15: (a) Inverse Fourier transform (* * *) and simulated EXAFS of the first FT peak (solid line) for 
Tli_xVxSr2(Cati.8"Yo.2)Cu20y , x = 0.2 
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7.1 SUMMARY 

The field of superconductivity fascinates us with its 

scientific challenges and technological promises. Many metals, 

alloys, binary and ternary compounds, organic solids, heavy 

fermions, oxides and now fullerites are found to exhibit this 

phenomenon. The recent breakthroughs in the field of 

superconductivity are the discovery of cuprates with critical 

transition temperature, Tc  as high as 125 K and in fullerites 

with Tc as high as 42 K. All these superconductors invariably 

display three main characteristic features : i) the zero 

resistivity ; ii) the perfect diamagnetic behaviour i.e. magnetic 

flux expulsion (Meissner effect) and iii) the Josephson effect. 

The discovery of new oxide superconductors has generated 

tremendous excitement among the theorists to invoke different 

electron pairing mechanisms. The conventional electron photon 

interaction appears not to be the origin of the superconductivity 

in these materials, leaving this fundamental Physics question 

open to exploration. Apart from this, it is becoming apparent 

that many of the properties of these new materials are unusual, 

and a proper understanding may now require developing and 

extending some concepts from many areas of Physics.. 

One finds that progress on genuine theoretical problems 

pertaining to these superconductors will require not archaic 

mathematics but a detailed, substantive understanding of the 

experimental results. In the present thesis an attempt has been 

made to understand the phenomenon of superconductivity by 

observing the changes occurring in the various spectral features 

of the X-ray K-absorption discontinuities of vanadium and copper 

and L-edges of thallium in their model compounds and cuprate 

superconductors on account of substitution of metallic impurities 

to obtain information on local environment of the excited atom 

species in the complex oxide superconducting systems. 

The thesis is divided into seven chapters. Chapter 1 of the 
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thesis gives a short historical survey of the investigations 

regarding the electronic structure of the superconducting 

materials and reviews briefly the mechanism of X-ray absOrption 

process and then describes various spectral features often 

observed on either side of an X-ray absorption discontinuity. It 

also defines the scope of the present study. 

Chapter 2 gives a brief description and working principle of 

various experimental setups used. The experimental methods 

include powder X-ray diffraction, dc resistivity measurements, 

X-ray absorption studies and X- ray photoelectron spectroscopic 

measurements. The methods of preparation of materials 

investigated in this work are also given in this chapter. 

Chapter 3 deals with the theoretical aspects of chemical 

bonding in compounds. In this Chapter certain theories of bonding 

namely the valence bond theory, molecular orbital theory and 

ligand field theory are discussed. We have also discussed in this 

Chapter the concepts of electronegativity, ionicity and effective 

charge in the light of approaches put forth by Pauling and some 

• other recent workers. 

Chapter 4 gives the results of our observations on the shape 

of K-absorption edge profile of vanadium in pure vanadium metal, 

in some of its model compounds and vanadium doped cuprate 

superconductors. It is observed that the vanadium K-absorption 

discontinuity in pure vanadium splits into three components, and 

in the compounds and complexes apart from these components, we 

observe an additional peak, called pre-edge, on the low energy 

side of the discontinuity. Electronic transitions, 1s 4  3d (pre-
edge), 1s 4  4p (shake-down) and 1s 4  4p (strong absorption) are 

assigned to these three peaks on the basis of simple atomic model 

supported by theoretical considerations. It is found that the pre 

-edge peak is very intense in the case of compounds and complexes 

having vanadium ions at tetrahedral and square pyramidal sites 

and very weak in compounds where octahedral symmetry prevails. 
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This simple observation leads us to predict the coordination 

geometry of ligands around vanadium ion in superconducting 

compounds. Thus, in (Tl1-xVx)Sr2(Ca0.8Y0.2)Cu207-(5 (0 s x'S 0.5) 

pyramidal VO 5  groups are found to be present. 

A brief discussion of Natoli's multiple scattering approach 

for the interpretation of near-edge spectra is also presented in 

this chapter. A correlation of energy separations between 

pre-edge feature and the strong absorption maximum ( which 

according to the, multiple scattering formalism, correspond to 

the bound state and continuum resonance states respectively ) 

with the near-neighbour distance is observed for vanadium 

compounds and is used to obtain interatomic distances in 

superconducting compounds. Comparison between the values of bond 

distances deduced from XANES spectra and those obtained from 

other diffraction techniques is fairly good, suggesting thereby 

the usefulness of XANES technique as a probe for the 

determination of bond distances in complex superconducting 

oxides. Furthermore, analysis of measurements of peak positions 

in model vanadium compounds shows that the energy separation 

(LE3d-4p ) in the vanadium K-edge spectra reveals another 

interesting correlation with the bond strength in valence unit, 

called bond valance. It is found that this energy separation 

increases with increase in bond valence. This relationship 

renders the possibility of determination of bond valence in 

superconducting oxide. For example, in 

Tl0 8 V0.2 Sr2 (Ca0.8 Y0 2 )Cu2 0y' the value of bond valence estimated .  
from the relationship is very close to that in pentavalent 

vanadium oxides thereby clearly indicating that vanadium ions are 

in pentavalent state. 

In Chapter 5 the measurements on the X-ray absorption 

near-edge structure (XANES) of several ternary oxides of copper 

having structural features common to the superconducting copper 

oxides are presented. The special emphasis in this investigation 

• 

198 



I 

• 

is on the feature at - 20 eV which is present in all 

superconducting family of copper oxides. It is found that such a 

feature is present in all systems containing corner-stared 

square-planar Cu0 4  units with 180 °  Cu-O-Cu interactions. A brief 

review of the different interpretations of XANES by various 

researchers is given in this chapter including those which relate 

XANES features with features observed in X-ray photoelectron 

spectra (XPS). The XPS of the Cu 2p3/2 region of these systems 

are also reported in this chapter. The present data are not 

entirely consistent with any of the interpretations given so far 

in the literature. However, the data suggest the coexistence of 

both one electron and multielectron excitation processes 

responsible for appearance of XANES features. 

Chapter 6 gives the results of our observations on the 

shapes of LI' L II and  LIII absorption discontinuities in thallium 

model compounds, namely, T1C1, T1Br, T1I, T12CO3'  T1NO3,  T1 2SO4' 
Tl(CH3COO), T1(C 6H5COCHCOCH3 ), Tl(C 5H702 ), T1 2Ta 20 6' T1 20 3' 
Tl(NO 3 ) 3' 3H20, 	Tl(CH3COO) 3, 	Tl(CF 3COO) 3 	and 	Ba2T1205 	and 
superconducting oxides of composition T1 1-xVxSr2 (Ca 0.8Y0.2 )Cu20y' 
where x = 0.2, 0.3, 0.4 and 0.5. Measurements on the features of 
the L I' LII' and  LIII edge spectra in T1 0.5 Pb0.5 Sr2 CaCu207' 
T1Ba2CaCu2O7, T1 2Ba2CaCu208' and T1 2Ba 2Ca2Cu3010 are also 
reported in this chapter. The normalized X-ray absorption spectra 

suggest that the XANES at L I  and L III  edges of monovalent and L I 
 edge of trivalent compounds have far fewer features compared to 

L III edge of trivalent thallium compounds. Thallium L III edge 

spectra for monovalent compounds show single absorption peak 

whereas spectra for trivalent Ti compounds show a weak peak 

followed by a shoulder on rising absorption curve which 

culminates into a strong absorption peak. These spectral peaks 

have been assigned electronic transitions on the basis of 

assignment schemes reported in literature. 

It is observed that the L I edge profiles for monovalent and 
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trivalent Tl compounds are simple and splitting of the 

discontinuity is not at all observed. It is found that there is 

spectral similarity between the thallium L I  - edge profilps in 

superconducting oxides and those of trivalent thallium compounds 

indicating thereby that the trivalent thallium ions exist in the 

thallium doped superconductors. The data on rim- edge profiles 

also support this conclusion. 

In this Chapter our results on the thallium L III  edge EXAFS 

of model Ti compounds and two Ti doped superconductors having 

composition of 0.2 and 0.5 are also presented. These spectra are 

analyzed by a method which combines Fourier transform and curve 

fitting techniques. Parameterized phase shifts and amplitude 

function for describing T1-0 interaction were obtained from EXAFS 

spectra of T1 203 . Application of these phase shifts and amplitude 

to the EXAFS spectra of two superconducting samples ( x = 0.2 and 

x = 0.5) gives T1-0 bond distances of 2.01 and 2.03 A ° 

 respectively with an accuracy consistently better than 0.03 A° 

 and predicated number of oxygen atom coordinated to the Tl ion is 

found to be 2 in each case with a reasonable degree of certainty. • 

7.2 SUGGESTIONS FOR FUTURE WORK 

Our present work, which has been confined to the study of 

K-edges of copper and vanadium and L-edge of thallium, has shown 

that how the X-ray absorption spectroscopy can provide direct and 

fruitful information about local atomic structure of materials. 
This information is, however, of a limited value to a certain 

extent because of low intensity X-ray source and the low 

resolving power of the instrument used to record the spectra. The 

investigations of the absorption edges on a bent crystal X-ray 

spectrometer of high resolving power can no doubt increase the 

precision of observed results. However, such spectrometer usually 

of bigger dimensions, enhance the difficulties in recording the 
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spectra in air with low intensity X-ray source. In our 

laboratory, we are trying to design and develop two-crystal X-ray 

spectrometer with solid state detector and with suitable 

electronics to measure the transmitted intensity through the 

sample in order to record X-ray absorption spectra with finer 

details. This may probably enable us to obtain more precise and 

accurate information on the electronic structure of materials. It 

would be interesting to extend this work to more complex 

superconducting oxides recently reported in literature. 

In our work we have studied the correlation between the 

energy separation between pre-edge feature and the strong 

absorption maximum with the near-neighbour distance and 

determined the bond distances in vanadium doped superconducting 

oxides but we do not know whether this relation is applicable to 

other 3d ion doped cuprate oxides. A systematic extenssion of our 

work to such complex materials may throw light on the validity of 

multiple scattering approach for the determination of bond 

lengths. 

• It will also be interesting to study the L X-ray absorption 

spectra of copper and vanadium in their complex oxides. These 

spectra come in soft X-ray regions which require vacuum and 

different analysing crystals. Such facilities will be available 

in Inter University Consortium at Indore in near future. Coupled 

with soft X-ray emission and absorption spectra recorded on 

vacuum grating spectrometer or two crystal spectrometer using 

synchrotron radiation source or a high power rotating anode X-ray 

generator in a fluorescence mode such investigation may prove to 

be extremely useful in obtaining more comprehensive information 

regarding the electronic structures of complex oxides concerned. 

In the present work, we have not attempted to calculate the 

K-edge profile of the Cu and V and L III  - edge profile of 

thallium in complex cuprates. It would be interesting to compare 

the experimentally recorded profiles (background subtracted and 
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normalized) with those obtained theoretically using various 

theories recently reported in literature. 

Finally it may be mentioned that it would be worthwhile to 

undertake the detailed investigations on the complex oxides 

studied in this work using various sophisticated experimental 

techniques such as Positron Annihilation, Ultra-Violet and X-ray 

Photoelectron Spectroscopy (UV and XPS), Appearance Potential 

Spectroscopy (APS), Bremstrahlung Isochromat Spectroscopy (BIS), 

IR and Raman Spectroscopy. A correlation between the findings of 

the different experiments with our results would indeed be very 

valuable for understanding the properties of the doped cuprate 

superconductors. 
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